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Abstract

Efficient genome packaging is a critical step in the phage life cycle, directly influencing the viral maturation and
infectivity. In tailed phages, this process is driven by a packaging motor composed of a portal protein and a
terminase complex. The terminase complex usually consists of a large subunit (TerL) and a small subunit (TerS),
which cooperate to recognize, cleave, and translocate genomic DNA into the capsid. However, due to the re-
markable diversity and complexity of phage packaging systems, the molecular mechanisms governing TerS-
mediated DNA recognition remain poorly understood. Here, we report the 3.51 A cryo-electron microscopy struc-
ture of the TerS from the short-tailed cyanophage Pam5b, which infects the host Pseudanabaena mucicola Chao
1806. Pamb TerS assembles into a nonameric ring with a radially symmetric spiral architecture. Biochemical assays
show that Pamb5 TerS recognizes the genomic DNA via a specific interaction between the N-terminal helix-turn-helix
(HTH) domain of TerS and a 21-bp DNA sequence within the terS gene. In contrast, the TerS from another short-
tailed cyanophage, Pam1, which infects the same host, binds to DNA in a sequence-independent manner. These
findings reveal that cyanophages, even infecting the same host, could adopt two distinct DNA recognition strate-
gies: HTH-mediated sequence-dependent or sequence-independent modes. This work provides structural and
mechanistic insights into the diverse DNA-recognition strategies of TerS and advances our understanding of the
evolutionary plasticity of viral genome packaging mechanisms.
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Introduction
Efficient genome packaging is a pivotal event in the bacteriophage
life cycle, directly determining the viral maturation and infectivity
[1]. In tailed bacteriophages, genome packaging is powered by a
highly efficient molecular motor composed of a portal protein and a
terminase complex capable of generating forces exceeding 50 pN
[2]. The terminase complex typically comprises two components,
the large subunit (TerL) and the small subunit (TerS). They usually
assemble into ring-like oligomers that interact with each other,
although their precise stoichiometry within the complex remains
unclear [3].

The phage capsid contains a specialized vertex occupied by a

dodecameric portal that plays essential roles in procapsid assembly,
genome packaging, and viral maturation [4]. During DNA packa-
ging, the terminase complex docks onto the portal, enabling the
translocation of genomic DNA through the central channel of the
portal into the capsid [5,6]. Once genome packaging is completed,
the terminase complex dissociates from the portal, and the tail
apparatus attaches to the portal vertex, thereby generating the
mature virions [3]. TerL functions as the catalytic core of the
packaging machinery, which cleaves the genomic DNA and drives
its translocation into the capsid [7]. TerL comprises an N-terminal
ATPase domain and a C-terminal nuclease domain, which are
linked by a flexible linker [8]. In contrast, TerS was proposed to
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recognize the genomic DNA that ensures specific initiation of
genome packaging [9]. The TerS proteins typically assemble into
octameric to dodecameric rings [10,11], which transiently associate
with TerL and modulate its ATPase and nuclease activities [11-13].
Despite a similar oligomeric architecture, TerS proteins display
substantial sequence diversity, and in many phages, it remains
unclear whether a terS gene is present at all [14,15].

Previous studies have suggested that phages have evolved
distinct genome packaging strategies, such as the cos and pac
(headful) modes, which primarily differ in how the terminase
recognizes and cleaves genomic DNA [16]. In cos phages such as A
and HK97, TerS specifically recognizes cohesive-end sequences,
termed cos sites, enabling TerL to introduce precise nicks that
ensure the incorporation of a single complete unit of genome per
capsid [17,18]. Structural studies have revealed that HK97 TerS
forms an asymmetric complex with DNA, in which DNA bends
along one side of the central channel and interacts with the a-helices
of two neighboring subunits [19]. In contrast, the pac phages
initiate genome packaging at a specific pac site but terminate in a
nonspecific manner when the capsid interior is fully occupied,
yielding genomes that are ~110% of the unit length [16]. The pac
site serves as the recognition element for TerS; for instance, it
corresponds to a 22-bp asymmetric sequence located within the terS
gene in phage P22 [13,20]. In contrast, the pac site in SPP1
comprises multiple sequence motifs surrounding the cleavage
origin [21,22]. The interactions between TerS and DNA in pac
phages are relatively weak and difficult to characterize in vitro. For
instance, the phage P74-26 TerS exhibits a low DNA binding
affinity, producing smeared bands on gels [23], and the TerS
proteins of Sf6 and SPP1 engage DNA in a sequence-independent
manner [24]. Some T4-like phages, such as T4, 44RR and E217,
despite lacking defined pac sites, are still proposed to employ a
headful packaging mechanism [25,26]. In the case of phage T4,
preferential packaging of phage genomes is thought to rely on host
DNA degradation [27]. Collectively, these observations suggest that
such phages may instead rely on alternative, potentially electro-
statically mediated modes of DNA recognition.

In our previous study, we isolated five freshwater cyanophages,
Paml1-Pam5, which infect the host Pseudanabaena mucicola Chao
1806, among which Pam1 and Pam5 are short-tailed cyanophages
[28]. Phylogenetic analyses revealed that Pam5 TerL is grouped into
the “P22-like headful packaging” clade, implying a pac-dependent
mechanism, whereas Pam1 TerL remained undefined. Here, we
solve the 3.51 A cryo-electron microscopy (cryo-EM) structure of
Pam5 TersS, revealing a nonameric ring with a radially symmetric
spiral architecture. Together with biochemical characterization, we
show that Pam5 TerS recognizes a specific 21-bp sequence within
its own gene through its N-terminal helix-turn-helix (HTH) motif.
We further demonstrate that Paml TerS engages DNA in a
nonspecific manner, suggesting that cyanophages infecting the
same host could employ divergent DNA recognition mechanisms for
initiating genome packaging. These findings provide structural
insights into the distinct genome packaging strategies of phages via
the terminase complex.

Materials and Methods

Molecular cloning, protein expression and purification
The terS gene was amplified from the respective phage DNA and
cloned and inserted into a modified pCDF-Duet vector (Novagen,
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Madison, USA) fused with an N-terminal Hiss-tag. Pam5 AHTH was
constructed at position Val65 of TerS. Pam1 AN was constructed at
position Arg24 of TerS. TerS mutants (R8A/R11A/K18A/K20A/R35A/
R40A/K98A) were generated by site-directed mutagenesis using the
plasmid pCDF-Duet harboring the terS gene as a template and
verified by DNA sequencing (Sangon Biotech, Shanghai, China).
The primers were synthesized by Sangon Biotech and shown in
Supplementary Table S1. All plasmids of TerS were transformed and
expressed in the BL21 (DE3) Escherichia coli expression strain.
Bacterial cultures were grown in Lysogeny Broth (LB) medium with
spectinomycin at 37°C until ODgy ~ 0.6 and induced with 0.25 mM
IPTG at 16°C for 20-24 h to harvest. After centrifugation at 4000 g
for 15 min, the cells were resuspended in buffer (20 mM Tris-HCI,
150 mM NaCl, pH 7.5), frozen in liquid nitrogen and stored at -80°C
for future use.

To purify the His¢-tagged TerS protein, E. coli cells expressing the
target protein were lysed by sonication for 30 min in buffer (20 mM
Tris-HCI, 500 mM NaCl, pH 7.5). After centrifugation at 1,7000 g for
30 min, the supernatant was loaded onto a Ni-NTA column (GE
Healthcare, Uppsala, Sweden) preequilibrated with lyzing buffer
and eluted with elution buffer (20 mM Tris-HCl, 500 mM NacCl,
500 mM imidazole, pH 7.5). The eluted proteins were further
purified by size-exclusion chromatography using a Superdex 200
column (GE Healthcare) with sizing buffer (20 mM Tris-HCI, 150
mM NaCl, pH 7.5). The peak fractions containing TerS were
concentrated using a 50-kDa Millipore concentrator (Millipore,
Burlington, USA) and stored at -80°C.

Size exclusion chromatography with multiangle light
scattering

The molecular weight of Pam5 TerS in solution was determined by
size exclusion chromatography with multiangle light scattering
(SEC-MALS). The Superdex 200 Increase 10/300 GL column (GE
Healthcare) was connected to the DAWN HELEOS II light scattering
detector (Wyatt Technology, Santa Barbara, USA) and the Optilab
T-rEx refractive index detector (Wyatt Technology). The protein
samples (1 mg/mL, 100 pL) were injected and then eluted through
the column. The results were processed and analyzed by ASTRA
7.0.1 software (Wyatt Technology), and the final figure was
prepared using Origin 2023 (https:/www.originlab.com/; Origi-
nLab, Northampton, USA).

Cryo-EM sample preparation and data collection

For the Pam5 TerS sample, the protein concentration was adjusted
to 0.25 mg/mL. The Vitrobot Mark IV (FEI, Hillsboro, USA) was
used to prepare the cryo-EM samples at 8°C and 100% humidity. A
total of 3.5 pL of the samples was applied to Quantifoil R1.2/1.3 Cu
300-mesh grids (SPI Supplies, West Chester, USA). Then, the grids
were blotted with a blotting force of 0, a blotting time of 8 s, and a
waiting time of 20 s.

The cryo-EM data were collected under a 300 kV FEI Titan Krios
microscope (FEI) equipped with a K3 detector (Gatan, Pleasanton,
USA) at the Center for Integrative Imaging, University of Science
and Technology of China. Images were recorded in super-resolution
mode at a nominal magnification of 81,000x, corresponding to a
pixel size of 1.07 A. The defocus range was set from -2.5 to -1.2 pm,
and the total electron dose was 50 e~/A2. A total of 1899 micrographs
were collected under these conditions. Further parameters are
shown in Supplementary Table S2.
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Cryo-EM data processing and model building

Processing of the Pam5 TerS datasets was performed using cryo-
SPARC4.0 (https://cryosparc.com/). In total, 2,624,649 particles
were automatically picked from micrographs processed by motion
correction and Contrast Transfer Function estimation. After 2D
classification, several good classes were selected as templates for
Topaz training. A total of 906,838 particles extracted by Topaz were
selected for ab-initio reconstruction with C9 symmetry. Non-
uniform refinement and local refinement with C9 symmetry yielded
a reconstruction map at a resolution of 3.51 A.

The TerS model was built and refined using WinCoot [29]. An
initial nonameric model of Pam5 TerS was generated by AlphaFold3
prediction (https:/alphafoldserver.com/) [30]. This model was
fitted into the density map. Based on this initial fitting, multiple
rounds of manual model adjustment and geometry restraint
refinement were performed until the final model satisfied all quality
assessment criteria. The statistics on cryo-EM data processing,
model building, and structure refinement are shown in Supple-
mentary Table S2.

Electrophoretic mobility shift assays

The dsDNA without any tags was used for the assays. DNA for
electrophoretic mobility shift assay (EMSA) reactions was obtained
either from synthesized oligonucleotides or from PCR-amplified and
purified DNA fragments. Single-stranded DNA (ssDNA) was
dissolved in ddH,0 and diluted to a final concentration of 100 uM.
Equimolar amounts of complementary ssDNA oligonucleotides
were mixed in annealing buffer (20 mM Tris-HCI, 50 mM NaCl, pH
8.0), denatured at 95°C for 3 min, and then slowly cooled to room
temperature to allow annealing into dsDNA. The final concentration
of dsDNA was adjusted to 1 pM. Binding reactions were performed
in binding buffer (20 mM Tris-HCl, 50 mM NacCl, pH 7.5) containing
dsDNA and protein, followed by incubation on ice for 2 h. The DNA
concentration was kept constant, while either a protein concentra-
tion gradient or different DNA fragments were applied, depending
on the experimental purpose. Non-denaturing polyacrylamide gel
electrophoresis (PAGE) was performed using a 6% precast PAGE
gel for Tris-Gly System (BeyoGel, Shanghai, China) with Tris-
Glycine buffer (pH 8.8; Sangon Biotech). Samples were resolved on
native gels under ice-bath conditions at 80 V for 1 h. The gels were
subsequently stained with SYBR fluorescent dye (Thermo Fisher
Scientific, Carlsbad, USA) for 15 min for visualization of DNA
bands.

Results
Identification of the DNA-binding site of Pam5b TerS
Previous studies have shown that TerS proteins commonly
recognize DNA sequences within their own coding regions
[9,31,32]. To investigate the DNA-binding properties of TerS, we
expressed the TerS protein of Pam5 in E. coli. Size-exclusion
chromatography demonstrated that purified Pam5 TerS exists as an
oligomer in solution (Figure 1A). Then, we applied EMSA to detect
the DNA-binding capability of TerS using a 405-bp DNA fragment
derived from its coding sequence. The results showed that Pam5
TerS binds to this fragment in a concentration-dependent manner
(Figure 1B). Increasing TerS protein concentrations resulted in
progressively slower migration and a smeared band shift, indicating
the formation of higher-order protein-DNA complexes (Figure 1B).
To assign the DNA-binding site, the 405-bp DNA sequence was

further divided into six overlapping fragments with 30-bp overlaps.
Only one fragment, spanning from position 60 to 150 bp, exhibited
strong binding to Pam5 TerS (Figure 1C,D). This region was then
further refined into seven consecutive 30-bp fragments, each
overlapping by 10bp. Of these, only two adjacent fragments
covering the region from position 110 to 150 bp retained binding
activity (Figure 1C,E). Eventually, high-resolution mapping using
overlapping oligonucleotides at the single-nucleotide resolution
enabled us to identify a unique 21-bp sequence (5-GGCTGTCAA
CAAATGTGAACG-3') at positions 119-139 bp within the Pam5 terS
gene as the specific recognition site (Figure 1C,F). Genomic
sequence analysis indicates that no additional repeats of the
identified 21-bp sequence are present elsewhere in the Pam5
genome. We therefore propose that a single, sequence-specific
recognition is sufficient for Pam5 TerS function.

Cryo-EM structure of Pamb TerS

The full-length PamS TerS protein comprises 131 residues and
contains three domains: the N-terminal HTH domain, the oligomer-
ization domain and the C-terminal stalk domain (Figure 2A). To
elucidate the assembly pattern of TerS, we purified Pam5 TerS and
solved its cryo-EM structure at 3.51 A resolution (Supplementary
Figure S1), revealing a nonameric architecture. The residues
spanning positions 63-115 were modeled in the final structure,
leaving the N-terminal and C-terminal regions unstructured,
probably due to their flexibility.

The overall architecture of Pam5 TerS forms a nonameric ring
approximately 50 A in height and 60 A in diameter. Each TerS
subunit consists of two domains: an oligomerization domain and a
C-terminal stalk domain forming a B-barrel (Figure 2A,B). The
oligomerization domain contains two o-helices, with al facing
outward and o2 oriented toward the inner ring. A C-terminal -
strand from each subunit extends to form an interlinked p-barrel
that stabilizes the ring assembly (Figure 2). Structural analysis
revealed extensive intersubunit contacts with a buried interface
area of 1500 A2 between adjacent subunits. A prominent hydro-
phobic core, mainly formed by residues Val69, Leu73, Leu79, and
other hydrophobic residues, plays a key role in stabilizing the
interface (Supplementary Figure S2).

The central channel measures ~ 10.2 A at its narrowest constric-
tion near Asnl11, considerably smaller than the ~ 22 A diameter of
B-form DNA. Electrostatic surface analysis showed that the interior
of the channel is predominantly negatively charged and lined by
several acidic residues at both openings (Figure 2C). This
electrostatic configuration is also incompatible with DNA transloca-
tion through the central channel. In contrast, HK97 TerS possesses
an ~18 A positively-charged channel suitable for DNA threading
(Supplementary Figure S3) [19]. These findings indicate that Pam5
TerS likely engages DNA via a distinct mechanism rather than
threading through the central channel.

Structural comparison of Pam5 TerS with homologs

A structural homolog search of Pam5 TerS against the DALI
database (http://ekhidna2.biocenter.helsinki.fi/dali/) revealed a low
structural similarity to the known structures (Supplementary Table
S3), with the highest Z-score of 4. In addition, the top hits represent
proteins of diverse unrelated functions, indicating that Pam5 TerS
adopts a distinct structural architecture. Further structural analysis
showed that the overall architecture of Pam5 TerS resembles that of
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Figure 1. Identification of the DNA-binding site of Pam5 TerS

v

(A) Size exclusion chromatography with multiangle light scattering assays and

SDS-PAGE analysis of purified Pam5 TerS. The black line represents the absorbance at 280 nm (Y-axis on the right), and the red line indicates the
molecular weight (Y-axis on the left). (B) EMSAs of Pam5 TerS with a 405-bp DNA fragment derived from its own gene sequence. (C) Schematic
workflow for identifying the DNA recognition site of Pam5 TerS. This workflow comprises three stages from top to bottom, which correspond to
the representative EMSA results shown in panels (D-F), respectively. (D) 90-bp and (E) 30-bp sequences divided from their own gene sequences,
and (F) several 30-bp fragments analyzed at single-base resolution. The assays without the addition of TerS protein were used as a control. The
binding shifts observed in the presence of Pam5 TerS indicate sequence-specific DNA recognition, highlighted in red.

previously reported structures of TerS, such as phage PaP3 (PDB ID:
6W?7T) [33]. Similar to Pam5 TerS, PaP3 TerS also forms a hollow
nonameric ring of 9-15 A in diameter, which is not enough for
threading dsDNA. Additionally, the overall architecture of PaP3
TerS exhibits a marked asymmetry, likely due to an uneven pattern
of lateral interactions between the N-terminal domains of adjacent
subunits. In contrast, the N-terminal domain of Pam5 TerS was
unresolved, likely due to its flexibility relative to the central ring.
Structural prediction of the full-length Pam5 TerS indicates that the
residues spanning 61-65 form a flexible loop that bridges the N-
terminal HTH domain and the oligomerization domain (Figures
2A,3A). This flexibility might facilitate adaptive conformational
changes during DNA recognition and binding.
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Given that TerS proteins typically contain an N-terminal DNA-
binding domain, we also performed DALI searches using the
predicted structure of the N-terminal HTH domain of Pam5 TerS.
The results revealed a relatively higher structural conservation with
other phage TerS proteins, including Sf6 (PDB ID: 3ZQQ, Z-score
7.1) and PaP3 (PDB ID: 6W7T; Z-score 5.4) (Supplementary Figure
S4). Despite the considerable sequence diversity of this fold, several
structural elements were generally conserved. For instance, the
hydrophobic residues located at the interhelical turn between o2
and a3, as well as on helices ol and a3, form a partially buried
hydrophobic core that stabilizes the overall structure. Additionally,
several charged residues, including conserved basic residues on the
recognition helix (a3) and adjacent solvent-exposed surfaces, are
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(A) Domain organization of Pam5 TerS, comprising of an N-terminal HTH domain, a central

oligomerization domain, and a C-terminal stalk domain. (B) Ribbon diagram of Pam5 TerS in side and top views. A single TerS subunit is colored
according to the domain organization shown in (A), while the remaining subunits are shown in gray. The a-helices and the B-strand are labeled. (C)
The electrostatic potential surface of Pam5 TerS in side and top views, highlighting the central channel visualized with a clip in ChimeraX (https:/

www.cgl.ucsf.edu/chimerax/).

positioned on the putative DNA-binding interface, contributing to
the electrostatic potential necessary for DNA interaction. Structural
alignment of these HTH domains revealed a canonical HTH
architecture, sharing similar orientations of the helices and putative
DNA-binding interfaces, highlighting the conservation of DNA-
recognition elements across TerS proteins.

Pamb TerS recognizes a specific DNA site through its
oligomerized N-terminal HTH domains

Structural modeling using AlphaFold3 [30] revealed that Pam5 TerS
possesses a canonical HTH motif at its N-terminus (Figure 3A). To
further investigate the DNA-binding properties of Pam5 TerS, we
performed EMSAs. The results showed that deletion of the HTH
domain from Pam5 TerS almost completely abolished the DNA-
binding activity, whereas the single individual HTH domain alone
showed no obvious TerS-DNA complexes (Figure 3C). These results

indicate that the HTH domain is necessary but not sufficient for
DNA binding, supporting the conclusion that effective DNA
recognition requires the oligomeric assembly of Pam5 TerS.
Modeling of the HTH-DNA complex using AlphaFold3 showed that
the recognition helix a3 of the HTH domain inserts into the major
groove of DNA, mediating sequence-specific contacts (Figure 3B).
The basic residues Arg35 and Arg40 from a3 and Arg8 from a1 of the
HTH motif are inserted into the DNA major groove, making direct
electrostatic and hydrogen-bonding interactions. Alanine substitu-
tion of Arg8, Arg35, or Arg40 almost completely abolished the DNA-
binding capability of Pam5 TerS (Figure 3D). In contrast, Lys98 is
the only basic residue within the central channel, and its mutation
to alanine does not affect DNA binding. Collectively, these findings
demonstrate that Arg8, Arg35, and Arg40 within the N-terminal
HTH motif are essential for the sequence-specific DNA-binding
activity of Pam5 TerS. The Pam5 TerS employs a sequence-
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HTH domain binding to DNA. The basic residues that directly bind to DNA are highlighted in red, whereas other residues are shown in black. (C)
The DNA-binding capability of the single individual N-terminal domain (HTH) and the mutant with the truncation of the N-terminal domain (AHTH).
(D) Effect of Pam5 TerS mutations on DNA binding. Mutants with substitutions at basic residues, including those in the N-terminal HTH domain
and the central channel, show altered DNA-binding capability, with some mutations abolishing the interaction entirely.

dependent DNA-binding mechanism, specifically recognizing target
DNA sequences via its HTH motif.

Discussion

To better understand the DNA-recognition mechanism of TerS, we
compared Pam5 TerS with the TerS of Pam1, a related cyanophage
that infects the same host, Pseudanabaena mucicola Chao 1806.
The N-terminal region of Pam1 TerS possesses a flexible loop region
instead of an HTH motif (Figure 4A,B). Given that HTH motifs are
well-established DNA-binding modules, this structural divergence
suggests that Pam1 and Pam5 may employ distinct mechanisms for
DNA recognition.

EMSAs using a 2000-bp fragment encompassing the Paml terS
and terL genes showed that Pam1 TerS demonstrated DNA-binding
capability in a concentration-dependent manner (Figure 4C).
However, EMSAs using 6 overlapping 100-bp fragments from the
Paml terS gene revealed rather weak binding to all DNA fragments,
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with no apparent sequence preference (Supplementary Figure S5).
Structural modeling of Pam1 TerS indicated that its central channel
is rich in basic residues, which might enable DNA translocation
(Figure 4B). Deletion of the N-terminal loop did not impair DNA
binding, whereas mutation of the basic residues lining the central
channel, including Arg56, Lys59, Lys65, and Lys73, to alanine
completely abolished the DNA-binding capability (Figure 4D).
These results suggest that Paml TerS recognizes genomic DNA
probably via the central channel rather than via the N-terminal
region.

Our structural and biochemical analyses demonstrate that Pam1
and Pamb5 TerS proteins employ distinct modes of DNA recognition,
reflecting diverse adaptive strategies that facilitate efficient and
specific genome packaging. The cryo-EM structure of Pam5 TerS,
together with biochemical data, delineates a sequence-dependent
DNA-binding mode mediated by peripheral HTH domains. Pam5
TerS assembles as a stable nonamer characterized by an acidic
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central channel and lateral HTH domains that likely engage DNA
(Figure 5A). These HTH domains, flexibly tethered to the oligomeric
core, confer conformational adaptability during DNA binding.
Genomic sequence analysis revealed that the identified 21-bp
recognition sequence has no similar repeats elsewhere in the Pam5
genome. Consequently, Pam5 TerS recognizes a 21-bp DNA
fragment spanning two consecutive DNA major grooves. Within
the TerS nonamer, only two HTH domains are likely to directly
interact with DNA. Oligomerization of Pam5 TerS may enhance
binding stability and functional recruitment of TerL to the correct
genomic locus, thereby guiding phage DNA into the capsid through

the portal. Notably, structural alignment of the Pam5 HTH domain
with previously characterized HTH-containing proteins (Supple-
mentary Figure S4B) reveals conserved residues on the recognition
helix that are well positioned to engage the DNA major groove,
potentially favoring interactions with DNA. Nevertheless, the
precise mode of the HTH-DNA interaction remains speculative
owing to the lack of the TerS-DNA complex structure.

In contrast, Pam1 TerS lacks a canonical HTH domain and instead
possesses a positively-charged central channel enriched in basic
residues. Mutational analyses confirm that these residues are
essential for DNA binding, whereas deletion of the flexible N-

Dong et al. Acta Biochim Biophys Sin xxxx
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Recognition site (nt 119—-139)

Figure 5. A proposed DNA-binding model of Pam1 and Pam5 TerS

Pam5

90°

(A,B) Proposed models of (A) Pam5 TerS and (B) Pam1 TerS binding to DNA,

shown in top and side views. The TerS proteins are shown as an electrostatic potential surface, whereas DNA is shown as a cartoon. The specific
DNA site at positions 119-139 bp for Pam5 TerS recognition is highlighted in red. In the Pam5 TerS model, two HTH domains bind to the specific
recognition site on the genomic DNA, whereas in Pam1 TerS, the genomic DNA threads through the central channel of the oligomer.

terminal loop has no effect on DNA binding. These observations
support a model in which DNA likely threads through the central
channel in a sequence-independent manner. The DNA is primarily
stabilized by electrostatic interactions with the basic residues lining
the channel (Figure 5B). Such a nonspecific DNA-binding mode
may enable rapid capture of viral DNA in the host cell where host
genomic DNA is degraded, thereby promoting efficient utilization of
phage genomic DNA.

In addition, we constructed a phylogenetic tree (Supplementary
Figure S6) using representative phages together with sequence
homology searches of Paml and Pam5 TerS proteins performed
with BiooSeek (https:/www.hidimension.cn/lab/app/homology-
search) [34]. The results showed that these representative TerS
proteins could be generally classified into four groups based on their
different structural features and DNA-engagement mechanisms.
The Pam5 TerS and its homologs, which are distributed among both
cos (e.g., PaP3 and Sf6) and pac (e.g., SPP1) phages, harbor a
conserved N-terminal HTH domain together with an oligomeriza-

Dong et al. Acta Biochim Biophys Sin xxxx

tion core that forms a central channel. In this class of TerS proteins,
the genomic DNA is primarily recognized by the peripheral HTH
domain rather than the central channel. In contrast, T4-like phages,
including T4, 44RR, and E217, exhibit a much higher structural
divergence, featuring a large, negatively-charged central channel. In
these phages, several basic residues protrude outward to form an
extended positively-charged surface, which may facilitate DNA
binding via a surface-based recognition mechanism. HK97 TerS
appears to represent another distinct class of cos phage TerS, in
which the oligomeric core forms a wide central channel potentially
capable of accommodating genomic DNA. This suggests that even
harboring peripheral HTH domains in HK97 TerS, DNA engagement
may occur through the central channel. Pam1 TerS and its homologs
form a separate clade that generally lacks identifiable HTH domains
and is often not annotated as a TerS protein. These Pam1 TerS
homologs may adopt a sequence-independent mode of DNA
engagement mediated predominantly by the central channel. Taken
together, comparative structural analyses suggest that TerS proteins
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employ distinct mechanisms for DNA engagement, in which the
presence or absence of peripheral HTH domains and the structural
characteristics of the central channel are key determinants.

Our previous studies showed that Pam1 consistently displays a
higher relative abundance than Pam5, with Pam1 accounting for up
to 68% of the total cyanophage metagenomic abundance [28]. We
propose that the sequence-independent recognition strategy of
Paml may facilitate more rapid and flexible initiation of genome
packaging, potentially enabling faster assembly of virions and more
efficient exploitation of host resources. Such a strategy could be
advantageous under conditions favoring high replication rates and
may contribute to the higher abundance of Paml phages. In
contrast, Pam5 TerS employs a sequence-dependent DNA recogni-
tion mode, which likely enhances packaging fidelity by precisely
defining the initiation site for genome cleavage and DNA transloca-
tion. This mechanism may reduce mis-packaging and enhance
genome integrity, thereby supporting robust propagation under
conditions, where accurate genome maintenance is advantageous,
such as environments with elevated viral competition or mixed
genetic material [35]. Together, these observations suggest that
Paml and Pam5 employ distinct DNA recognition strategies,
enabling them to infect the same host while occupying different
ecological niches or replication strategies, thereby facilitating their
stable coexistence within the same microbial community.

Collectively, our findings delineate two distinct mechanisms of
DNA recognition among cyanophage TerS proteins: the HTH-
mediated, sequence-dependent mode employed by Pam5 TerS and
the electrostatically driven, sequence-independent mode character-
istic of Pam1 TerS. This divergence underscores the evolutionary
versatility of the terminase system and illustrates the alternative
adaptive strategies by phages infecting the same host.

Supplementary Data
Supplementary data are available at Acta Biochimica et Biophysica
Sinica online.
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