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Mobile genetic elements can encode a wide variety of genes that support their
own stability andmobility aswell as genes that provide accessory functions to their
hosts. Such genes can be adopted from host chromosomes and can be
exchanged with other mobile elements. Due to their accessory nature, the
evolutionary trajectories of these genes can differ from those of essential host
genes. The mobilome therefore provides a rich source of genetic innovation. We
previously described a new type of primase encoded by S. aureus SCCmec
elements that is composed of an A-family polymerase catalytic domain in
complex with a small second protein that confers single-stranded DNA
binding. Here we use new structure prediction methods in conjunction with
sequence database searches to show that related primases are widespread among
putative mobile genetic elements in the Bacillota. Structure predictions show that
the second protein adopts an OB fold (common among single-stranded DNA
binding (SSB) proteins) and these predictions were far more powerful than simple
sequence comparisons in identifying its homologs. The protein-protein
interaction surface varies among these polymerase—SSB complexes appear to
have arisen repeatedly by exploiting partial truncations of the polymerase’s
N-terminal accessory domains.
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1 Introduction

Despite sharing similar core chemistry, the priming and elongation of DNA synthesis are
usually carried out by different enzymes, termed primases and polymerases. Delegating these
activities to separate enzymes most likely facilitates regulation of replication and improves
the accuracy of the products–considerations that are more important in the replication of
chromosomes than in the replication of mobile genetic elements. Nearly all known primases
can be divided into just two large, structurally unrelated families: the DnaG family, which has
a toprim motif at its core, and the AEP family, which has an RRM (RNA recognition motif)
at its core (Aravind et al., 1998; Iyer et al., 2005; Bergsch et al., 2019). An interesting
exception to this rule are the mobile-element encoded piPolBs, which are B-family DNA
polymerases that can also synthesize DNA primers (Redrejo-Rodríguez et al., 2017).
Although most primer-dependent DNA polymerases also contain the evolutionarily
ancient RRM motif, the AEP–family primases contain other distinguishing features (Raia
et al., 2019; Koonin et al., 2020). We recently reported an unusual mobile genetic element-
encoded primase, CcPol-MP, that does not belong to either of the two canonical primase
families (Bebel et al., 2020). Instead, CcPol-MP is a complex of two proteins: CcPol, which
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contributes an A-family polymerase domain that is responsible for
the catalytic activity, and MP, which confers the ability to bind
single-stranded template DNA. By combining database searches
with structure predictions, we now outline a broader family of
CcPol-MP- like primases, which we propose to call the PolA-SSB
primases, and discuss how they may have repeatedly evolved new
protein-protein contacts.

We discovered CcPol-MP as part of a broader effort to
understand the core genes of the SCC (staphylococcal cassette
chromosome) family of mobile genetic elements (Mir-Sanchis
et al., 2016; Firth et al., 2018). SCCs are highly variable and carry
a variety of accessory genes as cargo, the most well-studied being the
methicillin resistance gene that creates MRSA (methicillin-resistant
S. aureus) strains. SCCs share a conserved integration site and a core
genetic locus. Central to the core locus is an operon encoding one or
two site-specific DNA recombinases from the “large serine” family
that can insert and excise the element (Misiura et al., 2013).
Immediately preceding the recombinase operon is one that, while
variable, always encodes a helicase (Mir-Sanchis et al., 2016). Related
helicases (generally called “rep”) are found in the better-understood
staphylococcal pathogenicity islands (SaPI), which are known to
replicate as part of their life cycle (Fillol-Salom et al., 2018; Qiao
et al., 2022). In the SaPIs, the helicase is always preceded by, and
sometimes fused to, a primase. In place of this primase, many SCC
elements encode two ORFs in the same operon as the helicase: the
1st is annotated as an A-family polymerase, and the 2nd contains no
previously identifiable conserved domains. We termed these CcPol
for cassette chromosome polymerase and MP for middle protein
(Bebel et al., 2020). The Aravind group had previously included
CcPol as a member of the “TV-Pol” group of A-family polymerases
that are encoded by transposons and viruses and are closely
associated with helicases (Iyer et al., 2008). They proposed that
TV-Pols might act as primases due to their genetic context.
However, CcPol lacks the N-terminal domain associated with
many TV-Pols. We found that CcPol and MP co-purified and
that the complex was indeed able to synthesize new DNA strands
in a template-dependent but primer-independent manner. This
primase activity required CcPol’s catalytic site: in the absence of
MP, CcPol could only extend primers rather than synthesize them de
novo. MP also conferred ssDNA binding activity to the complex.

These findings raised the question of how DNA polymerases are
normally prevented from initiating synthesis de novo–that is, in the
absence of a primer. The chemistry of joining the initial two
nucleotides together is the same as the elongation step of adding
a nucleotide onto the end of an existing primer: a 3’ hydroxyl attacks
the alpha phosphate of a nucleotide triphosphate, displacing
pyrophosphate. Therefore, the key differences between primases
and primer-dependent polymerases must lie in the substrates and in
their ability to utilize them: priming requires a single-stranded
template and two (d)NTPs rather than a double-stranded
primer-template duplex and a single (d)NTP. The modeling
presented here suggests strategies that CcPol-MP may use to
overcome barriers to de novo initiation.

Here we apply the new structural modeling capabilities of
AlphaFold to address how MP confers ssDNA binding activity,
how the two proteins interact, how widespread CcPol-MP type
primases are and how variable they can be (Jumper et al., 2021;
Evans et al., 2022). These questions were difficult to address

previously in part due to difficulties in modeling MP and in
deciding whether or not other open reading frames encode MP-
like proteins. MP has no identifiable conserved domains and our
earlier protein modeling attempts could only predict that it would be
rich in beta strands. However, AlphaFold predicts that it adopts an
OB fold, similar to that found inmany single-stranded DNA binding
proteins (SSBs) (Dickey et al., 2013). Our results suggest that
primases based on an A-family polymerase paired with an SSB
are quite widespread in the mobilome of Bacillota [formerly known
as Firmicutes (Oren and Garrity, 2021)], generally associated with a
helicase and site-specific recombinase(s).

The polymerase component of these new putative primases
appears to have evolved from a DNA Pol I and to have
undergone multiple truncation events that entailed evolving new
interactions with the cognate SSB. DNA Pol I contains 3 overall
domains: an N-terminal 5′ to 3′ exonuclease domain, a central 3′ to
5′ exonuclease domain, and a C-terminal DNA polymerase domain
(Raia et al., 2019). The polymerase domain, which resembles a right
hand in shape, can be further subdivided into thumb, fingers, and
palm subdomains. The catalytic active site is found in the palm
subdomain, which contains an RRM (RNA recognition motif) at its
core. The putative Pol component of some of the protein pairs
described here contains little more than the RRM core (which may
be vestigial and inactive) while others contain the full polymerase
domain including key catalytic residues. The latter also contain part
or all of the 3′ to 5′ exonuclease domain, and some contain an
additional N-terminal segment as well. For simplicity, in this
manuscript all of the ORFs containing putative polymerase
domains are referred to as “Pol”. When Pol-SSB interactions
could be confidently predicted, all but one example involved the
variable N-terminal region of the Pol protein. Evolution of new
interactions may have been facilitated by sticky hydrophobic
surfaces exposed on the Pol subunit after random truncations
within its N-terminal domains.

2 Materials and methods

Our goal was not to carry out a comprehensive survey, but rather
to find a broad variety of CcPol-MP like protein pairs from different
bacterial species. To do so we used a mixture of BLAST searches (of
NCBI and UniProt databases) and webFlaGs (Saha et al., 2021),
using as bait our previously characterized CcPol protein, the
helicases and recombinases associated with it, and related
proteins from SCC-like mobile genetic elements that we had
previously noted (Mir-Sanchis et al., 2016; Bebel et al., 2020).
The helicases and recombinases proved to be most productive as
bait in BLAST searches. CcPol itself was less useful as bait because its
Pol domain is so closely related to that found in “housekeeping”
bacterial DNA Pol Is (yielding too many hits, mostly irrelevant),
whereas MP was problematic as bait because its sequence is poorly
conserved (yielding too few hits, mostly too closely related to the bait
for our purposes). Because the subsequent analysis based on synteny
and structure prediction involved time-intensive manual steps, we
could not fully analyze every hit from every search. Instead, we
aimed to maximize variety in the length and sequence of the Pol
proteins. This was done initially by “spot-checking” hits with
varying degrees of sequence homology to the bait protein, then
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TABLE 1 Accession Codes and notes for Pol-SSB pairs analyzed.

Species/strain SSB - Pol interaction Accession codes Helicase type Recombinase type DNA accession code

Pol protein SSB protein Helicase protein

Full polymerase domains

Clostridiodes difficile DSM102860 C-ter strand to N-ter WP_077708779.1 WP_077708780.1 WP_077708781.1 COG3378 1 Large serine NZ_CP020379

Paenibacillus pinistramenti C-ter strand to N-ter WP_138494364.1 WP_138494363.1 WP_138494362.1 COG3378 2 Large serine NZ_VAWG01000004

Salibacterium qingdaonense strain CGMCC 1.6134 C-ter strand to N-ter WP_177195569.1 WP_090927634.1 WP_090927635.1 COG3378 IS66 family transposase NZ_FOTY01000021

Metalysinibacillus jejuensis strain N25 C-ter strand to N-ter WP_108307365.1 WP_108307366.1 WP_108307367.1 COG3378 Y recombinase NZ_QAFW01000026

Turicibacter sanguinis isolate MGYG-HGUT-00143 C-ter helix to N-ter WP_187115462.1 WP_147633390.1 WP_147633389.1 COG3379 1 Large serine NZ_CABJBH010000006

Niallia nealsonii none predicted WP_235852004.1 WP_101176622.1 WP_101176623.1 COG3378 2 Large serine NZ_PISE01000015

Clostridium perfringens strain CHD32500R beta hairpin to thumb WP_208364035.1 WP_075810340.1 WP_208364034.1 COG3378 1 large serine NZ_JAENQJ010000001

Listeria newyorkensis strain FSL L7-1614 C-ter helix to N-ter WP_185389139.1 WP_185389140.1 WP_185389141.1 COG3378 2 Large serine NZ_JAARQN010000006

Trichococcus pasteurii strain DSM 2381 C-ter helix to N-ter WP_086941901.1 WP_086941902.1 WP_086941903.1 COG3378 2 Large serine NZ_FONM01000028

Bacillus cereus AND1407 (& others) none predicted WP_001192253.1 WP_000989044.1 WP_001293926.1 COG3378 2 Large serine NZ_JH792265

Bacillus weidmannii strain FSL J3-0113 none predicted WP_064476008.1 WP_064476009.1 WP_064476010.1 COG3378 2 Large serine NZ_LXFN01000033.1

SCCmec type V; S. aureus strain TSGH17 barrel to N-ter BAK57481.1 BAK57482.1 BAK57483.1 COG3378 1 large serine (CcrC) AB512767

SCCmer-like; S. aureus strain TSGH17 barrel to N-ter BAK57462.1 BAK57463.1 BAK57464.1 COG3378 1 large serine (CcrC) AB512767

RRM domains

Bacillus subtilis strain Bsp4 none predicted WP_101502618.1 WP_101502617.1 WP_101502616.1 DUF927 1 large serine NZ_MAFZ01000018

Bacillus mycoides strain BPN51/1 none predicted WP_215600838.1 WP_215600837.1 WP_215600836.1 DUF927 1 large serine NZ_CP036017.1

Paraliobacillus zengyii strain X-1125 none predicted WP_112182537.1 WP_112182536.1 WP_112182535.1 COG3378 1 large serine NZ_CP029797

Planococcus antarcticus DSM 14505 none predicted WP_065536350.1 WP_065536351.1 WP_065537334.1 COG3378 1 large serine NZ_CP016534

Geobacillus vulcani PSS1 no SSB WP_051870794.1 none WP_031406462.1 DUF927 1 large serine NZ_JPOI01000001
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examining their genetic context for nearby ORFs of interest. The
names of the encoding bacteria were also considered in order to pick
examples from important pathogens as well as a broad variety of
ecological niches (see below).

A total of 17 protein pairs, all closely associated, if not co-
operonic, with a helicase, were chosen for further analysis. Although
a subset of searches used helicases as bait, we also used the
recombinases as bait, and therefore we theoretically could have
identified hits not associated with helicases. However, we note our
approach may have missed more diverse CcPol-related primases.
Accession numbers are listed in Table 1. Two of these pairs are from
SCC elements (an SCCmec type V and an SCCmer-like element)
found in tandem in the same S. aureus strain, both of which we have
demonstrated primase activity for [(Bebel et al., 2020) and
Rodriguez, Pigli and Rice unpublished data]. We noted that the
Bacillus weidmannii proteins in Table 1 are identical, except for the
1st 4 residues, to proteins found in many (but not all) Bacillus cereus
strains, suggesting relatively recent horizontal transfer. An example
from B. cereus is listed in Table 1 but not included in other analyses
here. The Nialla Nealsonii sequence appeared to have a premature
stop codon near the N-terminus: removal of one nucleotide from the
stop codon of a short upstream ORF created a single fused reading
frame with a sequence homologous to and the same length as that of
the C. difficile and P. pinistramenti sequences. It is unclear if this is
an evolutionarily recent mutation or a sequencing error. The “fixed”
version of the sequence was used here.

Individual protein and complex structures were predicted using
CoLabFold to run AlphaFold2 and Alphafold-Complexes, with
default parameters (Jumper et al., 2021; Evans et al., 2022;
Mirdita et al., 2022). The ORF between the putative Pol and
helicase ORFs was assigned as a putative SSB (MP homolog) if it
was predicted to have an OB fold—this was true for all cases in
Table 1 except Geobacillus vulcani, in which this ORF was absent.
Most of the helicases associated with these PolA-SSB primases were
annotated as containing COG3378 and/or the D5_N and Primase
C_term conserved domains, as are the helicases associated with
CcPol-MP pairs in many SCC elements and the “Rep” helicase from
SaPI5 (Qiao et al., 2022). Despite frequent mis-annotation as
“primase” it is important to note that these helicases do not
contain primase domains—they are termed “primase C_term”

because DnaG- and AEP-family primases are often found
upstream of or N-terminally fused to helicases of this family. A
few Pol-MP examples were associated with a DUF927-containing
helicase, similar to the Cch helicase found in the some SCC elements
(Mir-Sanchis et al., 2016) and the Rep protein of SaPIBov1 (Ubeda
et al., 2007).

Pol-SSB complexes were modeled with 1:1 stoichiometry in
agreement with our biochemical and preliminary cryoEM data
for S. aureus SCCmec CcPol-MP. Because chromosomally-
encoded bacterial SSBs are usually tetrameric, we also tested
modeling of MP as a tetramer, but no interactions were
predicted among the 4 copies.

The percent identity matrices in Supplementary Figure S1 were
calculated by clustal omega (Sievers et al., 2011). For the longer
polymerase proteins, the calculations were done with the highly
variable N-terminal domains removed (based on alignment of the
predicted structures). The structure-informed sequence alignment
of the larger polymerases shown in Supplementary Figure S4 was

made using Promals3d (Pei et al., 2008). Structure figures prepared
using The PyMOL Molecular Graphics System, Version
2.0 Schrödinger, LLC. Supplementary Figure S3 was made using
SnapGene (SnapGene.com).

3 Results

The ORFs examined were highly diverse in sequence
(Supplementary Figure S1). The predicted putative polymerase
structures could be grouped into 2 overall categories: 5 with little
more than an RRM motif and 12 with a full polymerase domain
(Table 1; see Supplementary Figure S2 for information regarding the
estimated accuracy of each prediction, including a guide to
understanding the “predicted alignment error” plots presented
there). Pairwise sequence identity among the former varied from
10% to 54% and among the latter (for polymerase domains only)
from 16% to 55%, except for the two polymerase domains from S.
aureus which shared 79% identity. Only the geobacillus vulcani
example lacked an SSB-containing ORF. Pairwise sequence identity
among the SSB proteins ranged from 7% to 70%, with themajority of
pairs sharing less than 20% identity. All of these examples are found
in Bacillota, although we did not purposefully limit our searches to
that group of bacteria. However, their niches vary widely, from
humans (e.g., methicillin resistant Staphylococcus aureus and
Clostridiodes difficile) to pine litter (Paenibacillus pinistramenti),
sea-salt pans (Salibacterium qingdaonense) and an antarctic lake
(Planococcus antarcticus).

3.1 Genomic context shows Pol-SSB pairs
are found on mobile genetic elements

Supplementary Figure S3 shows the larger genetic context of the
Pol-SSB pairs. The staphylococcal SCC elements, including SCCmec,
are inserted near the end of the rlmH gene by the action of site-
specific recombinases from the “large serine” family. The inserted
element is flanked by degenerate inverted repeats that include last
few codons of rlmH. Most of the Pol-SSB pairs described here were
similarly found downstream of rlmH, and for many we could also
identify a putative 2nd end of the encoding element by searching for
a match to the last ~12 bp of rlmH. Similar to the composite SCC
and pseudo-SCC elements found in staphylococci (Shore and
Coleman, 2013), some, such as that from P. pinistramenti,
appeared to be composites of tandemly inserted islands with
more than one repeat matching the end of rlmH. The C. difficile
and C. perfringens examples were inserted into ssrA, a spot
previously noted to harbor genomic islands that encode a large
serine recombinase. We could not find the left end of the T.
sanguinis island but did find repeats of the end of ssrA. We
confirmed the predicted ends for 3 of these mobile genomic
islands by blasting for the sequence of the predicted “empty” site
after excision (or before insertion). Strains with the predicted empty
sites for the relevant islands include Clostridioides difficile strain Z31
(GenBank: CP013196.1), Bacillus cereus strain EFR-1 (GenBank:
CP064072.1) and Bacillus wiedmannii strain FSL P2-0415
(GenBank: LXFR01000008.1). Finally, we noted that most of
these elements carry ORFs related to genetic conflict such as
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restriction-modification systems, and some ORFs with domains of
unknown function similar to those found in the conserved
recombinase locus of SCC elements (Mir-Sanchis et al., 2016),
although they lack synteny with SCCs.

3.2 Overall comparisons of structural
models

Five of the putative Pol proteins analyzed contained little more
than a conserved central RRM motif with small, variable N- and

C-terminal extensions (Figure 1). The RRM motif corresponds to
the active-site containing palm subdomain of multiple polymerase
families. In the A-family bacterial DNA Pol Is, strands 1 and 3 of this
motif harbor two key aspartate residues that bind catalytic Mg++

ions. However, in the 5 structural models shown in Figure 1, only 2,
those from Bacilli, retain even one of those key residues. These
proteins are therefore unlikely to be catalytically active. RRM motifs
are found in a broad variety of proteins and it may be that despite
their similar genetic context to the other putative primases studied
here (and the proven ones from S. aureus), these five ORFs perform
a different function.

FIGURE 1
Predicted structures of the putative Pol proteins that contain little more than an RRM motif. (A) All 5 examples listed in Table 1, colored blue to red
from N to C, and superimposed according to the central beta sheet. (B) The example from Bacillus subtilis strain Bsp4 with with only the portion
corresponding to an RRM motif colored. (C) The palm and fingers subdomains of E. coli DNA Pol I are shown for comparison (1l5u.pdb, Johnson et al.,
2003).

FIGURE 2
Comparison of predicted polymerase structures to bacterial DNA Pol I. Top: cartoon of the domains of DNA. Pol 1. Bottom: representative structural
models colored according to domain. In each panel, the bold label corresponds to themodel shown, and those listed beneath it are very similar. A crystal
structure of the Klenow fragment of Bacillus DNA Pol with a bound primer-template duplex is shown for comparison (Johnson et al., 2003).
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The remaining 12 putative Pol proteins were predicted to
contain intact polymerase domains, including conserved
Mg++—binding active site residues in the palm subdomain and
additional conserved residues in the functionally important helix
O of the fingers subdomain (Figure 2 and Supplementary Figure S3)
(Polesky et al., 1992; Castro et al., 2009). As shown in Figure 2, the
predicted N-terminal regions varied. When a full 3′-5′ exonuclease
was predicted to be present (7 models), key active site residues were

also present (Supplementary Figure S4) (Brautigam et al., 1999). Six
of the examples with full polymerase domains were predicted to
include a small additional N-terminal segment before the 3′-5′
exonuclease that may be a minimized relic of DNA Pol I’s large
N-terminal 5′-3′ exonuclease domain, or may have been acquired
through recombination. One predicted structure, that of the C.
perfringens example, contains a full 3′-5′ exonuclease but no
additional N-terminal segments. Five predicted structures,

FIGURE 3
The predicted SSB subunits have an OB fold. (A) Superposition of all 16 predicted structures, colored blue to red from N to C. (B) The predicted
structure of MP from S. aureus type V SCCmec. (C) Semi-transparent surface of the model in (B) colored according to vacuum electrostatics (blue is
positive; red is negative) (D) one subunit from E. coli SSB, with ssDNA bound, for comparison (PDB ID 1eyg: Raghunathan et al., 2000).

FIGURE 4
Predicted modes of Pol-SSB interactions. Models are colored as in Figure 2, with putative SSBs in pink. They were aligned according to their palm
domains, except for T7 DNA polymerase, which was aligned to the C. perfringensmodel using the thumbs as guides. DNA Pol l (1l5u.pdb; Johnson et al.,
2003) and T7 DNA polymerase (1t7p.pdb; Doublié et al., 1998) crystal structures are included for comparison. In each panel, the bold label corresponds to
the model shown, and those listed beneath it are highly similar.

Frontiers in Molecular Biosciences frontiersin.org06

Rice 10.3389/fmolb.2023.1113960

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1113960


including the two S. aureus CcPols, include only part of the 3′-5′
exonuclease, yet confidence in the predicted fold of this partial
domain was high except for the Bacillus Weidmannii example
(Supplementary Figure S2). The S. aureus CcPols also have a
shortened thumb relative to the others and to DNA Pol I
(Figure 2). Escherichia coli DNA Pol I retains activity when its
thumb is truncated, but shows reduced processivity and fidelity
(Minnick et al., 1996).

Although at the time of our initial studies of CcPol-MP (Bebel
et al., 2020), we could not predict a structure for MP, AlphaFold now
reliably predicts a small OB-fold beta barrel. This fold is commonly
found in single-stranded DNA binding proteins (SSBs) (Dickey
et al., 2013). For 16 out of 17 examples, the ORF sandwiched
between the putative polymerase and the helicase was predicted
to adopt this fold (Figure 3). In the Geobacillus vulcani case, we
modeled the two ORFs directly upstream of the helicase, but the 1st
model was unrelated to our proteins and the 2nd contained the RRM
motif described above. Figure 3 also shows that the ssDNA-binding
cleft of MP is predicted to have a positive electrostatic potential, as
expected for a DNA binding protein. This structural model provides
a good explanation for our previous observation that MP conferred
ssDNA binding on the CcPol-MP complex (isolated MP was too
poorly soluble for rigorous DNA binding assays). Based on these
observations, we refer to this set of proteins as SSBs.

3.3 Pol–SSB interactions

In agreement with our previous finding that S. aureus CcPol and
MP (its cognate SSB) co-purify, for most of the examples that
included a full polymerase domain, AlphaFold predicted
structurally plausible Pol–SSB complexes with low predicted
alignment errors not only within each individual subunit but also
for the relative placement of the two subunits, implying high
confidence (see Supplementary Figure S2). The only exceptions
were the N. nealsonii and the B. weidmannii pairs. For the latter,
even the intramolecular predicted alignment errors were high for the
N-terminal partial exonuclease domain (unlike the others with
which it is grouped in Figure 2). Figure 4 shows the variety of
predicted complexes.

In most cases, the SSB is predicted to interact with the variable
N-terminal regions (Figure 4) rather than with a more conserved
segment of the polymerase. For those predicted to have only
remnants of the 3′-5′ exonuclease domain, the SSB appears to
have found two different solutions to the binding problem, both
of which align the SSB’s positive cleft with the polymerase’s: in the S.
aureus examples, the interaction is mediated by the barrel of the
conserved OB fold, whereas in the L. newyorkensis and T. pasteurii
examples, the interface is mediated primarily by a helical C-terminal
extension found on these but not the other SSB models. For those
5 models that included a full exonuclease plus a small additional
domain N-terminal domain, that N-terminal domain was predicted
to mediate interactions with a C-terminal extension of the SSB
protein: in four cases, the SSB adds an additional strand to the
polymerase’s small beta sheet, and in the fifth case (T. sanguinis) a
single-turn helix from the SSB docks into a similar location.
Although these models appear to place the SSB rather awkwardly
relative to the Pol domain, there is a flexible-looking linker between

the very N-terminal domain and the 3′-5′ exonuclease that is likely
to allow repositioning. The similarity of these latter five models,
given that the polymerase proteins are nomore than 55% identical to
one another in sequence (Supplementary Figure S1), enhances our
confidence in them.

The C. perfringens example is predicted to use part of the Pol
domain itself (the tip of the thumb) rather than an N-terminal
region for SSB interactions (Figure 4). Although surprising, this
predicted interaction is reminiscent of how phage T7 DNA
polymerase (also an A-family polymerase) binds thioredoxin,
which it exploits as a processivity factor (Bedford et al., 1997).
The C. perfringens polymerase model is also the only one among the
full-polymerase set that does not appear to have a partially truncated
domain at its N-terminus: its N-terminus maps cleanly to the
domain boundary between the two N-terminal exonuclease
domains of DNA Pol I.

4 Discussion

The survey presented here shows that PolA-SSB type primases,
which we previously discovered in certain S. aureus SCCmecmobile
genetic elements, can be found in a wide variety of Bacillota. The
PolA-SSB enzymes may represent a subset of the TV-Pol family
previously suggested to function as primases due to their synteny
with helicases, distinguished by their OB-fold-containing SSB

FIGURE 5
DNA Pol I may block the initial triphosphate. The last helix in the
thumb and the central beta hairpin of the palm subdomains are
shown. This superposition suggests that an initial triphosphate might
make steric clashes with the last helix of the thumb of DNA Pol I’s
helix (and/or the turn leading into that helix). That helix is shorter in
T7 RNA polymerase and in all the full-polymerase models reported
here. The Pol I coordinates were taken from PDBid 1l5u (Johnson
et al., 2003) and the T7 RNAP coordinates from 2pi4 (Kennedy et al.,
2007).
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subunit. Several lines of evidence suggest that all the PolA-SSB (and
RRM-SSB) pairs described here are encoded by mobile genetic
elements. First, the CcPol-MP pair that initiated our interest in
this family is found on the SCC family of genomic islands of S.
aureus (including many of the methicillin resistance-carrying
SCCmec elements that create MRSA strains). Second, they appear
to occur sporadically, rather than universally, in any given species.
Third, at least in all of the examples listed in Table 1, one or more
DNA recombinases are encoded just downstream of the helicase. In
most cases, those recombinases belong to the “large serine” group of
site-specific DNA recombinases, as do the CcrA/B/C recombinases
of SCC elements (Misiura et al., 2013).

What might be the biological function of these primases? The
simplest answer is DNA replication. However, the purpose of such
replication is unknown, even for the SCC elements. One possibility
is that the primase/helicase pair supports replication after excision
from the host chromosome, which could enhance the efficiency of
any mechanism of horizontal transfer to new hosts. Another
possibility is that these proteins are responsible for synthesizing
the 2nd strand after horizontal transfer via natural competence or
conjugation, both of which result in a single-stranded incoming
donor DNA (Blokesch, 2016; Shen et al., 2022). The latter possibility
is supported by a recent report of horizontal transfer of SCCmec by
natural competence (Maree et al., 2022). Stable incorporation of
SCCmec into a new host chromosome required the presence of the
recombinase genes. SCC-encoded replication machinery could
promote the conversion of the incoming ssDNA to a duplex
substrate for the recombinases. Alternatively, recent discoveries
of numerous new systems that defend against invading DNAs
(and are often encoded on mobile genetic elements) (Rocha and
Bikard, 2022) raises the possibility that some or all of the PolA-SSB
primases and their associated helicases are part of an
uncharacterized type of defense system.

PolA-SSB primases presumably evolved from an ancestral
DNA Pol I. What were the key changes that allowed a previously
primer-dependent polymerase to initiate DNA synthesis de novo?
The initial step in priming uses slightly different substrates than
the elongation reaction: priming requires that the enzyme bind a
single stranded template and two (d)NTPs, whereas for
elongation, it must bind a primer-template duplex and one (d)
NTP. The most relevant comparison between enzymes that can
initiate de novo and ones that cannot is between the RNA
polymerases (RNAPs) of bacteriophages such as T7 and the
chromosomally-encoded bacterial DNA Pol I enzymes, all of
which belong to the A family of polymerases (Dai and Rothman-
Denes, 1998; Kennedy et al., 2007). Our modeling suggests that
CcPol-MP and these RNAPs use analogous strategies to
overcome barriers to initiating DNA synthesis de novo.
Figure 5 and the sequence alignments in Supplementary
Figure S4 show that in T7 RNAP, CcPol and the other
polymerase domains modeled here, the last helix of the thumb
subdomain is one turn shorter than in DNA Pol I. The additional
turn seen in DNA Pol Is is likely to sterically interfere with the
triphosphate group of an initiating nucleotide, but not with the
backbone of an elongating primer-template duplex. Whether or
not PolA-SSB primases actively stabilize binding of the initial
dNTP is unclear from our models but could be addressed through
future experimental biochemical and structural work. T7 RNAP

also features an additional N-terminal domain not found in DNA
Pol Is that recognizes cognate transcriptional promoters and
orients the single stranded template in the polymerase active
site (Kennedy et al., 2007). The SSB component of our PolA-SSB
primases could similarly bind and orient the single stranded
template, and in fact, we have already demonstrated that it
confers ssDNA binding activity in the CcPol-MP case.
Interestingly, the existence of the mobile-element encoded
piPolBs, members of the B family of DNA polymerases that
synthesize primers de novo without the aid of an SSB-like protein,
suggests that evolution may have found multiple independent
solutions to the above problems (Redrejo-Rodríguez et al., 2017).

How did the PolA-SSB interaction evolve and why is it so
variable? The N-terminus of the polymerase, which is found at
the beginning of the 3-protein operon, appears to have been
randomly truncated at different positions. Truncations in the
middle of a folded domain would have left an exposed
hydrophobic surface that the SSB may have been able to interact
with: presumably weakly at 1st, then optimized through
evolutionary selection. Only the C. perfringens example does not
follow this trend: its N-terminus maps to a domain boundary, and its
SSB is instead predicted to bind the tip of the (intact) thumb
subdomain. We also noted that most of the predicted
interactions are mediated by the variable C-terminal tail of the
SSB component, and that the chromosomally-encoded canonical
bacterial SSB protein also uses a different C-terminal extension to
bind other replication-related proteins (Shereda et al., 2008). Further
study with a far larger sequence data set would be needed to
determine if the individual PolA-SSB pairings described here
arose through single, independent truncations of the Pol protein,
or if they have arisen sequentially through progressive random
truncations of the Pol protein followed by re-optimization of new
Pol-SSB contacts. The evolutionary paths of proteins that are only
required for the horizontal transfer and/or maintenance of mobile
genetic elements may be interestingly different from the
evolutionary paths taken by essential proteins which cannot
“tunnel” through non-functional intermediate sequences.
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SUPPLEMENTARY FIGURE S1
Pairwise sequence identities among proteins studied, as calculated by Clustal
Omega.

SUPPLEMENTARY FIGURE S2
Predicted Alignment Error plots for all predicted complex structures. In all
cases, protein A is the putative polymerase and B is the putative SSB. Plots
are shown for all 5 models predicted for each complex. The last page
provides a guide to interpreting these plots.

SUPPLEMENTARY FIGURE S3
Genomic context of Pol-SSB pairs. Diagrams of the region encoding each
pair are shown, colored to highlight relevant features (if found). Red, PolA (or
minimal Pol-like protein); pink, SSB; purple, helicase; bright blue, large
serine recombinase; yellow, putative insertion sites, pale blue, other
recombinase possibly involved in mobility; dark blue, homology to genes
found in the recombinase locus of SCC elements. For extremely long
elements, dotted lines simply connect one segment to the next (they do not
signify gaps). See Table 1 for accession numbers.

SUPPLEMENTARY FIGURE S4
Alignment of all “large” Pol proteins with the 1qsl.pdb–a structure of the
Klenow fragment of E. coli DNA Pol I, which lacks the 5′-3′ exonuclase but
includes the 3′-5′ exonuclease and the polymerase domains. Promals3D
was used to create this alignment. Active site residues are marked with
asterisks over the sequences (blue for the 3′-5′ exonuclease and red for the
polymerase sites), and Helix O of the E. coli Pol I, which makes important
interactions with substrates, is also labeled. The helix that is shorter in the
predicted structures, relevant to binding of the 1st dNTP, is marked with #.
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