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ABSTRACT

We report an in-depth computational study of the pro-
tein sequences and structures of the superfamily of
archaeo-eukaryotic primases (AEPs). This analysis
greatly expands the range of diversity of the AEPs
and reveals the unique active site shared by all mem-
bers of this superfamily. In particular, it is shown that
eukaryotic nucleo-cytoplasmic large DNA viruses,
including poxviruses, asfarviruses, iridoviruses,
phycodnaviruses and the mimivirus, encode AEPs
of a distinct family, which also includes the herpes-
virus primases whose relationship to AEPs has not
been recognized previously. Many eukaryotic gen-
omes, including chordates and plants, encode previ-
ously uncharacterized homologs of these predicted
viral primases, which might be involved in novel DNA
repair pathways. At a deeper level of evolutionary
connections, structural comparisons indicate that
AEPs, the nucleases involved in the initiation of roll-
ing circle replication in plasmids and viruses, and
origin-binding domains of papilloma and polyoma
viruses evolved from a common ancestral protein
that might have been involved in a protein-priming
mechanism of initiation of DNA replication. Con-
textual analysis of multidomain protein architectures
and gene neighborhoods in prokaryotes and viruses
reveals remarkable parallels between AEPs and the
unrelated DnaG-type primases, in particular, tight
associations with the same repertoire of helicases.
These observations point to a functional equivalence
of the two classes of primases, which seem to have
repeatedly displaced each other in various extra-
chromosomal replicons.

INTRODUCTION

In almost all currently known DNA replication systems, the
initiation of replication requires a free hydroxyl group to
which nucleotides are transferred by DNA polymerases for
the synthesis of a new strand (1,2). Several distinct solutions
for this requirement have been described:

(1) All cellular life forms and many DNA viruses, phages
and plasmids use a primase to synthesize a short
RNA primer with a free 3 OH group that is subsequently
elongated by a DNA polymerase (2).

(i1) Theretroelements (including retroviruses) employ a tRNA
that primes DNA replication by providing a free 3’ OH that
is used for elongation by the reverse transcriptase (1).

(iii) In adenoviruses and the ¢29 family of bacteriophages, a
hydroxyl group is provided by the side-chain of an amino
acid of the genome-attached protein (the terminal protein)
to which nucleotides are added by the DNA polymerase to
form a new strand (3).

(iv) In several families of DNA viruses, such as parvoviruses,
geminiviruses, circoviruses, and many phages and
plasmids that adopt a rolling circle replication (RCR)
model, the RCR endonuclease (RCRE) creates a nick in
one of the DNA strands. The 5" end of the nicked strand is
transferred to a tyrosine residue on the nuclease, and the
free 3’ OH group is elongated by a DNA polymerase for the
new strand synthesis (4,5).

Although all known cellular replication systems utilize an
RNA primer for DNA replication initiation, two structurally
distinct and non-homologous versions of primases catalyze
primer synthesis. In all bacteria, the primase involved in
DNA replication, belongs to the DnaG superfamily and con-
tains a catalytic domain of the TOPRIM fold (6,7). The
TOPRIM fold contains an o/ core with four conserved
strands in a Rossmann-like topology and is also found in
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the catalytic domains of topoisomerase Ia, topoisomerase II,
the OLD-family nucleases and DNA repair proteins related to
RecR (6). In the archaeo-eukaryotic lineage, the principal
primase involved in replication contains a highly derived
version of the RNA recognition motif (RRM) fold (8,9). A
catalytic domain based on an RRM-like scaffold is also present
in viral RNA-dependent RNA polymerases, reverse tran-
scriptases, cyclic nucleotide generating cyclases, and DNA
polymerases of the A/B/Y families that are involved in
DNA replication and repair (9-17). This fundamental dicho-
tomy between the primases in the archaeo-eukaryotic and
bacterial lineages is paralleled in several other components
of DNA replication. In particular, the principal replicative
polymerase and the gap-filling polymerase are very distinct
and, apparently, non-homologous between the archaeo-
eukaryotes and bacteria. Similarly, the principal replicative
helicases are non-orthologous between these two primary divi-
sions of cellular life. In contrast, several other components of
the DNA replication machinery, such as the DNA ligases,
PCNA, clamp-loader ATPases, Topoisomerase Ia and
RNAse HII, are orthologous between archaeo-eukaryotes
and bacteria (18,19).

Comparative analysis of proteins containing the TOPRIM
domain provides substantial clues as to the early stages of
evolution of this class of proteins. Specifically, the TOPRIM
domain of DnaG is also found in the archaeal DnaG ortholog,
which is conserved in all archaeal species, and in topoi-
somerase la and topoisomerase II, which are present in
both archaea and bacteria (6,20). This suggests that distinct
versions of the TOPRIM domain which were, respectively,
ancestors of the DnaG-type primases and the topoisomerases
were already present in the last universal common ancestor
(LUCA) (6,18). However, given that the archaeal DnaG pro-
teins have been shown to associate with the RNA-degrading
exosome complex (20), it is unclear if the ancestral form of
DnaG in LUCA was involved in RNA metabolism or DNA
replication.

The origin of the archaeo-eukaryotic primase (AEP) super-
family is more obscure. In addition to the archaea, eukaryotes
and baculoviruses, a divergent member of the AEP superfam-
ily was detected in diverse bacteria, where it appears to
function, along with homologs of the Ku protein and ATP-
dependent DNA ligases, in a DNA repair system involved in
non-homologous end-joining (NHEJ) (21-23). The phyletic
profile of the cellular members of the AEP superfamily sug-
gests that it was not represented in LUCA and was recruited
for primer synthesis only at the base of the archaeo-eukaryotic
lineage, with subsequent acquisition by bacteria via horizontal
gene transfer (HGT).

Recently, a novel family of AEPs called the prim-pol, which
is sporadically present in crenarchaeal and Gram-positive bac-
terial plasmids, has been described (24,25). The prim-pols
catalyze both a DNA polymerase and a primase reaction
(hence the name). They are often fused to Superfamily III
helicases or are encoded by genes in the neighborhood of
those encoding such helicases (24,25). These primases and the
associated helicases have been proposed to form the replica-
tion initiation complex of the respective plasmids (24). Crystal
structures of the prim-pols showed that they shared a structure
and several identically positioned catalytic residues with the
archaeal replicative primase, indicating that the prim-pols

were divergent members of the AEP superfamily (25). The
presence of both DNA polymerase and RNA polymerase activ-
ities in the prim-pols suggests a primitive state, possibly, resem-
bling early, transitional DNA replication systems where the
same enzyme catalyzed both initiation and elongation (24).

Given our long-standing interest in understanding the nature
of early DNA replication systems, the discovery of the prim-
pols and the report of their crystal structure prompted us to
re-investigate these systems from the standpoint of the origins
of the AEP. With this objective, we performed a comprehens-
ive study of the phyletic distribution and evolutionary affin-
ities of the prim-pols in relation to the other members of the
AEP superfamily and the larger class of nucleic acid poly-
merases and cyclases, which also contain the catalytic palm
domain with an RRM-like fold. In addition, we were interested
in the provenance of two other non-cellular primases of
uncertain evolutionary affinities, such as, the herpesvirus
ULS52 primases and the RepA-like primases of ColE2-like
plasmids (26-29).

In this study, we expand the AEP superfamily to include the
ULS52-like primases of herpesviruses, the N-terminal domains
of the D5-like protein of the nucleo-cytoplasmic large DNA
viruses (NCLDV) and phages, the RepA-like primases of the
ColE2 group of plasmid, a previously unknown family of
predicted eukaryotic cellular primases, and several other
primase-helicase proteins from bacteriophages, predicted
transposons and plasmids. Our analysis points to the existence
of at least 13 distinct families in the AEP superfamily. Struc-
tural comparisons show that the RCREs and the DNA replica-
tion origin-binding domains of papovaviruses are the closest
relatives of the AEPs among the RRM-like nucleic acid palm
domains. This suggests that both nucleotidyl transferase and
nuclease activity evolved in the same class of proteins, which
is reminiscent of the evolution of primase and nuclease activ-
ities in the TOPRIM fold (6).

MATERIALS AND METHODS

The non-redundant (NR) database of protein sequences
(National Center for Biotechnology Information, NIH,
Bethesda) was searched using the BLASTP program (30).
Iterative database searches were conducted using the PSI-
BLAST program with either a single sequence or an alignment
used as the query, with the PSSM inclusion expectation (E)
value threshold of 0.01 (unless specified otherwise); the
searches were iterated until convergence. Hidden Markov
models (HMMs) were built from alignments using the
hmmbuild program and searches carried out using the
hmmsearch program from the HMMer package (31). For all
searches with compositionally biased proteins, the statistical
correction for this bias was employed (32). Identification and
statistical evaluation of conserved motifs in multiple protein
sequences were performed using the Gibbs sampling method
as implemented in the MACAW program (33,34). Multiple
alignments were constructed using the T_Coffee, MUSCLE
and PCMA programs, followed by manual correction based on
the PSI-BLAST results (35-37). Similarity-based clustering
of proteins was carried out using the BLASTCLUST pro-
gram (ftp:/ftp.ncbi.nih.gov/blast/documents/blastclust.html).
All large-scale sequence and structure analysis procedures
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were carried out using the TASS package, which operates
similar to the SEALS package (38).

Protein secondary structure was predicted using a multiple
alignment to generate a HMM and PSSM and using this
information for the Jpred program to produce a final structural
prediction with 76% or greater accuracy (39,40). Protein struc-
ture manipulations were performed using the Swiss-PDB
viewer program and the ribbon diagrams were constructed
using the MOLSCRIPT program (41,42). For structural com-
parisons, the DALI/FSSP and VAST programs were used
(43-45). The studies on clustering based DALI Z-scores
have suggested that Z-scores >10 are characteristic of obvious
relationships, such as those between two closely related pro-
teins of the same family. Between Z-scores 10 and 6, typically,
the relationships correspond to more distant relationships that
might be recovered through sequence profile analysis and
searches using HMMs. Z-scores <3 fall in the realm of remote
structural relationships and require additional analysis, such as
comparisons of topologies to make further inference regarding
these relationships (43,44).

Phylogenetic analysis was carried out using the maximum-
likelihood, neighbor-joining and minimum evolution (least
squares) methods (46—48). Gene neighborhoods were identi-
fied by searching the completed genome sequences and whole
genome shot-gun sequences with a custom-written script. The
current list of completed and shot-gun genomes sequences can
be accessed from the genomes division of the Entrez retrieval
system  (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=
Genome).

RESULTS AND DISCUSSION

Structural analysis and higher order relationships
of the AEP catalytic domain

Analysis of the crystal structure of the prim-pol module from
Sulfolobus plasmid pRN1 showed that it shares a structural
core with the archaeo-eukaryotic replicative primases (25).
This shared core corresponds to two successive structural
modules. The N-terminal module contains a (o), unit for
which there is no equivalent structure in the PDB database,
while the C-terminal unit contains the previously reported
derived version of the RRM-like fold that is also seen in
the catalytic palm module of other polymerases (Figure 1).
These two units define the shared catalytic core of the AEP
superfamily and are packed against each other, with the active
sites residues lying in the space between the two units. Thus,
this shared structure includes at least six conserved strands
(two from the N-terminal unit and four from the RRM-like
fold) and four helices (two from each unit). Hereinafter, they
are referred to as strands 1-6 and helices 14 (Figure 1) when
the catalytic module of the AEPs is discussed. The RRM-like
unit of the AEPs shows some minor deviations from the proto-
type RRM structure in that helix-4 (equivalent to the second
helix of the prototype RRM-like fold) is completely distorted
to form a strand in the prim-pols, and strand 6 (the fourth
strand of the prototype RRM-like fold) is distorted in some
members of the superfamily to acquire a helical character
(Figure 1). The prim-pols and cellular primases also share a
characteristic extended, flange-like structure after core strand
6 that is perpendicular to the plane of the RRM sheet and leads
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into a hairpin, which packs anti-parallel to strand 3 of the
RRM-like unit (Figure 1).

Three motifs, a hhhDhD motif in strand 3, an sxH motif in
strand 5 (where ‘s’ is a small residue) and an h- (‘-’ is an acidic
residue) in strand 6, are shared by both the prim-pols and the
archaeo-eukaryotic cellular primases, and our analysis (see
below) showed that they are strongly conserved across the
entire, extended AEP superfamily (Figure 2). Site-directed
mutagenesis has shown that these residues are essential for
catalysis, with the DxD motif being involved in binding a
magnesium ion (25,49). This suggests that, like in many
other polymerases, Mg*" is central for the catalytic activity
of the AEPs. It has been proposed that the AEP superfamily
might be related to the PolX superfamily (50), which includes
nucleotidyl transferases, such as terminal transferase, Poly(A)
polymerase and tRNA CCA-adding enzymes (51). However, a
comparison of the available structures of the AEP and PolX
superfamilies shows that the PolX superfamily contains a fold
unrelated to the RRM-like fold, even though the two super-
families possess similar sets of acidic metal-chelating resi-
dues. Furthermore, the overall arrangement of the catalytic
residues in the AEPs shows certain differences from that
seen in other polymerases, which possess similar metal-
chelating motifs. Specifically, in the AEPs, the first aspartate
of the DxD motif, the histidine residue in strand 5 and the
conserved aspartate in strand 6 are positioned at the same
level, within hydrogen-bonding distance, in the central sheet
of the RRM (Figure 1). This arrangement of a central residue,
which is flanked by an acidic and a basic residue, and its strong
conservation in all catalytically active members of the AEP
superfamily, suggests that during catalysis there is an interac-
tion between these residues. No equivalent of the second
highly conserved acidic residue from strand 6 is seen in any
of the other polymerases that utilize the canonical di-metal
mechanism. This might imply a deviation from the typical
di-metal-ion-based nucleotidyltransferase reaction proposed
for several DNA and RNA polymerases (52). Experiments
have also suggested that residues in the flange are involved
in nucleotide-binding in the archaeal primases (50). However,
there are no conserved residues in the flange, so these asso-
ciations with the nucleotides might be lineage-specific.

To investigate the higher order relationships of the prim-
pols and the AEPs, we searched the PDB database for similar
structures using the DALI program with the AEP (PDB ID:
1g71) as query. This search recovered several hits with sig-
nificant Z-scores suggesting a genuine structural relationship.
The best hits included the prim-pols (Z-score: 5.2), the
N-terminal endonuclease domain (of the RCR superfamily)
of the Rep protein of adeno-associated virus (AAV) (PDB ID:
ImS5S5, Z-score: 4.1) and, with a less significant Z-score, the
origin-binding domain (OBD) of the SV40 T-antigen (PDB
ID: 2tbd, Z-score: 3.5). Further DALI searches with the OBD
of the SV40 T-antigen retrieved the OBD of the E1 protein of
the papillomaviruses (PDB ID: 1f08, Z-score: 7.6) and the
RCR nuclease domain of the geminivirus replication initiation
protein (PDB ID: 112m, Z-score: 5.5). Reciprocal DALI
searches with each of these structures consistently recovered
a similar group of proteins as best-hits with comparable Z-
scores. A comparison of the common structural unit shared by
the members of the AEP superfamily, the RCREs and the
OBDs of papavoviruses showed, not unexpectedly, that it
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Idealized AEP
primase domain

1G71/1V33
Pyrococcus DNA primase
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Bifunctional DNA primase-
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Sulfolobus islandicus
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Rep endonuclease yrosyl |

domain of AAV5
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DNA-binding domain of
Papillomavirus E1 protein
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Figure 1. Topology diagrams and structures of AEP-type primases and related proteins. Strands are shown as arrows with the arrowhead on the C-terminal side and
numbered 1 through 4 or 6, respectively, according to the conventions used in the text. Helices are shown as green rectangles, non-conserved elements in faint gray.
Purple arrowheads mark the protein’s C-terminus. The location of catalytically important residues is indicated by colored circles (green—histidine, red—acidic, the
yellow circle represents a tyrosine residue that becomes covalently attached to the 5’ phosphate of a cleaved DNA strand in RCRE). The topology diagram at the top of
the figure is an idealization and is not derived from an actual structure. It shows the positions of the Zn-clusters found in various members of the AEP superfamily as
discussed in the text. The N-terminal (0.8), units of primase and primpol (in gray box) pack against the beta sheet of the palm fold but they are drawn here as a ‘slide-
out’ for clarity of presentation. The structures of selected AEP-type primases are shown in the right hand panel. They are in the same orientation as the topology
diagrams with the flange strand running above the plane of the beta sheet. The bottom panel shows topology diagrams of palm domain proteins from outside the AEP
primase group for comparison purposes. The structural and topology diagrams were derived from the following PDB IDs: 1V33, 1G71 (8), IRNI (25), 1IM55 (59),
1F08 (54), 1QUV (92), IMML (93), ITGO (94), ITAQ (95) and 1FX2 (96).



encompassed an RRM-like fold domain. Beyond this basic
core, these proteins also shared some unique features,
such as, the extended flange that runs perpendicular to the
direction of the sheet of the RRM-like fold and a downstream
strand that packs anti-parallel to the second strand of the
RRM-like core (Figure 1). To assess the significance of this
distinct shared structural feature, we systematically surveyed
all proteins with an RRM-like fold in the PDB database (see
ferredoxin fold in the SCOP database, http://scop.mrc-lmb.
cam.ac.uk/scop/). The C-terminal flange is typically not
encountered in other RRM-like fold proteins, with the poten-
tial exception of the C-terminal extensions observed in the
RRM-like folds of polypyrimidine-tract-binding protein
(PTB) (53) and the C-terminal domain of the eukaryotic
EF-1y (EF-1yC). PTB is a member of the -classic
RNA-binding RRM (RBD) superfamily, and the region cor-
responding to the C-terminal extension is missing in several
closely related RBD proteins, such as sex-lethal, HnRNPA1
and splicing factor UIA. Examination of this region in the
PTBs suggests that the C-terminal extension resembling the
flange and the downstream strand is derived from a poorly
conserved low-complexity region in the C-terminus. Thus, this
feature of the PTB structure probably emerged late in the
evolution of the RBD superfamily, and its specific similarity
to the AEPs, RCREs and OBDs is, most likely, coincidental.
The restricted phyletic profile of the eukaryote-specific trans-
lation factor eEF-1YC and the lack of a close relationship in
sequence or structure to any other members of the RRM-like
fold make it hard to assess the possibility of its specific rela-
tionship with the AEPs, RCREs and OBDs.

In addition to the shared structural features, the AEPs,
RCRESs and OBDs also have obvious common functional char-
acteristics: members of each of these families are principally
involved in DNA replication initiation, albeit in three distinct
fashions (54,55). Specifically, the OBDs of the papilloma and
polyoma viruses bind the origin of DNA replication and recruit
additional viral and host components to initiate replication
(54,55). Similarly, the RCREs introduce a nick at the origin
of replication, following which the 5" end of the nicked strand
is transferred to a tyrosine on the protein and the free 3’ OH
group is elongated by other components of the DNA replica-
tion apparatus (4,5). Finally, the AEPs are bona fide poly-
merases involved in the RNA primer synthesis. Hence, we
propose that the common structural feature of the RCREs,
the OBDs of polyoma and papillomaviruses, and the AEP
superfamily is a shared derived character (synapomorphy)
that separates them from other polymerases and cyclases
with a similar RRM-like scaffold. Together with the above
results of structural comparisons, this leads us to conclude that
these three protein families evolved from a common ancestral
protein that was already involved in initiation of DNA rep-
lication. The OBDs and the RCREs have a helix after the
flange that leads into the C-terminal strand, whereas the pri-
mases and prim-pols have an additional strand that forms a
hairpin with this C-terminal strand (Figure 1). This suggests
that the OBDs are more closely related to or derived from the
RCRE:s (Figure 3). While several structural studies have noted
similarities and proposed a monophyletic origin for the
polyoma-, papilloma- viral and OBDs and the geminiviral
RCREs, the relationship of these to the AEP superfamily
(53,56), to our knowledge, has not been elucidated to date.
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A structural alignment of the AEPs and the RCREs indicates
that, in these two families, a conserved catalytic histidine
located in the third strand of the RRM-like unit is congruently
positioned (Figure 1). However, the histidine of the RCRE:s is
directly involved in coordinating a magnesium or zinc ion,
whereas the histidine of the AEPs interacts with a conserved
aspartate that is involved in coordinating the catalytic divalent
magnesium ion (25,56,57). The RCREs additionally have
another N-terminal histidine in the third strand, forming the
characteristic HXH motif, and a conserved tyrosine down-
stream of the flange (5,53) (Figure 1). In contrast, the primases
have the distinct DxD motif in the first strand of the RRM-like
unit and a conserved aspartate in the fourth strand (Figure 1).
Thus, it appears that the RCREs and the AEPs evolved from a
common ancestor that acted on DNA, with at least one shared
active site residue retained in both families. Subsequently,
each family acquired a specific constellation of functionally
important residues, which was differentially fine-tuned for
their distinctive metal ion affinities and activities. While the
details of the residues involved in DNA-binding differ in the
AEPs, RCREs and OBDs, the general shape of the surface of
the molecule that contacts DNA appears to be conserved
(25,54,58,59). Thus, the divergence of these three families
from an ancestral DNA-binding RRM-like unit apparently was
accompanied by specific innovations in the DNA-binding
motifs, whereas the ancestral binding surface remained intact.

Besides the primases, the catalytic domains of the palm-type
RRM fold are characteristic of the A, B and Y (DinB) families
of DNA polymerases, certain novel predicted DNA poly-
merases of archaea and bacteria (the MJ1672-like proteins),
phage DNA-dependent-RNA polymerases, RNA-dependent
RNA polymerases of RNA viruses, reverse transcriptases
and nucleotide cyclases (9-15). All these proteins seem to
share a catalytic mechanism of di-metal-ion-mediated nucle-
otide transfer, whereby two acidic residues located at the end
of the first strand and between the second and third strands of
the RRM-like unit, respectively, chelate two divalent cations
(Figure 1). The position of the divalent metal and at least one
of the acidic residues that in the first strand of the RRM-like
unit (the second aspartate in the DxD motif of AEPs), which
is involved in coordinating the Mg”", is almost identical
between the AEPs and the catalytic palm module of the
other polymerases and cyclases (9) (Figure 1). This suggests
that the catalytic domain of the AEPs and the palm domain of
the polymerases and cyclases have a common origin (Figure 3).
Extrapolating from the activities of the members of this assem-
blage, it seems plausible that their common ancestor had at
least a rudimentary nucleic acid polymerase activity which
required an aspartate and a metal ion. In view of this conclu-
sion, the monophyletic relationship between the AEPs, the
RCRE:s and the non-catalytic OBDs (see above) seems some-
what paradoxical, given the lack of polymerase activity in the
latter two groups of proteins. The simplest scenario reconcil-
ing these findings is that the RCREs and the OBDs were
derived from a common ancestor with the AEPs, which was
a polymerase, with the RCREs evolving the nuclease activity
to displace the polymerase one and the OBDs losing the cata-
lytic activity altogether. Alternatively, it cannot be ruled out
that the common ancestor of the AEP-RCR-OBD assemblage
and the palm-domain polymerases was merely a nucleic-acid-
binding protein which used the conserved acidic residue to
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coordinate a divalent cation to aid in nucleic-acid-binding.
Polymerase activity, then, would have been independently
acquired in multiple descendent lineages, while the ancestral
RCRE acquired nuclease activity.

Sequence analysis and detection of novel members
of the AEP superfamily

Prior to the present study, the AEP superfamily included the
replicative primases from archaea, eukaryotes and baculo-
viruses, the ligase- and Ku-associated DNA repair primases
of several bacteria and the prim-pols (21,22,25). We were
interested in the phyletic diversity of the prim-pol-like proteins
and in detecting putative new, perhaps, divergent members
of the AEP superfamily. For this purpose, we performed

PSI-BLAST searches using as starting points several known
primases and prim-pol proteins; the searches were iterated to
convergence. Potential new members of the AEP superfamily
that were detected in these searches with statistically signific-
ant E-values were used as starting points for transitive PSI-
BLAST searches. Other proteins that had a DxD and sxb
(b:basic, H/K/R) motif, similar to those in the primases, but
were recovered with borderline E-values (E ~ 0.05), were also
further examined in transitive searches to assess the conser-
vation of these motifs in their orthologs. In these cases, the
relationship to the primases was also further evaluated using
the Gibbs sampling algorithm for motif detection. For
example, iterative searches with the Nanoarchaeum equitans
primase NEQ395 (gi: 41615183) retrieved, in addition to
previously known AEP superfamily members, the recently

Hel-1 Str-1
Secondary Structure HHHHHHHHH. . . EEEEEE. ......
PRIM Aful 7483287 33 KKKFEEYYSKNE 9 REFAFVP 10 RHISFR
PH0195_Phor_ 7518519 12 KNFYTNEWKVKD 11 REFGFDH 7 RKNQYT
APE0438_Aper_ 7515771 21 PRRLFKAYYSLS 11 REFAFQL 7 RHIGFD
PRIMliﬂsap7450605l 22 PYSQYYRWLNYG 9 REFSFTL 6 RYQSFN
pri-1 _Cele 464461 21 PVKPETKWLRYG 9 REFAFIL 6 RYRSYN
PRI1 Scer 6322198 24 PFKHIFNWLNHS 9 REFAMAF 6 RYNSFN
LEF-1_AcNPV_1170750 8 QKRVDMMWDAIA 6 YAFMTVN 7 RYFDTS
LEF-1_OsNPV_2493162 8 PERVQVMMWDAIA 6 LAFMIDR 7 NFFDSA
lef-1_Cfum_ 1754839 6 YINVDQMWNAIA 6 FAFMTTQ 7 RHFNSA
Rv0938_Mtub_6226918 12 TNADRVLYPATG 6 FDYYAGV 10 RPATRK
SC4C6.19_Scoe_ 7479517 17 SSPGRVFFPEHG 6 ARYYQAV 10 RPTTLQ
SC1E6.07_Scoe_7479388 29 HRPDRVLFPVGE 11 VDYHRAA 10 RPLMLE
BC1863_Bcer_ 30020005 1 --MAKKKDKTS- EYQYVDA 7 RSIPWK
Bd2680_Bbac 42524098 3 YFVRRVITHFEG 2 MRFIFQT 6 GNEVWS
RB12213 Rbal 32477383 4 AMPFGYRIVGPC 1 LERKVVQ 7 YAACDD
LCDV1gp069 Ldvl_ 13358409 2 LKDSIKTKSMET 10 QTFTHVS 2 GGKYLL
184R_CIV_2738452 1 -MTDVFKVLTPA 4 GEHTHVS 5 GTWYLS
C962R_ASFV_9628179 17 QRKYLAEVQALE 2 LTRELSA 16 TGKTYA
MIMI_L207_APMV_55819086 60 YAFMMKYRVKGE 4 LPVTHTM 5 GKYNIP
L7836.04 Lmaj 5852135 255 GYRIDEVGALCS 2 DAMFARR 5 CQFFAW
TcC31.29_Tcru_3063549 261 SYRLDQLLAVAR 2 DILMGRQ 6 FSFIRF
ORFFPDBiFPV761228 2 ALSVIRNNH--- IIFVLKQ 13 KYVESF
D5R_VV_9791038 1 MDAAIRGND--- VIFVLKT 13 RFVEAF
ORF45_ESV_13177327 1 MLKWLRDKDFIN 3 MTTTQTV 4 VVSVPD
A468R_PBCV_1620139 7 IYDWAKKRGFYG 2 GEISHLL 4 VLCVPE
MXC20.1_Atha_10177094 136 QEEAIKFEKRHD 2 RIFSYQD 5 RRFLVS
PF14_0050_Pfal_ 23509271 52 QHEVLSYYDDLI 7 YTDIIIY 8 RCFILE
FLJ33167_Hsap_22749373 48 OQMQAFNFVKSCK 3 HVFALEC 6 RIYLVT
LOC410586_Amel 48098405 18 QVDALNMASKES 3 NMFCTFV 7 RKEFVVA
OsHV1gORF7_OHV1_ 48696728 15 KNMSEIKKSREN 4 KVIAKDV 7 KYGILW
OsHVlgORF4970HV1748696769 8 YDMAGIKSAREQ 4 KIVARDI 7 QYAYLL
F1055L_ASFV_9628155 5 FKFLRCNSQGEA 2 DKYSLET 10 YNNLFR
MIMI_R8_APMV_55818889 6 MKMAKIYKSKNA 12 KMFLQYP 6 CNFTVI
MIMI_L794 APMV_55819660 9 YSINAVINCEIE 4 FIIANEI 8 RSYTIF
CalHV3gp54_CaHV_24943142 431 EHHYEMTVAADN 2 QFWRKHI 8 PDIMLT
UL52_GHV2_9635087 567 GRQAFTVLMT-- ECWERTI 26 RDLFLT
HHV3gp07_HHV3_ 9625881 576 GAQAFAVIAN-- DTWSSIT 29 RDMQLT
UL52 PHV1 34500205 747 GGQAFAVVAR-- DQWDKTV 29 VDDAWT
OsHV1gORF66_OHV1_ 48696782 438 TGTSRALCMAA- THMTPIW 8 KEFIVI
63_TIHV1_138079 264 -AGSFHRVTLRR VTFHQLI 30 DDSMSH
lrni_Sisl 42543570 5 IRYARWFLEHGF 1 TIIPIDPE 9 QKYSHE
SC03972_Scoe_21222376 23 IGAALTYATQW- QWPVLPG 27 PGLLAA
Chte02003448_Cthe_48857378 4 MDAALKYAEANI 1 VIPLHWI 24 GWYKNS
Magn03008885_Mmag_23014441 6 HHAHLYLSLGLA VLPLHFP 29 NGLKDS
orf2717BPSfi2175524054 4 VDYAINYQRMGY 1 VIPISKN 7 FADKPP
VP2p27_BPVP2_ 48696649 22 HAAARRFYIKNGL 1 VIPVMPN 10 IGYQHA
g46_BPBcepC6B_48697236 29 VLRTEPMNNETL 3 LAPIVAR 22 AERLA-
21568 _Ecol 15801056 72 VWALRWESKTSG 3 YSPACAN 26 DLVIY-
BF2943 Bfra 53714233 76 VFARRWFSKTTE 3 YQPVCIN 26 NONIY-
HP0184 Hpyl 15644813 1 ---MTEMELKLI 3 TSHYFEK 27 SSLIQ-
s118018_Ssp_ 38505793 77 KVKSESVEVPQS 8 FYPRQVK 30 KNRIW-
DR0O530_Drad_ 15805557 7 DRIAQAEALASW 2 LVPVPQG 9 DSDPAQ
PJS6w01003456_Psp. 54029731 6 DLIAAYLAAGFA LVPIPHG 9 NLRENA
Magn03008296_Mmag 46202140 12 RDAVAYRRAGYY VIPVDPG 9 PIHARN
all3500 Ana 17230992 21 QQLKALGENQND 6 FYPSNDP 12 NNLDEL
SYNW1187_Syn_33865721 7 WHLDLLGRDERD 4 AIPYKGK 6 GNFAMD
Avar03005679 Avar 53763381 13 SANNFLKLVGEP 3 FQTFDDS 12 GSLDEH
Bcepl-54_BPBcepl 38638662 46 EDVGQLRGVLE- 1 LTPHDAI 9 TPLTTR
Rsph03001812_Rsph_46192876 45 EGIEALAEVISR LTPAEAL 10 TTIVTR
0115242 _Bjap_ 27380353 76 ATAAMLARIIVA CRPNQAI 12 VHIVTK
repA_Blin_9957871 3 TASTETWGQMWL 1 LWPLASD 2 LQGIYR
Rep_Ecol 809494 1 MSAALQYFEENL 1 HRPYHTD 2 AFGLRI
VV207067VVL11727358692 15 LHSLKTRLIEEA 1 YFSRCSD 2 TAMLVR
pCC31p05_Ccol 51209437 56 GKGNIIATQIRP 5 TRQWVID 3 KMLDKV
orid43 Bthu 2127285 52 EVGVVHVTTGKE 5 QSIVVSS 7 NNHLTH
GKP04_Gkau_56410441 15 DRAKRHVWIQHR 10 KEPDGGW 10 AVELPK
BT4734_Bthe_ 29350142 18 KVEEIRRIF--- AEQGEKA 2 EKKKEL
BT1702_Bthe 29347112 49 --ENLKALTEQ- VRSAEDI 2 AKTSLL
BF4288_Bfra_ 53715570 9 PVTALRRALKF- AGGSGHI MAVDKL
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RRM-str-1 RRM-helix-1
Hel-2 Str-2 Str-3 Hel-3
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DFRAYILSNVP 1 HIYFSSAYYERPAE 10 ADLIFDIDADHLP 16 -IKKLTAVLRADFGIR 1
DLEDYIRATAP 1 AVYSSVALYEKPQE 6 TELVFDIDAKDLP 21 IVRDIVIILREELGFN 1

ELLSYMAREAP KNAYYSVARYSLPT 11 SELMFDIDVDSLE 16 QAVRLVEALYRDFGVP
DLEKEMQKMNP YKIDIGAVYSHRPN 14 KELVFDIDMTDYD 21 AIRIIDRALKEDFGFK 1
AFFKALSSTNP EKLDIGAVYNHEPI 12 RELVFDIDLTDYD 21 AVKILDFQLEDMFDFK 1
DFKAQIEKANP DRFEIGAIYNKPPR 14 KELVFDIDMDDYD 21 AMKITNTALREDFGYK 1
YSYIVQNKVSD VHVKPLDDGGG--- 5 REWVVDADYKNYV 10 IGATAFLLFYTEENV-
FAYIVKNSISD VHVKPLEEGG---- 4 REWVIDADFKDCA 10 VGATAFMLFFEGKEDA 1
LTYMISNSVND VHVKPLDEGG---- 4 REWVIDADFKDCA 10 VGATALLLFFADKEDA 1
TTTYPIIDSAT GLAWIAQQAALEVH 20 TRLVFDLDPGEGV 6 EVARAVRDLLADIGLV
SADEMCPTEEA AVLWAAQYGTLTFH 12 DELRIDLDPQPGT 6 RAAHELRAVLEEFGGL 1
TVCHTVCDDSA TLVYLADQAALTLH 12 DRMVEFDLDP-AQD 6 AAARLLAGLLDELKLP
SEVKQFQTGEA 4 CFATVQRFANDTKV 6 APLYFDLDHAEDP 5 DAIKLVEFFTKEMDIR 3
SEVSYLLNLSE 3 QRKKAFYYSIQLYD 6 PFLFIDIDSKDL- 5 VTIAIVKEFIEKGLTF 3
DSEGFLSPFQY 7 RIDAAGTLDVRGFD 5 RFIWFDIDREGDI 5 DARRLAMMLVERYRID 3
YRYPLEWQTVV -NNKAIHLLETRYK 1 SPITLDFDIKETQ 11 HKQIINYLKEYLNVAD 3
KSQEFYNVYGL 2 KNGQKLSLAEKPGE 1 VPLLVDIDLKKEV 25 NAVSENVNRHAKKLTN 3
PSTELLRLYEH 5 KQGALMYFLERQGT 1 SGLMLDYDLKLNT 8 PALSRLCHRIFVHIKN 8
MRSKFLRLYEN 2 VAGFKPHITELHKE 1 GPIIIDLDFCQPK 20 SIIKKYLNVEHSSF--
PGTPLSVASSA 3 MPDTIRTVHAVFG- 5 IDIVMDIDAQVPQ 13 KVLDDVLTPLKEEIEK 1
ESGPQFLASNA 26 FPPHMRHFHSICG- 5 CDFFADVDLPNET 5 KLLLEMLNYLEVRLEG 1
TCDELERYIYS --NPDCTLFETLKD 6 VRVFFDVDMDGRL 12 IITKFVADYAYNDCKM 13
KCDELKRYIDN —--NPECTLFESLRD 6 VRIFMDVDLDACL 11 FIIEVSNCVARFAFTE 11
NYDEFLALYAE 3 SKNKTLSFSELRSD 2 FCMYFDVDMLDTD 10 FSVIQSVIKSYYAGDQ 5
ANGDFNHEYAK 3 MGGKRPCLVEYKLK 1 FRMFYDLDILTTR 14 IKNVFYTICVATAMME 5
SYEEFWKRYLS MDPRHRHHYEVIQ- 4 CHMYFDLEFNQKE 11 ILISVILEALREKYAI 6
SFYSFLKYYCF 36 NGNPDMHLYELIL- 4 RWLYFDIEYDIIN 10 IFLIEFCLFIYSNFNI 6
TYAEFWEYYKS -RKNLLHCYEVIP- 4 CKLYFDLEFNKPA 11 LLIEYVCKALQELYGV 6
HPEIYWWYYKH RSEERRCSYEVIP- 4 CRLYLDLEYSIEI 11 LLIDIFCAYLLEHWRV 6
GKEGEMIDHIA -KGONEHLYEMID- 4 ARLFFDMDFKSKD 15 MFMEELQLFVNKLIGH 10
PMYNLFLKQVH -EKRDKNLYEVID- 4 VRLYFDCDSFDRD 15 LFHDLLKNFILFLNPN 7
FSNRDDFWEWE 2 QPFEQKCFHEVVF- 4 QRLKFDIDFPVNK 24 LDMIINVIMDVFYETY 11
DKDFFSNIKST —-KSNSKFLQEMFI- 4 RKPYLDIEHYYPS 14 IVNDIIQVFAKEYDQV 4
SFONFIDIRY- ---KFPYCHEIIVD 19 GRLVFDIDVAYNE 14 IIKHTFNKYFIDIDCD 1
YEPYYYTQONTL AEQSLVSRHEYFNH 4 CNLVLDMDVKIVE 9 LCLAVRHASLQMLSRI 7
VELPEITCGSA DEQQYINRNEVFNG 4 GNIVLDVDIHLRN 9 AIRGFRSGILRALALL 11
KNVSKISSNIP KDQLYINRNELFNT 4 TNLILDVDFHIRK 9 GMRAFRHGILTAMQLL 11
YARRCAANVG- ASQLYLNRNEVLSD 4 CNLPLDLDITLKP 13 AMRSVREAIVLLWSLL 11
MFTMDDILSKV MTKDGARNIEFISS 4 STMIFDIDLSPTP 9 LCKDIVDLTNMVLDKL 10
YVITDYKSMET --VPPGAYSEVFLE 4 TVLNFDIDRKFSG 15 VAFLHRAVEKFFNENR 7
EKQRFLKMIEE GYNYAIPGGQK---— GLVILDFESKEKL 1 AWIGESALEELCRK--
RMVRWWWANRP TAPIVLATGGG--- APCAVSLPALPAA 1 ALAALDRAGLRL----
EQIKKWWTKTP NANIGIPTGEKS-- DWLVLDVDDGGDE TLSALEATHGKLPD--
ETVQRWFDGR—- SLNIGIATGTIS-- GIIALDVDPRHDG 2 TLAGLEAEHGPLPP--
DIRRVWRDNP- DANIALKTD--—--- TFFVIDVDMHGDV 2 LTNLRNWEHARLIPP-
NTIDSWFGVGG 3 GFNLGIACGKRG-- GVFAVDIDVEDSK 3 GFDNLAILEEKYGKLV
—---HHVNGGPA YGAAQIEPGASTT- RIACLDLDSHKGE 1 PWPDMQDVAVRIMARL 6
—--HHLAGTHT VGMYPLLEDDSC-- YFLAVDEDEAE-— ---WQKDASAFMRSCD 5
---RHLEGKDE 5 IGLYAITLDNKC-- SFLCADFDDKNCT -HGYKEDVLAFIAVCR 5
---KHLKREIE IAHNLILRNDKV-- ENIVFDYNGRNPE -RFYHKAQLLLREEGF 2
---NYWKSPS- -TTIGLGFGKST-- SWAALDLDADGRY 1 NSESLAGIREALEELA 4
TTPSAAREYLT 2 PGAGVGLLHSES-- QTAALDIDHDGAA 1 ALAAVGVDLAAVLAS-
TTSEQAQAQLN GSCNIGLAHAYSNP PTCALDIDNMSLA 2 WFAERGIDLDALLNAP
LTVKQVAEWSI 4 AKYGIGVLAL---- ATPAIDIDVRHPE 1

EIVRQFQSEGR 3 LVVNGPGHRDQDIT 2 RALFIEHDDLDK-

EHFQDLNNQGY 3 LQPNIGGTKAKDIS 2 STLFFEHDDRPR-

DKLVEENNRGA 3 VTVNMTSGNKRKAE 5 RALFIDCDNE---

-~AGAEFRRDAV 3 NEAFTYPYGA---- ALFPIDVDVEGDA 8 DALESASPWLRDVHRV 5
MLSAHLREGDI 3 ADNFVYPEGA---- GFLFIDHDGLQDG 9 ERLYACAPSLRQVKIL 5
-DRVNESPGCI 3 RDFIDYRSGVP---— SWLLIDFDTKGMP 14 ECLLTVAPDLARAARV 5
TSRHNALELRY 1 NLLVIDIDHPDA- —---LMRAMWNRKAWQ—
SGKGRALLARY 1 FWLVFDVDRE--— —--GAAIDWSDRNAPA
DYAVKWPY--- 1 AWMVEDIDHEH-- RVLPNPYIWQDEGLPP
GDRFGLIPPIS 7 FAVVVDVDYVGKQ 2 KNLLKQFGNGVQLR--
PQVYMWGKANN 4 TCVGVEIDKKISL EETHYAAAVNNLPS--
LGEDVYFSQNT 7 RALYVDVDCHTIG 8 KLDIEVFYDNILPE--
--PAIAFSASY 2 RRTKVNLVKYL--- GHIVIDIDHLS-K 1 ELARILPIIKRCDYT-
--PYVTPCGTF 1 RRNSKFFASPS--- GLVVVDIDNLDSY 4 EMRRTLFDDPFLHP--
--PRIYFSVEM 2 KEEVSVMKAYH--- GLILLNVRGLAGF 1 EAVRLRDKLAGLPQT-
..... ho.o... hhhDhD.....



reported primase fused to the MCM domain (BC1863) (60)
from the Bacillus cereus phage phBC6AS51 (first pass, E-value:
3% 107?), a primase fused to a reverse transcriptase in
Bdellovibrio, Bd2680 (Iteration 2, E-value: 3 X 10_4) and a
primase from Bacteriophage RM 378 (Rm378p005, Iteration
6, E-value: 4 x 10~%). A PSI-BLAST search with the Sulfo-
lobus pRN1 prim-pol domain (gi: 42543570) as the query
retrieved, at significant E-values, AEP domains in proteins
from Ferroplasma, the RepE/S proteins from Gram-positive
bacteria, and uncharacterized proteins from a wide range of
bacteria and phages, including Low-GC Gram-positive
bacteria, actinomycetes, Thermus, Deinococcus, cyanobac-
teria and a few proteobacteria (Iterations 2-7, E-values:
107°-10~*"). In many of these proteins, the AEP module
was fused to a D5-like Superfamily-III (SFIII) helicase. Trans-
itive searches conducted with the Anabaena protein
Avar03005527 containing the AEP module (gi: 45506180),
which was detected in the above searches, retrieved the
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MIMI_L207 protein of the Mimivirus in the first pass of
the BLAST search (E-value: ~1074) and the N-terminal
domains of D5 helicase proteins from Iridoviruses and African
Swine fever virus, and the Tb927.1.4010 protein from Tryp-
anosoma brucei in the second and third iterations (E-value:
~107%-107" 1). In further iterations of this search, hits to pro-
teins from the vertebrate iridoviruses (Frog Virus 3 D5, Itera-
tion 3, E-value: 1072°) were also obtained. The alignments
produced in these searches encompassed regions highly con-
served within the AEP domain, including the sxH motif.
Further transitive searches seeded with the N-terminal
domain of the D5 protein of iridoviruses, which was found
to be homologous to the AEP catalytic module, recovered the
Paramecium bursaria Chlorella Virus (PBCV) A468R-like
proteins from phycodnaviruses. In turn, PSI-BLAST searches
with the PBCV A468R retrieved the N-terminal region of the
D5-like proteins from poxviruses, the UL9 helicase-containing
protein from ASFV and mimivirus, at least two other proteins

RRM-str-2 RRM-str3 RRM-helix-2 RRM-str-4
Str-4 Str-5 Hel-4 Str-6/Hel Flange Hairpin-1 Hairpin-2

Secondary Structure EEEEEE. . EEEEEEEE........ HHHHHH EEEEEEE. EEEEEE. .EEEEEE. EEEEE. .

PRIM_Aful_ 7483287 MKIYFSGG -RGYHVHVH---DEEFL 3 SAERRE 73 SIYIDAPV KRLIRLP GSLHGKTG 1 RVTEVED 298\AEP small \AEP proper clade
PHO195_Phor_7518519 THIIYSG- -RGYHIRVL---DEWAL 3 SKSRER 106 KSYFDGRV KRILRLP STLHSKVG 1 IAKYVGT 310| subunit |
APE0438_Aper_ 7515771 STLYFTGN -RGFHVLAD---CGWCR 3 REERRE 65 RVAIDVKV SRLARIV GSLNGKAG 1 LVARLGL 277 |
PRIM1 Hsap 4506051 RLWVYSGR -RGVHCWVC---DESVR 3 SAVRSG 117 FPRLDINV NHLLKSP FSVHPKTG 1 ISVPIDL 336 |
pri-1 Cele 464461 RMWVESGR -RGVHCWVG---DKKAR 3 NYQRSA 129 YPRLDVNV NHLLKSP FCIHPKTG 1 VAVPLNV 345 |
PRI1_Scer_ 6322198 FIWVESGR ~RGAHCWVS---DKRAR 3 DVQRRN 123 YPKLDVEV IHLLKAP FCIHPATG 1 VCVPID- 343/ |
LEF-1_AcNPV_1170750 SRVMYTGN -RGFHLWLKF--TDKFK 2 SAQNVR 50 WPDVDRDI NKQIRAP YSYNYKGT 1 FSRCITK 223\ Lef-1 |
LEF-1_OsNPV_2493162 QRIMFSGN -RGFHLWLKF--CGKFK 2 APKSLR 46 WPDVDRDV NKQIRAP FSYNYKGG 1 YSRCLTQ 220 |
lef-1_ Cfum_1754839 QRVMFSGN -RGFHMWLKF--CGRFR 2 SPKNVR 51 WPDVDRDV NKQIRAP FSYNYKGG 1 FSRCLTQ 223/ |
Rv0938_Mtub_6226918 TFPVTSGS -KGLHLYTPL--DEPVS 12 QRLEQA 16 KVFVDWSQ SKTTIAP YSLRGRTH 2 VAAPRTW 257\NHEJ Primases|
SC4C6.19_Scoe 7479517 GWPKTSGG -RGIHVFVPI--EPRWT 12 REMERR 16 RIFIDYNQ DRTIASA YSVRPRPN 2 VSAPLTW 256 |
SC1E6.07_Scoe_7479388 SAPMTTGS -RGLHVVVPL--DGRQD 12 DVLAAA 16 RLYLDIQR AQTAVAP LTVRARPG 2 VATPISW 270/ |
BC1863_Bcer_ 30020005 MWIYFSGS -KGFHILIS---SDALG IEPRND 17 LTSLDLVV KRMIRLP NSMHQKTN 1 FKTEISV 183 |
Bd2680_Bbac_ 42524098 FSVAFSGS -KGFHILLN---TKAIF 7 LFPPKQ 16 SEYLDDSI HRMMRAE YSINNKSG 1 YKTPLTL 193 |
RB12213 Rbal_ 32477383 LLLFFSGS -KGFHIGLP---TSLFD VEPSIE 16 RVVIDPSV VQPLRAP NSRHGKTG 1 HKRILTF 191 /
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LCDV1gp069_Ldvl_ 13358409 IGVFLHKP 9 KQSFHLHYP---KILM- NVVDLQ 15 GDYLDLNS VCWFI¥YG 7 PYCIKYVF 31 ACFYLTI 229\Irido D5-like \NCLDV-herpes
184R_CIV_2738452 RCVVLEKD 15 KKGIHLHFP---HLFL- PKKDIK 30 SSLIDDIS KYWLMYG PYKISKIL 34 MLLSINP 265] | clade
C962R_ASFV_9628179 HKIHFFFT 8 KYGFHVLIP---GLKLA 4 KSIIGS 19 ESCLDPHS VPSLLYG 16 LVFDSSDP 19 LSLTNEQ 262 |
MIMI_L207_APMV_55819086 VTYVSEKE 9 HDGLHITYP---YICT- QPSLQF 25 ESVFDEGV TGWLLYG PYYVSHCF 43 LAEGVDP 315] |
1L7836.04_Imaj_ 5852135 GEEIETQV 8 KASFHVHTR---LKDAA FADFYS 11 LPNVDLQI GMLRMFS 14 ESKWNIGF 8 QAALHSI 464 | |
TcC31.29 Tcru 3063549 GFHQPSFL 10 KVSYHVHAR---SMGA- MDEKTT 54 IAFQDYRV ADEVNTT 1 GRTVVDEQ 11 FSSKIAP 520/ |
ORFFPD5_FPV_61228 MKSNFSIT 6 KTSFHLIFFN--CYTT- -LDTLI 17 VKAIDTSV RHKPSLR -IVGTKKD 19 LFTYVDY 218 \Herpes-pox |
D5R_VV_9791038 MRSNFSLT 6 KTSFHIIFLD--TYTT- -MDTLI 17 TRSIDTAV RRKTTLR -VVGTRKN 19 LFTYVDM 214 | primase |
ORF45_ESV_13177327 RCVVCDTT 14 KNGYHVIYP---NLRIN LSQALQ 23 SDVIDRAP GLKMCGS -FKRVKCT 188 ARRLSVI 392 | |
A468R_PBCV_1620139 TVIMCISN 9 KVGVHLTFD---NIFVT SPTALH 20 DSIVDVSV GMRLPWS 14 DYILDSEN 10 EEIVKSV 230 | |
MXC20.1_Atha 10177094 IVELDSST 2 KFSRHVIVI---IP--- KV-—-- —AFKDNSH VGELCSR 11 RKLFVHKE 5 SLLFVDT 313 | |
PF14_0050_Pfal 23509271 ILILDSST 2 KVSFHIIIK---NIH-- TLNNDY 58 LLFDDENS VDLFLNH 247 LIVLFENT 19 LKCIIDS 586 | |
FLJ331677Hsap72274 9373 VLNLDSST 2 KFSRHLIFQ---LH--- -AFKDNIH LRKILQP 68 SFLVVKNN 3 KHLFVDL 281 | |
LOC410586_Amel_ 48098405 VINLDSST 2 KFSRHVIFN---VK--- —AFKDNYH VKLVCND 23 ERLIVKTK 2 KELFVDT 207 | |
OsHV1gORF7_OHV1 48696728 LITQCKRL 4 KHSFHLVYP---KI--- —~VFRNITQ VLSFGHY 10 AFQKKGKN 3 GRAVFDM 201\ fused | |
OsHV1gORF49 OHV1_ 48696769 HITRCIRQ 4 KHSFHAIYP---GI--- ~VFKNINE VLSFAYH 10 AFKKQGKN 3 GRAFFDL 191] to | |
F1055L_ASFV_9628155 QILLTDSI 8 KYSFHIILY---TYSVL 3 EAKAFT 11 YPFVDPQV NKSIQNF 19 LAEVFET- STTTKKS 234] UL9 | |
MIMI_R8_APMV_55818889 DVLLLNSS 7 KLSVHVVVS---PKNK- TFYYTN SKKIENNT 4 YASLINI 2 EYKDKENF 3 PHGYLDE 197/ | |
MIMI_L794_APMV_55819660 LDYVWSHC 4 KLSMHLTVK---NI--- = —-—----— --LFDNWI 2 SKFFYGK 7 HNEWING- -NDLIDK 188 | |
CalHV3gp54_CaHV_24943142 PVYFFKSA 20 KLGLRVITP---LPRG- YSIIGT 30 ESFFDAGI 3 GRCIRLP -HTYKVDK 10 FVCHPKV 662\herpes- | |
UL52_GHV2_9635087 PCYFYKSS 73 KIGLRVCIP---VPSP- YLLVGS 30 YEIIDSGV 3 GRSLRLP -FFGKIDE 11 FVIPDDC 876| viruses| |
HHV3gp07 HHV3 9625881 PCYFYKTA 77 KIGFRVCVP---IPNP- YALVGS 30 FSFIDTGV 3 GHSLRLP -FFSKVTIT 11 YVVPEQC 889 | |
UT:577PHV1 734500705 PVYFYKTQ 96 KIGFRICVP---IPKP- YALAGL 30 YEFVDSGV 3 GRSLRLP -FFAKVNA 11 LVFPPKC 1086] | |
OsHV1gORF66_OHV1 48696782 HYLFHSEM 8 KYGIHHHVR---LPDN- VVMTTE 28 YDVYDSCI 24 YHGLRLP -GQVKADG 4 ICVYRSD 672 | |
63_IHV1 138079 EVAVEVRR 5 KFSARFTWFP--AYELC FONIRE 31 VCAIDAQP 3 NKSCRLP 20 NALVKSNR 16 DRPSLGP 534/ / /
lrni_Sisl_42543570 TLCTNTVH -GGIHIYVLS--NDIP- PHKINP 6 KGIIDLQS YNSYVLG 1 GSCVNHLH 13 TTCYTLY 171\Primpol family \Primpol clade
SC03972_Scoe_21222376 GPVVASPS --RWSLLVRP--YSMEQ LGELLY 5 PGSLRFHG 1 GGYLALP PSETGTGT 18 VEAVVDA 206 |
Chte02003448_Cthe 48857378 TVTAVTGS -~GGRHYVFIY--PKGR- SIPNKT 2 APGLDMRS 1 GGLIAVA PSIHISGN 11 ERIPAEA 178| |
Magn03008885_Mmag_23014441 TWRFLTGG -~GGEHILFRH--PGGT- VANSAG 2 GPGLDVRG 1 GGYIVAP PSRHISRR 11 DVLLAPP 185] |
orf271_BPSfi2l_ 5524054 TLQAITPS -~GGRHIYLKK--DPNH- PISONI 2 TIEGVDIKA 2 NNYILVP PSNNSKGY 10 DGSITEA 160] |
VP2p27_BPVP2_ 48696649 APIQETPT -GGRHYLFQW--DKYAK 2 SGKIAK 5 GGDEDS-- CKSHIVA 1 PSVRDEGE 7 LGDVPEI 190/ |

g4 67BPECepC6E748697236 PIPFRSSG GAGLHIYVLW--DEP-- QDAYSV 21 AGQVEVF- PKQNSVP 3 FGNMFVLP 9 SFELDDM 223\71568 family |
721568 Ecol 15801056 ARLEISRS RQGAHVWIFF--ASR-- VSAREA 19 LGSYDRLF PNODTMP 3 FGNLIALP 9 GSVFVDM 261 |
BF2943_Bfra 53714233 YSIERSRS GNGAHIWTFF--KEP-- IPSYKA 19 FDSYDRFF PNODRLP 3 FGNLIALP 9 NSVFVDE 274 |
HP0184_Hpyl 15644813 FTAYNTKT PGHLHLYVH---KGH-- TELGEG 13 GLPKEWKV 1 PSNE-WP 1 EFNILALP 9 SSWAKHL 1801 |
s118018_Ssp_38505793 QLVQSSDS ~GGWHLFMFF--DRP-- VKTFPL 16 PGHLEVF- PNRKQWK 4 TIYNRIRLP 9 LTNDGEL 274/ |
DR0530_Drad_15805557 NPYRVRGK -KGEKPIFRV--PDGL- SLNRHA 18 LTIFELRG 1 AGVQDVM 1 PSVHPDTG 7 PVPASLG 182\DR0530 family |
PJS6w01003456_Psp. 54029731 GAVRIHSG —~RPGRAKLLY--RLPQ- PLPSCT LPWGELRC 5 TTWQDVL 1 PSTHPDTG 7 DIANIQP 166] |
Magn03008296_Mmag_ 46202140 APVRIGAW -PKRLRVYSG--PEDM- PYTSVG 15 WHNVEVL- SGGGKQF 2 AAIHPGTG 7 GDLLAWP 178/ |
all3500_Ana_ 17230992 PSLOIDTG GRSIHSYWTF--EQFID PQQWKS 7 YADADRSL KNPSRVM 1 LAGCWHFA 6 GQTQIIL 193\all3500 family |
SYNW1187_Syn 33865721 PTFQIDTQ GKSIHQYLGL--KSPIE PALWTV 8 AEGCDRSR KGKNRMM 1 MAGSHYIN 6 GQVQIIS 172] |
Avar03005679_Avar_ 53763381 PTVVVNSS NNKGHAYWLL-DKASND 1 ANFTQH 6 HYGSDPAV KDLPRIM 1 LPGFNHM- 3 PTLVTFI 174/ |
Bcepl-54_BPBcepl 38638662 SSYVGARG LRGVHVYCGV-TNGADI PALAKR 23 RQLADALV 1 QPSRLMF ESSPVLHD 7 DQAFVER 235\b115242 family |
Rsph03001812_Rsph_46192876 SSHICRTD 7 ARGLHLYIPV-KDARDI PRIGKV 23 RSPIDSTV 1 QPSRLVF AAGAICAN 7 APVIVNP 245 |
b115242_Bjap_ 27380353 SAGLSRAD 7 SDGEHHYLLV-ADGGDI ERFLRD 23 RSIVDRMV 1 FGERLCF EGTPLLVP 2 VQNSSKR 277/ |
repA_Blin_ 9957871 PNAIVENP 1 NGHAHAVWALAEPVTRT 1 YARRKP 13 SVDGDKGY 1 GLMTKNP THEQW--- EASWLTD 148\ColE2 Rep family |
Rep_Ecol 809494 PNITVKNP 1 NGHAHLLYAL-NIAVRT 2 DASVKA 13 KLGADVNY 1 GLICKNP FHLEW--- LVMEWRE 145] |
Vv20706_Vvul 27358692 PNLIVRDR 1 SNKAHLFYAT-VPVCTS 1 NANAKP 13 RLEADLSY 1 GPVAKTP FHADW--- LTTELHR 161/ |
pCC31p05_Ccol 51209437 PTYLVSSG -KGVHLYYFLOEPVQLY RNREEV 20 PDSPDITG 2 QGFRCVG SQSKLGVD FPVKAYK 225\RepE/S family |
orid43_Bthu 2127285 PSVILSTP -RGLOWFYVFSTPFLTE KGRKAG 29 ELEADLGA 2 LGYFRIP REDNVLYF NGQALNS 230 |
GKP04_Gkau 56410441 PNLIIFSG -RGIVCVWLI-EPVP-- YKALPL 13 YVGADKRS LDPTRVF RIDGSVNS 3 REVVVEY 193/ /
BT4734_Bthe_29350142 RIAFISPK GMGVKIIVRA--CHP-- DETLP- ETLQEIED 1 HHAAYTR 9 RIEIDTSG 8 FSYDPEI 165\BT4734 family
BT1702_Bthe_ 29347112 VLAFISPS NRGVKTFVPY--SNL-- YTDDQS 7 SWAMEYV- -EMTYGS 9 QKAVDTSG 8 LSHDPQA 203

BF4288_Bfra 53715570 MITEVGSS GRSVKILVPF--LRP-- DGSLP- ATVEEARL 1 HAHAYQW 12 HRDITLEN 8 YSFDPGL 160/

Consensus/70% ..hhhsss uh+hhh.........  ......  ...h=-... L.l he  cooooios Lol p.
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of the mimivirus, several uncharacterized eukaryotic proteins
(e.g. human FLJ33167), ORF7 and ORF49 from the Ostreid
herpesvirus, and ORF63 from the Ictalurid herpesvirus. All
these proteins share the DxD and the sxH motif characteristic
of the AEP superfamily. Notably, searches initiated with the
N-terminal regions of ORF7 and ORF49 of Ostreid herpes-
virus also retrieved the primases of vertebrate herspesviruses
with borderline E-value. A closer inspection showed that
herpesvirus primases contained well-conserved equivalents
of the DxD motif and the sxH motif, although the histidine
was replaced with an arginine in most of these proteins. The
ColE2 Rep primases were also recovered by similar transitive
searches. A motif search using the Gibbs sampling algorithm
detected two statistically significant 7 amino acid motifs
(P < 107°) in the N-terminal regions of the D5 proteins of
the NCLDV, the herpesviruses primases, AEPs, prim-pols and
the ColE2 Rep proteins. These motifs corresponded to a region
encompassing strand 3 with the DxD signature (the first strand
of the RRM-like unit) and another region corresponding to
strand 5 with the sxH signature. In an independent procedure,
we constructed a seed alignment of the AEP modules from the
proteins detected in our initial searches and derived an HMM
from it. This HMM was used to progressively search the viral
and cellular proteomes to detect potential new members of the
superfamily. All proteins with statistically significant similar-
ity to the HMM were then added to the alignment, a new HMM

was constructed and the search resumed. Using this procedure,
we recovered nearly the same group of proteins as recovered in
the PSI-BLAST searches, thereby supporting the validity of
the detected relationships.

To further investigate these relationships, we used
similarity-based single-linkage clustering (the BLASTCLUST
program) to classify the known and newly detected members
of the AEP superfamily. Multiple alignments were constructed
for each of the identified groups using the T-coffee program. A
nearly complete congruence was seen in the arrangement of
the predicted secondary structure elements and catalytic resi-
dues in all groups. Taken together, these observations indicate
that the N-terminal domain of the D5-like proteins of poxvir-
uses, ASFV, iridoviruses and the mimivirus, the A468R-like
proteins of phycodnaviruses, the herpesvirus primases, the
eukaryotic homologs of these viral proteins and the plasmid
ColE2 Rep proteins were novel members of the AEP super-
family. The individually aligned clusters were further unified
into a super-alignment using as anchors the conserved motifs
and secondary structure elements derived from the structural
alignment of the prim-pol and primases. The alignment was
further refined using the GIBBS sampling search and the PSI-
BLAST search results. All members of the extended AEP
superfamily contained the structural core consisting of the
N-terminal (o), unit and the RRM-like unit and bearing
the active site residues (see above), with the characteristic

Figure 2. Multiple sequence alignment of the AEP superfamily. Proteins are designated by their gene names, species abbreviations and GenBank IDs separated by
underscores. Columns of amino acids are colored based on their side chain properties and conservation in the alignment; 70% conservation was used to calculate the
consensus. Poorly conserved, large inserts are replaced by the corresponding number of residues. The secondary structure shown above the alignment was derived
from the crystal structures of the archaeal primase (PDB ID: 1g71) and the primpol protein (PDB ID: 1rni). Strands and helices are denoted above the alignment by E
and H, respectively. The coloring scheme and consensus abbreviations are as follows: h, hydrophobic residues (ACFILMVWY), shaded yellow; b, big residues
(LIYERFQKMW), shaded gray; s, small residues (AGSVCDN) and u, tiny residues (GAS), colored green; p, polar residues (STEDKRNQHC); +, basic residues
(HRK) and -, acidic residues (DE), colored magenta. Species abbreviations are as follows: AMV: Amsacta moorei entomopoxvirus; APMV: Acanthamoeba
polyphaga mimivirus; ASFV: African swine fever virus; Aamb: Acidianus ambivalens; AcNPV: Autographa californica nucleopolyhedrovirus; Aful: Archae-
oglobus fulgidus; Amel: Apis mellifera; Ana: Nostoc sp.; Aper: Aeropyrum pernix, AsGV: Agrotis segetum granulovirus; Atha: Arabidopsis thaliana; Avar:
Anabaena variabilis; BHV4: Bovine herpesvirus 4; BP315.5: Streptococcus pyogenes phage 315.5; BPA2: Lactobacillus casei bacteriophage A2; BPAPSE-1:
Acyrthosiphon pisum bacteriophage APSE-1; BPAT3: Bacteriophage phi AT3; BPBCJAlc: Bacillus clarkii bacteriophage BCJAlc; BPBIP-1: Bordetella phage
BIP-1; BPBcepl: Burkholderia cenocepacia phage Beepl; BPBcepC6B: Burkholderia cepacia complex phage BcepC6B; BPBcepNazgul: Burkholderia cepacia
phage BcepNazgul; BPN15: Bacteriophage N15; BPP4: Bacteriophage P4; BPSA: Bacteriophage PSA; BPSFil8: Streptococcus thermophilus bacteriophage SFi18;
BPSfill: Streptococcus thermophilus bacteriophage Sfill; BPSfi21: Streptococcus thermophilus bacteriophage Sfi21; BPTM4: Mycobacteriophage TM4;
BPVPI16T: Vibrio parahaemolyticus phage VP16T; BPVP2: Vibriophage VP2; BPadh: Lactobacillus bacteriophage phi adh; BPmi7-9: Lactococcus phage
mi7-9; BPphi-BT1: Bacteriophage phi-BT1; BPphi-R73: Bacteriophage phi-R73; BPphil05: Bacteriophage phi-105; BPphi31: Lactococcus bacteriophage
phi31; BPphiHSIC: Listonella pelagia phage phiHSIC; BPphigle: Bacteriophage phigle; Bbac: Bdellovibrio bacteriovorus; Bbro: Bordetella bronchiseptica;
Bceep: Burkholderia cepacia; Beer: Bacillus cereus; Bfra: Bacteroides fragilis; Bjap: Bradyrhizobium japonicum; Blic: Bacillus licheniformis; Blin: Brevibacterium
linens; Bpse: Burkholderia pseudomallei; Bthe: Bacteroides thetaiotaomicron; Bthu: Bacillus thuringiensis; CIV: Chilo iridescent virus; CaHV: Callitrichine
herpesvirus 3; Ccol: Campylobacter coli; CeHV: Cercopithecine herpesvirus 9; Cele: Caenorhabditis elegans; Cfum: Choristoneura fumiferana; Cglu: Coryne-
bacterium glutamicum; Cpar: Cryptosporidium parvum; Cthe : Clostridium thermocellum; Cwat : Crocosphaera watsonii, Ddes : Desulfovibrio desulfuricans; Ddis:
Dictyostelium discoideum; Dmel: Drosophila melanogaster; Drad: Deinococcus radiodurans; Dvul: Desulfovibrio vulgaris; EHV1: Equid herpesvirus 1; ESV:
Ectocarpus siliculosus virus; Ecoli: Escherichia coli; Ecun: Encephalitozoon cuniculiy Efae: Enterococcus faecalis; Efae: Enterococcus faecium; Ehis: Entamoeba
histolytica; FPV: Fowlpox virus; FV3: Frog virus 3; Faci Ferroplasma acidarmanus; FirV: Feldmannia irregularis virus a; GHV2: Gallid herpesvirus 2; Ggal: Gallus
gallus; Gkau: Geobacillus kaustophilus; Glam: Giardia lamblia; HHV2: Human herpesvirus 2; HHV3: Human herpesvirus 3; HHV4: Human herpesvirus 4; HHVS:
Human herpesvirus 5; HHV6: Human herpesvirus 6B; Hinf: Haemophilus influenzae; Hpyl: Helicobacter pylori; Hsal: Halobacterium salinarum; Hsap: Homo
sapiens; IHV1: Ictalurid herpesvirus 1; IsknV: Infectious spleen and kidney necrosis virus; LANPV: Lymantria dispar nucleopolyhedrovirus; LdV 1: Lymphocystis
disease virus 1; Ldel: Lactobacillus delbrueckii; Linn: Listeria innocua; Llac: Lactococcus lactis; Lmaj : Leishmania major; Lmon: Listeria monocytogenes; Lpla:
Lactobacillus plantarum; MCV: Molluscum contagiosum virus subtype 1; Masp: Magnetococcus sp.; Mbur: Methanococcoides burtonii; McNPV: Mamestra
configurata nucleopolyhedrovirus B; Mcap: Methylococcus capsulatus; Mjan: Methanocaldococcus jannaschii; Mkan: Methanopyrus kandleri; Mmag: Magne-
tospirillum magnetotacticum; Mmaz: Methanosarcina mazei; Mmus: Mus musculus; MSEV: Melanoplus sanguinipes entomopoxvirus; Msp.: Micrococcus sp.;
Mtub: Mycobacterium tuberculosis; Ncra : Neurospora crassa; Nequ: Nanoarchaeum equitans; NsSNPV: Neodiprion sertifer nucleopolyhedrovirus; OHV 1: Ostreid
herpesvirus 1; OsNPV: Orgyia pseudotsugata multicapsid nucleopolyhedrovirus; Osat: Oryza sativa; PBCV: Paramecium bursaria Chlorella virus 1; PHV1:
Psittacid herpesvirus 1; Pfal: Plasmodium falciparum; Phor: Pyrococcus horikoshii; Psav: Pseudomonas savastanoi; Psp.: Polaromonas sp.; Pyae: Pyrobaculum
aerophilum; Rbal: Rhodopirellula baltica; Rnor: Rattus norvegicus; Rsol: Ralstonia solanacearum; Rsp.: Rhodococcus sp.; Rsph Rhodobacter sphaeroides; Saur:
Staphylococcus aureus; Save: Streptomyces avermitilis; Scer: Saccharomyces cerevisiae; Scoe: Streptomyces coelicolor; SeNPV: Spodoptera exigua nucleopo-
lyhedrovirus; Sglo: Streptomyces globisporus; Sisl: Sulfolobus islandicus; SINPV: Spodoptera litura nucleopolyhedrovirus; Spom: Schizosaccharomyces pombe;
Spyo: Streptococcus pyogenes; Ssp: Synechocystis sp.; Ssui: Streptococcus suis; Syn: Synechococcus sp.; Tbru: Trypanosoma brucei; Teru: Trypanosoma cruzi;
Telo: Thermosynechococcus elongatus; Tint: Thiobacillus intermedius; Tnig: Tetraodon nigroviridis; Tsp.: Thiobacillus sp.; Tthe: Thermus thermophilus; Tvol:
Thermoplasma volcanium; VV: Vaccinia virus; Vcho: Vibrio cholerae; Vvul: Vibrio vulnificus; Xcam: Xanthomonas campestris; Xfas: Xylella fastidiosa; XnGV:
Xestia c-nigrum granulovirus.
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C-terminal extension forming the flange and the distal strand
(Figure 2). Residues that were consistently conserved across
all the families included a hhhDhD (h: hydrophobic), motif in
strand 3, an sss (s: small) motif at the end of strand 4, a uh-+hhh
motif (+: basic residue, mostly histidine but an arginine or
lysine in some families; for details see below) in strand 5, a h-
motif (-: acidic, mostly aspartate) in strand 6 (which can some-
times adopt a helical configuration) and a polar residue in the
second strand of the terminal hairpin (Figure 2).

Evolutionary classification of the AEP superfamily

To identify the major clades within the AEP superfamily, the
multiple alignment (Figure 2) was examined for distinct
sequence signatures characteristic of subsets of the superfam-
ily members. Single linkage clustering using BLAST-scores
with the BLASTCLUST program was employed to identify
sub-groups and probable orthologous lineages. Finally, at the

level of high sequence similarity, such as within an ortholog-
ous group or a tight cluster of paralogs, conventional
phylogenetic tree analysis using maximum-likelihood, neigh-
bor-joining and minimum evolution methods was performed
to unravel the evolutionary history of each such group. In
the case of fast-evolving proteins of viruses and extra-
chromosomal elements, contextual information from domain
architectures was also used as a phylogenetic marker. Using
these approaches, the AEP superfamily was classified into
13 major families, of which 12 could be further grouped
into three higher-order clades (Figure 3).

The AEP proper clade. This major clade includes three fam-
ilies, namely, the classical AEP small subunits, the Lef-1 like
primases of baculoviruses and the bacterial NHEJ primases
associated with the Ku protein and the ATP-dependent ligases,
and is unified by several synapomorphies (Table 1 and
Figure 2). Recent genome sequencing projects added several
new members to this family. These include the B.cereus phage
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Table 1. The major clades of the AEP superfamily and their distinctive features

Families

Phyletic distribution

Synapomorphies and specific comments

AEP proper clade

NHEJ primases family

Lef-1 like baculovirus
primase family

AEP primase small subunit
primase family

NCLDV/Herpesvirus primase clade

Iridovirus primase family

Herpes-pox primase family

Prim-pol clade
Prim-pol family

E.coli Z1568-like family

Deinococcus DR0530-like family

Anabaena all3500-like family

Bradyrhizobium bl15242-like family

ColE2 Rep-like family

RepE/RepS family

Proteobacteria, Actinomycetes, Parachlamydia,
Low-GC Gram-positive bacteria
Baculoviruses

Archaea, eukaryotes, B.cereus phage phBC6AS1,
Bdellovibrio, Rhodopirellula

Iridoviruses, ASFV, mimivirus and kinetoplastids

Poxviruses, phycodnaviruses, ASFV, mimivirus,
vertebrates, Ciona, Apis, plants, apicomplexans,
Dictyostelium

Bacterial and phage proteins in Low-GC
Gram-positive, Actinomycetes, Thermus,
Trichodesmium, Bacteroides, Magnetospirillum,
Vibriophages, Halobacterium,

Methanosarcina and crenarchaeal plasmids
0157:H7 strain of E.coli, Desulfovibrio,
Burkholderia cepacia complex phage
BcepC6B, e-proteobacteria, Corynebacterium
glutamicum, Bacteroides fragilis, Streptococcus
pneumoniae and cyanobacterial plasmids

Deinococcus, a- and B-proteobacteria,
phages of Burkholderia and Bordetella,
cyanobacterial plasmids and Picrophilus torridus

Cyanobacteria, Streptococcus pyogenes, Bacillus
clarkii bacteriophage BCJAlc

Bradyrhizobium, Rhodobacter, Desulfotalea,
Burkholderia cepacia phages Bcep43, Beepl
and Bcep781

Proteobacteria, Actinomycetes and Thermus

Conjugative plasmids pXO2 of Bacillus anthracis

and E faecalis RE25, pTS1 plasmid of Treponema

denticola, plasmids from Low-GC Gram-positive
bacteria and cyanobacteria

Families not associated with any particular clade

BT4734-like family

Bacteroides

Arginine between strand 1 and helix-2, small residue
between helix-2 and strand 2, charged residue
(mostly glutamate) in strand 3 and a basic residue
preceding strand 5

Most members are fused to or in the gene neighborhood
of a DNA ligase and a predicted nuclease

Arginine between helix-1 and strand 1, histidine between
strand 1 and helix-2, acidic residue between
helix-2 and strand 2

Most eukaryotes have a single primase small subunit
with duplications in a few species, such as C.elegans,
Entamoeba histolytica and Cryptococcus neoformans

Glutamate [present as an Exb (b: big, mostly
hydrophobic) motif] in strand 2, a lysine in the turn
between strands 4 and 5, a hydrophobic residue
before helix-3 and a polar residue at the end
of strand 4

Fused to PriCT-2 domain

Fused to a C-terminal strand rich zinc ribbon-like
domain that has 3 cysteines and one histidine

Proline residue in strand 1

Threonine residue at the beginning of strand 4 and a
‘sS” motif (s: small, mostly Proline) at the beginning
of the first strand of the terminal hairpin. Most
members are fused to a PriCT-1 domain

Polar residue in strand-2 (aspartate or asparagine),
Ps (s: small, mostly asparagine) motif preceding
the flange, polar residue (mostly asparagine) in the
first strand of the terminal hairpin and a hPhp
(p: polar) motif preceding the terminal strand
Members of this family lack the conserved histidine in
strand 5 and instead have a polar (often, basic)
residue, conserved glutamate instead of the aspartate
residue in strand 6, HP motif in the first strand of
the terminal hairpin. Most members fused to PriCT-2
Asparagine residue in strand 2, basic residue at the
end of strand 6, basic residue in the first strand
of the C-terminal hairpin
Basic residue between strand 1 and helix-2,
threonine N-terminal to strand 2, Proline N-terminal
to helix-3. Strand with a Gah (a: aromatic, h:
hydrophobic) motif between helix-4 and strand 6
Proline after helix-1, oss motif (o: serine or threonine,
s: small mostly aspartate or asparagine) in strand 1,
Ps (s: small, mostly asparagine) motif in strand 4,
lysine in the flange, HxXW motif in the first strand
of the hairpin. Fused to Pri-CT1 and HTH domains
at the C-terminus
Fused to a wHTH at the C-terminus

Basic residue in helix-1, lysine instead of the conserved
histidine in strand 5, conserved aspartate in the
terminal strand of the hairpin

phBC6A51 protein BC1863, the Bdellovibrio protein Bd2680
and the RB12213 protein from Rhodopirellula. These proteins
are closer in sequence to the archaeal versions of the AEP
superfamily, but are not specifically related to a representative
from any one archaeal species. BC1863 is fused to an MCM
domain (60) and the gene for RB12213 is adjacent to the dnaB

gene of Rhodopirellula (Figure 4). An MCM gene is also
found next to the primase gene (MJECSO07) of the small extra-
chromosomal element of Methanocaldococcus jannaschii
(Figure 4). This pattern is characteristic of the diverse
primase-helicase associations seen in other plasmids and
phages (see below) (Figure 4). The Bdellovibrio Bd2680
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primase is fused to a reverse transcriptase and might be
involved in synthesizing a primer for the latter (Figure 4).
The classical AEP family is generally uncharacteristic of bac-
teria. The few members of this family that are encoded on
bacterial chromosomes are likely to be relatively late transfers
from phage or plasmid replicons.

All archaeal and eukaryotic members of the AEP small
subunit family and the baculoviral Lef-1 family appear to
form a functional complex with the respective orthologs of
the eukaryotic primase large subunit (yeast Pri2p and baculo-
virus Lef-2 protein) (61-64). Notably, in N.equitans and
BC1863, the AEP is fused to the ortholog of the large subunit
(Figure 4). While at least one ortholog of the large subunit is
present in archaeal, eukaryotic, phBC6AS51 and baculoviral
genomes, no homologs of the large subunit were detected
in the other bacterial, plasmid and phage replicons, suggesting

that these small-subunit homologs might function independ-
ently of the large subunit.

We also detected several previously unnoticed members of
the bacterial NHEJ primase family scattered among proteo-
bacteria, actinomycetes, Parachlamydia and several Low-GC
Gram-positive bacteria (Table 1). As described previously,
most of the bacterial NHEJ primases are fused to a DNA ligase
and a predicted nuclease located N-terminally to the primase
domain (21,22) (Figure 4). Solo versions are typically encoded
in the same neighborhood with genes for DNA ligases and Ku
homologs (22,23) (Figure 4). The patchy phyletic pattern of
this system, with highly conserved representatives present in
various, phylogenetically distant bacteria, strongly suggests
that they disseminated via horizontal gene transfer. This is
reminiscent of some other DNA repair operons that have
widely disseminated among prokaryotes (15,22,65,66).



3886 Nucleic Acids Research, 2005, Vol. 33, No. 12

Prim-pol-like clade. This clade includes proteins from a wide
range of bacteria, bacteriophages, plasmids and a few archaea
(Table 1 and Figure 2). With the exception of two families,
proteins in this clade also have one of two distantly related C-
terminal o-helical modules which we designate the Primase-C
Terminal-1 (PriCT-1) and Primase-C Terminal-2 (PriCT-2)
domains (Figure 4). Based on the presence of conserved resi-
dues, domain architecture and genome contexts, seven distinct
families are discernible in this clade, which include the prim-
pol proper family, the Z1568-like family, the D.radiodurans
DRO0530-like family, the Anabaena all3500-like family, the
Bradyrhizobium bl15242-like family, the ColE2 Rep-like
family and the RepE/RepS family (Figure 3).

The Prim-pol proper family typified by the primase-DNA
polymerase domain of the crenarchaeal RepA-like proteins is
found only in prokaryotes and their viruses (Table 1 and
Figure 2). The presence of these proteins in several phages
suggests that the extensive, sporadic dissemination in bacteria
was mediated by lysogenic phages and plasmids. In Strepto-
myces and Clostridium thermocellum, there is a lineage-
specific expansion of solo prim-pols with ~8-13 members.
Interestingly, in six members of this family in Streptomyces
and the Tfus020011 protein of Thermobifida, the second aspar-
ate of the DxD motif is mutated and, in the Streptomyces
members, the conserved histidine in strand 5 is mutated as
well, suggesting that these proteins are inactive primase deriv-
atives (Figure 2). Such abundance of apparently inactive ver-
sions is reminiscent of inactivated transposases that are often
encountered in several multicopy transposons from various
genomes (67). One may speculate that these AEP expansions
in Streptomyces and Clostridium represent a novel class of
DNA transposons. The prim-pols might function as primases
and, possibly, also as DNA polymerases during replicative
transposition of these putative novel mobile elements. The
presence of apparently inactivated version of the prim-pol
domain in some of these putative transposons suggests that
the primase activity could be supplied in trans by the active
versions. Experimental study of this system would be of con-
siderable value because it might uncover a novel mode of
transposon propagation.

The Z1568-like family is sporadically found in bacteria and
their plasmids (Table 1 and Figure 2). The proteins of this
family typically contain a PriCT-1 domain immediately C-
terminal to the AEP module (Figure 4). Members of this fam-
ily in e-proteobacteria and cyanobacterial plasmids have a
conserved glutamate in place of the aspartate in strand 6.
The e-proteobacterial versions also have an asparagine residue
replacing the second aspartate in the DxD motif (Figure 2).

D.radiodurans DR0530-like family is sporadically distrib-
uted in prokaryotes (Table 1); members of this family lack the
conserved histidine in strand 5 and instead have a polar (often,
basic) residue (Figure 2). They have a conserved glutamate
instead of the aspartate residue in strand 6 and share an HP
motif in the first strand of the terminal hairpin. Most members
of this family (with the exception of the Picrophilus PTO0356
protein) are fused to a PriCT-2-like domain. The small
Anabaena all3500-like family contains members showing
fusions to both PriCT-1 and PriCT-2 domains (Table 1)
(Figures 2 and 4). In some versions, such as the SPy0671-
like protein of Streptococcus pyogenes and the Bacillus clarkii
bacteriophage BCJAlc, the PriCT-2 domain is atypically

present N-terminal to the AEP module (Figure 4). The
Bradyrhizobium bl15242-like family is another small group
with a restricted phyletic pattern in bacteria and phages
(Table 1 and Figure 2).

Members of the ColE2 Rep family include primases of
ColE2 family plasmids that are mainly present in proteo-
bacteria, a few actinobacteria and Thermus (Table 1 and
Figure 2). They are characterized by a fusion to a helix—
turn-helix (HTH) domain to the C-terminus of the PriCT-1
domain, which is essential for origin-binding (68) (Figure 3). It
has been shown that Rep proteins are involved in the synthesis
of a 3 nt RNA primer during the initiation of plasmid replica-
tion (28,29).

Proteins of the RepE/RepS primase family (Table 1 and
Figure 2) are fused to a winged HTH domain, which flanks
the C-terminus of the primases (Figure 4). The domain archi-
tectures and gene neighborhoods (see below and Figure 4) of
these AEPs suggest that they might be distantly related to the
Rep family of the ColE2 plasmids, although they share very
few sequence features of the prim-pol clade.

The NCLDV-herpesvirus primase clade. Members of this
clade include predicted primases detected in the NCLDV,
herpesviruses, kinetoplastids and a novel eukaryotic subfamily
exemplified by the human protein FLJ33167 (hereinafter we
refer to these proteins as the Eukprim2 for Eukaryotic primase,
version 2). The synapomorphies of this clade include two
strongly conserved residues, a glutamate [present as an Exb
(b: big, mostly hydrophobic) motif] in strand 2 and a lysine in
the turn between strands 4 and 5, a hydrophobic residue before
helix-3 and a polar residue at the end of strand 4 (Figure 2).
Superposition of these conserved residues onto the available
structures of the AEP superfamily proteins suggests that the
conserved lysine and glutamate are positioned close to the
active site and might have a role in substrate interaction,
such as binding the nucleotide backbone. Based on the domain
architectures, this clade can be further classified into two fam-
ilies, the iridovirus primase family and the herpes-pox primase
family.

The iridovirus primase family is characterized by a C-
terminal fusion of the primase domain to the o-helical
PriCT-2 domain (Figure 4). Members of the family include
the D5-like proteins from iridoviruses and ASFV (C962R), the
mimivirus MIMI_L207 protein and the Leishmania L7836.04-
like protein from the kinetoplastids. In addition to the PriCT-2
domain, the iridovirus and ASFV proteins are fused to D5SN
and D5 helicase domains. The mimivirus MIMI_L207 is a
neighbor of the D5-like helicase in the genome, which implies
a functional association. The kinetoplastid L7836.04-like pro-
teins, while closely related to other members of this family,
lack the characteristic, conserved glutamate in strand 2,
although they retain the conserved lysine between strands 4
and 5 (Figure 2). This is the second putative primase of the
kinetoplastids, in addition to the typical eukaryotic primase.

The Herpes-pox primase family is characterized by the
presence of a conserved C-terminal B-strand-rich region in
place of the PriCT domains (Figure 4). In most proteins of
this family, this region has three conserved cysteines and a
histidine, and its secondary structure pattern resembles a
highly derived Zn-ribbon (Figure 5). Members of this family
include the A468R-like proteins from phycodnaviruses, the
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D5R_VV_9791038 261 FNDLDENNETTV IKHPHQLSLENGAIRIYK----—-— —-TGNPHS@KVKI BGNKLEFNIAQRILD- NSVLLTERGDY 347
ORFFPD5_FPV_61228 265 LKDITAENFTVT IKHPHHLLISNDCIRIYK-- - —--SGNPNS@KIKT GNKLFSISQQIID. NVINVSDRGEY 351
MSV0897MSEV74049849 284 IKNLETIELNQT IKNHHY LFFNONNIQLIK-- —-YGNRHN@RIIK. PKLDSTAITKFIKD DIVRKVNKDLK 370
AMV087_AMV_9964401 283 KHSAELDEIID- IKNNRIIKFTEQKIILFK-- ~-——SGNPRN@NTLK... . PTLSGYELANFIRD..NIIKKIDSDAY 369
MC094R7MCV71492037 263 LHEFTEDNFTTT IKHPHHLALGNGALRIFK-- —-SGNPHS@RLKV. GNRLFTIAQRILD. NVINLTERGDY 349
A468R_PBCV_1620139 295 KISGVIRTEHV- VIKLPKKLIEE 372
FirrV_ 1 A4 FirV_38683693 475 EQDTMVIVA---— _ CYKISRALKLK 547
ORF45_ESV_13177327 447 DVAVSNRYLV-—.... - -.GFAVPSSVSSV 522
F1055L_ASFV_9628155 282 KNHCFLRVHKNL —--NKVYQH| TTNFVETYVDQ 356
MIMI_R8 APMV_55818889 297 KQYGSSKEGYYN —-DSNGFYVIEKS----— ——-SGCFLK®YSKK LGYVDETDQFV 365
MIMI_L794 APMV_55819660 297 FRINKINGNII- EKENAYLIIKPIDIDQ EYYEITFGOYRQ- IHV-======-— 364
CalHV3gp54_CaHV_24943142 762 RVTFEQTAANIV:.... -——-RNIASSVRIFLVLHHTSGV......TTVTFMSQ®FSGR- -~ AHFSTNVTWET 840
UL52_GHV2_9635087 986 SCCVVKSDWILL. ———ARARRASARSYLALNVDAHG,......LCVCVIQQ@FAAK. TLFTVDIDSKC 1070
UL52_HHV2_1869876 969 RRAVIKDDWVLL. ———GRASRATARTFLALSVGTNN....LCASLCQQ@FATK. - TLFTVDAG-TP 1051
EhV1gORF7_EHV1_50313248 997 HTVVTKPDWILM.. ---LRSARGLARTFLSISADVHG LCASISQQEFATK TIFTLEVDRAK 1081
HHV3gp07_HHV3_9625881 1000 KCIAIKRDWVLFe---. ——--RGGRTAPRTFVSLRVDHHN....LCI SLAQQ@FATK. -~ TIFTLEVPNYP 1078
UL52_CeHV_11036606 985 KCIVVKRDWVLL. —---RGGRTAPRNFISLRVDHHN.....LSVSLSQQEFATK . TIFTLQLPNGT 1068
UL527PHV17345UU205 1204 DCIRVYEGRICAumcx —---RGASMQTVIASVVVAVNSQG. PYAALQTROFATK TQFTVTLSATK 1291
HCMVUL70_HHV5_1780848 971 VLLFQPHGACCV, ----RNPQETVQVFIDLRTEHSY. LWASLWSREFTKK VHISIKIRPPD 1053
U43_HHV6_405161 778 QVTFLKIDSKNL. ———--RGNRDNVLVYIQLKADGNR LILILWST®FATK VHCSIALEQLK 859
ORF56_BHV4_ 12802583 761 YVKFLPTQGNIV.--] ———-RGKVPTVRIFLVFHIIKEH. . VIITFMSQ@FANK - AHFSVIMAIPL 840
HHV4gp073_HHV4_9625608 763 HVTFEQTGPNLV. . AHFSISVPASR 841
GENE63_TIHV1_138079 582 KISPTTSGSVRL- - VVEVAGKPRAR 656
OsHV1gORF7_OHV1_48696728 339 KDNILPVDWHT-- +TRSERKLFYAK 425
OSHVlgORF49_OHV1_48696769 296 TTPRLEIEW--- HTNDKKANYLT 372
MXC20.1_Atha_ 10177094 436 NVPGKIRCWYWF.. CLGKQYESKIL 529
P0003B09.27_Osat_50509466 435 NVSGKIRCWYWF.. LRPVPWDVIPE 51
cgd3_2760_Cpar_ 46228152 412 RIQMFISTTMYF SFTVPESLINY 489
PF14_0050_Pfal 23509271 956 SLLIKYFVHSFTuum- ] ] S IYYL-—————— 1025
FLJ33167_HSap_22749373 392 GIKGGIRRWNYF.. KNEVWYQK@®HDPV. CFPLPAEVCLL 470
GSTEN:00033504:G:001_Tnig_47219988 363 GIQGSIRRWNY Flcu- - KEEVWYQK®HDPE...| - SHPLPQEICIS 439
MGC86034_Mmus_47564100 374 DIKGGIRRWNYF KNEVWYQK®HDPV. CSPLPTEVSLL 452
LOC361147_Rnor_34878429 374 DTEGGIRRWNYF - - CFPLPTEVSLL 452
LOC422549_Ggal_50746467 397 GVQGGIRQWNYF - - - SLPLPSRICLS 475
LOC4105867Ameli48098405 312 IYPGKIRLCKYF KNNTIYQK@HDOD PKQLPEEICFQ 388
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Figure 5. Multiple alignment of the zinc ribbon-like domain located C-terminal to the AEP domain in poxvirus and herpesvirus primases and the Eukprim?2 family.
The coloring scheme, consensus abbreviations, secondary structure representations and species abbreviations are as in Figure 2. The residues predicted to be involved
in metal binding are shaded red. Poorly conserved short inserts seen in some sequences are shown with a reduced font size.

N-terminal region of the poxvirus D5 proteins, F1055L from
ASFV, the mimivirus proteins MIMI_R8, MIMI_L537 and
MIMI_L794, the herpesvirus primases and the eukaryotic
Eukprim2 proteins. Several members of this family also
show fusions and associations with different ATPases
(Figure 4). The poxvirus N-terminal primase domains are
fused to a DS helicase of SFIII (separated by the DSN domain),
whereas the ASFV F1055L, the mimivirus MIMI_RS8 and the
Ostreid herpesvirus primases, ORF7 and ORF49, are fused to a
UL9-like helicase of SFII (Figure 4). Similarly, the third AEP
encoded by the Ostreid herpesvirus, ORF66, is adjacent to a
gene encoding a UL9-like helicase (ORF67). These fusion
proteins with the AEPs and UL9-like helicases in the
NCLDV and herpesviruses are closely related and suggest
gene exchange between these two clades of large DNA viruses.
The vertebrate herpesvirus primases of this family (UL52/70)
are characterized by a replacement of the conserved histidine
in strand 5 by an arginine (Figure 2). This substitution is also
seen in the divergent gene 63 product of the fish (Ictalurid)
herpesviruses. In contrast, the primases of the herpesviruses of
the bivalves, the Ostreid herpesvirus ORF7, ORF49 and
ORF66, show a typical sxH signature in strand 5 (Figure 2).
Moreover, the Ostreid herpesvirus proteins lack several inserts
shared by the vertebrate herpesviruses (see below), suggesting
that these inserts and the substitution of the conserved
histidine to arginine occurred after the radiation of vertebrate
herpesviruses from the common ancestor with the mollusk
herpesviruses. Apparently, the vertebrate herpesvirus primases
evolved rapidly after this divergence. Alternatively, the pri-
mase of the Ostreid Herpesvirus might have been displaced by
a version from the NCLDVs or the cellular Eukprim?2.

The Eukprim?2 proteins are present in vertebrates, Ciona
intestinalis, Apis mellifera (honey bee), plants, apicomplexans
and the slime mold Dictyostelium. The apicomplexan versions

are closely related to plant ones (Figure 2), suggesting that
they were acquired from the algal endosymbiont of the api-
complexan ancestor. This unusual distribution of Eukprim2
suggests that the gene for this protein was acquired early in the
evolution of the eukaryotic crown group, lost independently on
multiple occasions in the fungi and animals, such as Caen-
orhabditis elegans and Drosophila. The Eukprim?2 is not clo-
sely related to the principal eukaryotic primases (the AEP
small subunit family discussed above). Together with the
observation that the maximum diversity of the AEPs is seen
in viruses and other mobile elements, this suggests that
Eukprim2 was acquired from a viral or plasmid source by
an early eukaryote.

The ultimate origin of the NCLDV-herpesvirus primase
clade, which is restricted in its distribution to eukaryotes
and their viruses, probably, can be traced to bacteriophages
or bacterial proteins that have a PriCT-2 domain fused to the
AEP core. An ancestral version of this AEP present in an
ancient, large eukaryotic DNA virus acquired the clade-
specific glutamate and arginine residues. This was, in all like-
lihood, the precursor of the version that propagated in the
NCLDV and herpesvirus genomes, although the details of
the exchanges of the AEP and associated domains between
these two large groups of DNA viruses remain obscure. The
greater diversity of the domain in the NCLDVs suggests that
herpesviruses might have acquired their extant primase from a
member of the NCLDV class. This scenario further implies
that the PriCT-2 domain was displaced by a [-strand-rich
domain containing a cysteine cluster in the Herpes-pox
primase family. The FEukprim2 and the kinetoplastid
L7836.04-like proteins, which show a scattered distribution
among eukaryotic lineages, were probably acquired from viral
sources on two occasions independently. No role for this pro-
tein has been reported in any of the well-studied eukaryotic
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replication initiation systems. The patchy phyletic profile of
these proteins (Table 1) is in contrast to the core components
of the replication apparatus (18) and argues against an indis-
pensable role in replication. It seems more likely that these
proteins function as primases in a novel DNA repair pathway
and/or in specialized DNA amplification systems in specific
cell types. The presence of multiple primases in the mimivirus
and ASFV is intriguing (Table 1). Given their large genomes,
the NCLDV might have greater selective pressures for DNA
repair than smaller DNA viruses. Furthermore, since most of
the NCLDVs replicate in the cytoplasm or in independent
compartments, they might not have ready access to cellular
DNA repair enzymes. Hence, they might deploy distinct pri-
mases for the initiation of DNA synthesis during replication
and repair. It is also possible that these viruses have multiple
replication origins, which are initiated by different primases or
that their leading and lagging strands are initiated by distinct
primases.

Members of the Bacteroides specific BT4734-like family do
not have any sequence specific features to warrant their inclu-
sion in any one of the above families (Table 1, Figure 2). At
least 5 members of a total of 11 detected in Bacteroides thet-
aiotaomicron are potentially inactive suggesting that, similar
to the members of the prim-pol family discussed above, these
proteins might belong to a novel type of transposon. Of the 11
proteins of this family in B.thetaiotaomicron, at least 5 are
fused to a D5-like helicase and the remaining six are either
fused to or in the neighborhood of a T1p09-like Superfamily
IIT helicase. Some versions of the latter variety are also fused
to a PriCT-1 domain.

Domain architectures of proteins containing the
AEP domain

The domain architectures and conserved gene neighborhoods
of the AEPs throw considerable light on the diverse functional
associations of these proteins in replication systems. While the
domain architectures of cellular proteins of this superfamily
are rather stereotypical, the architectures observed in viruses
and extrachromosomal elements show considerable diversity
(69). We depicted these associations as an ordered graph with
domains forming the nodes of the graph and the architectural
or gene-neighborhood connections forming the edges
(Figure 4). The most striking contextual theme that emerged
from this analysis was the association of members of the AEP
superfamily with diverse ATPases of the P-loop NTPase fold.
In particular, AEPs are fused to three distinct groups of AAA+
ATPases: (i) the D5-like SFIII helicases of the NCLDVs and
other viruses (70,71), (ii) the phage T1 T1p09-like highly
derived SFIII helicases and (iii) the MCM family of AAA+
ATPase in the BCI1863 protein of the B.cereus phage
phBC6A51 (60,70). Analogous to eukaryotic and archaeal
cells, the phage MCM ATPase is likely to function as the
principal helicase in the initiation of replication (60,72).
The AEPs are also fused to members of a subfamily of
phage DnaB helicases, which belong to the RecA ATPase
class (73), and two distinct groups of superfamily II helicases,
the UL9 and A18R/Rad25-like helicases (Figure 4). Helicases
of the RecA and AAA+ superfamilies typically form hexame-
ric rings around the DNA and are known as ring helicases,
whereas the UL9 and A18R/Rad25-like SFII helicases do

not form rings (66,74,75). Hence, the AEPs appear to be
able to function in conjunction with both types of
helicases that have substantially different mechanisms of
DNA unwinding.

With the exception of the AEP proper clade, in all other
families of the AEP superfamily, the most common fusion of
the primase domain is with D5-like SFIII helicases. This sug-
gests that the D5-like helicases were the original functional
partners of the AEPs, other than those of the AEP proper clade.
However, in most of these families, there are at least a few
representatives with fusions to other helicases (Figure 4). For
example, the T1p09-like highly derived SFIII helicases are
fused to the AEPs in some members of the prim-pol proper,
DRO0530-like, all3500-like and BT4734 families. The DnaB/
RecA-like ATPases are fused to AEPs of the prim-pol proper
family in the mycobacteriophage rosebush gp54-like proteins,
and in the SPOAQ0086 protein from Silicibacter, to the
DRO0530-like family in RPA4546 protein from Rhodopseudo-
monas, and to the all3500-like family in SPy0671 in Strepto-
coccus pyogenes and the Bacillus clarkii bacteriophage
BCJAlc. The ULO9-like SFII helicases are fused to AEPs of
the DR0530-like family (in cyanobacterial plasmid pUH4; gi:
247792) and in members of the Herpes-pox primase family.
Furthermore, in different members of the Bradyrhizobium
bll5242-like family, the AEP is associated with distinct ver-
sions of the D5-like ATPases, which are only distantly related
to each other. This diversity of domain fusions suggests that
there have been several independent associations between hel-
icases and AEPs, which appear to have evolved via displace-
ment of one type of helicase by another in viral and plasmid
genomes.

Interestingly, analysis of the domain architectures of multi-
domain proteins containing the TOPRIM primase domain also
revealed fusions to D5-like, DnaB-like and UL9-like heli-
cases, which are closely related to the helicases associated
with the AEPs (Figure 4). In particular, in the gp37 protein
of phage N 15, the TOPRIM primase is fused to a UL9 helicase,
whereas in the Bcep02006798 protein of the bacterium Burk-
holderia fungorum, it is fused to a C-terminal D5-like helicase.
These combinations of unrelated primases with the same rep-
ertoire of helicases suggest that the primases of the AEP and
TOPRIM superfamilies are functionally equivalent or at least
highly similar. These independently derived analogous archi-
tectures also suggest a strong mechanistic coupling of the
earliest stages of DNA synthesis, such as, unwinding of the
double-stranded template at the initiation site and primer syn-
thesis. Thus, in the genomes of extra-chromosomal elements
and phages, a remarkably diverse array of combinations of the
enzymes catalyzing these two steps had been explored during
evolution. In many cases, the D5-like ATPase domain is pre-
ceded by another conserved globular domain, the D5 N-
terminal (D5N) domain. The D5SN domain is also found as
a solo protein encoded by genes in the vicinity of those coding
for D5-like helicases (e.g. SpyM3_1340 from Streptococcus
phage 315.5). This domain is predicted to adopt an a+f fold
and is characterized by the presence of conserved aromatic
residues (mostly tryptophan) in strands 2 and 3, and a Ghhpxp
(p polar, the first polar residue is, mostly, an aspartate or
asparagine) motif in strand 4 (Figure 6). The role of the
D5N domain remains unclear, but its strict association with
the D5-like proteins suggests that it might be specifically
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MCA2648 Mcap_53803176 313 PSVWATDDALALAFTSRYAED--WRYCAAWGK WLVW DGRRWQADETLL 13 LKADSHRLAA KLAASST VGGVERLARTDRR 5
P4p06_BPP4_9627512 326 EFSAMSTSEKAMRIYEHYGEA--LAVDANGQL LSRY ENGVWKVLPPQD FARDVAGLFQ 3 APFSSGK VASVVDTLKLIIP
TVNO700_Tvol 13541531 44 KGPEFIPHLCAADYLRVHQHVL-TEY¥YVAGQGT PSMF AGTHWIKDAEGL 5 EQTGAIKPAQ IRMAIES ICNLTRVVDPQLI 5
9a_BPphi-BT1 29243104 361 STYGESDAMNAHALVAWTDGR--IKYAPGLG- YFVW DGVIWVKSATRV 11 VLAGCLPESR GFTMTTR IDALMTELRSVPS 5
DVU2188_Dvul_ 46580593 399 NGRFTFRERILADYLCQENP---MMYHDKSGQ LEVW NGKHFEIYSDE- QLKRRAINAL GEEATAA RVASCSSLAMTMS 5
ECs0303_Ec_15829557 326 EFTALSVSEKAQRVVDHYKNS--LAVDPNGQL LSRY EAGAWKVIYYAD FARDVAALFQ 3 APFSSAK IASLVETLKLIVP
prim BPphi-R73_ 93819 326 EFSAMSTSEKAMRIYEHYGEA--LAVDANGQL LSRY ENGVWKVLPPQD FARDVAGLFQ 3 APFSSGK VASVVDTLKLIIP
RSc0839 Rsol 17545558 322 GVDWETEDGLATAFTRRYGDD--WRYCSLWGK WLVW TGVRWNPDQLLY 13 FKAETPRQKA KLASSST IASVEKIARSDPK 5
Cwat03002108_Cwat_53735500 310 NLPKWNEKRVCEYLADLYKDR--LI¥YEEVTKD WYLY 3 KDGIWEQISKER LEQRLMLELD ALIDKAQ 46 ALGKRLSRVLLVK 1
XF2505_Xf 15839095 338 ALYLTTDMANAVRIAKHYGKR--LMVSGDR--— WEVW EGTHWAHDTDAA 34 TAAALEAWGK RSEMRST VEAMMALAKCMIA 3
ORF60_Sglo_24575142 55 LPDSLTDRGNAKLEVRLYAQD--YRHVTGLG- WYRW DGTRWQSDEDDT 21 SDAALRKHRR RALSTSG INALLSQARSAPG 5
Rv1582c_Mtub 15608720 31 TQVHRGQARIAYRLAERYQDK--LLHVAGIG- WHSW DGRRWAADDRGE 17 NDKELRADVR KCESASG VAGVLDLAAALVP 5
DVU2881 Dvul_ 46581285 59 KCLKANRVGDAMLENALNRGK--FVYVKRWGR FIRW AGHHWEEDIMET 36 KREELLKRVS FLRAPSG 1 EQLLRCTHTIADP 5
SCP1.196_Scoe 21234191 49 LPDTLTDRGNAKLFVKLYAND--FRHVPNIG- WYRW DTTRWQIDEDDT 21 TTTALHKHRT RAMSTSG MNAMLTQARSAPG 5
cl495_Ec_26247364 143 QLSQMADSERAQLLADRFDG---VCVHPESEI VHVW RGGVWCPVSTME LSREMVAIYS 3 ATFSKRV INNAVEALKVIAE
all9003_Ana_ 17227468 361 GDEEPDSTFLQKGENTLYGE---TKWICADGK LYYW HGKGYRYSPDAV ERRRITNYCN 16 PYAKPNK VKELLEWVKLRVE 1
orf504 BPSfill 7523556 53 EPKALPELAVAKGLNKYT-----— HVITLENGK VAIY 2 ERGYYQKDYR-- YAYQLIYVLE PTFNETK CRNVLFLLSNMSR 12
Magn03008884 Mmag 46201836 24 VVNIGSDIEIARRVRGDLER---AFGDITHTE 2 FWRY ERTCWHPIPEPE LRRVVHVYDG 13 KLSKFRV -DSVLHEMAAMMA 2
gp70_BPTM4_4336104 405 ANVTPTDTGNADLLVRACSDR--LRWCPESGK WLVW KGTRWQPSPDGG 17 GDKAGGQHKM RSLQRRS LDNMVALAKCRPG 5
Chte02001801_Cthe 48858879 270 KHYHRTDSGNAERLRDRFGSI--IRYCPAFKY WLVY DGCCWRKETGE- 23 ARKELVRHAM QSENAGR LKAMIDVASNLEG 5
BIP-1p28 BPBIP-1_45580773 394 QRRQMTEFGNAERMLDHYGDG--LMYVPEIDG WETW TGIYWRRAAGVE 23 ERAEFFKFCA VSQRAVM VRNMVSLAQSDPR 5
ORF35_BPA2 6599326 318 PPRSWDDTGNAQRFVDHFGDA--ARYSYVDKA WYvy NGSYWELDKQGK 27 AKKKWSKFLK QSRSNSA KKAMTEQLRHRLA 3
VNG0215C_Hsal_ 15789518 407 LEPLSNQEIKNTALAELPT----HRVAYLPKR 2 WLWC DDGVWKPNGDGW VRQWLDEYLG PYYSGHI RREVMDQLQARSQ 1
SPs0423_spyo_ 28895335 377 GEPEVNSYLLATQITKEV----- PIYWDGLE- FLRY 2 KKGIWLPNAEE- YLKSYISTKK 1 GKITKIR 1 ISETIVAIKAQAF 3
VACVgpl38 VV_9791038 320 PLDGNKLFNIAQRILDTN- -SVLLTERGD YIVW INNSWKFNSEEP 13 PKEYSSELLC PRKRKTV —EANIRDMLVDS-
AMVO087_AMV_9964401 342 DYPTLSGYELANFIRDLN- —-IIKKIDSDA YVYW KNGKWAIVDNPY 17 LIQDIDYIIK KFFGEAK —~NRISANLSMNT-
LCDV1gp069_LDV_13358409 368 YYTDGSHVGIAKIIHHHFK -MEFKCSSIK 3 WFKY DDVVWAECHVGV 61 IKKSLRMTQF —-KNSVMR ECEELFFDPLFN-
184R_CIV_2738452 429 LKVPVFDTEIAEMFVSQHE----DEYLNGNLG WEKF NGTIWSSLESVG 74 LAKKCQNNGP —QMSLMK VIEDMIGIDNLN-
C962R_ASFV_9628179 409 YNGMLEHYMIAKVIYAMMGNK--FVVDVDSNG 1 YVWEF 10 QGEIWKWRKEVN 48 SKSKIFNDSF -KKGVIR QAEFLFRQRSFI-
ORF109_ESV_13177383 142 TPYHYLLLFLLGELSRRRYRRFNGFVYR---- QVFI 3 PTHAWEELCEIK 11 HCEMWKHCNM GGNYEQC -VKYLANCCDLEF
A456L_PBCV_9632024 193 SSFQELLLFLLDSAMEKKYRKAGDWLYE----— PIII 3 DMHSWRAVSEIK 11 SWEQWKNATQ 1 MKNVGSA —-VEYLTNCHDHQL
repA Aamb_ 3059074 362 EEFAEALSQYITIRKYHI------ ITFIQKHGN 1 ESIV GIFRWSKKKGIY 9 TIIRHEIMRIK 14 YEIKSGL VKLVYDEIMDLTL
RepA Sisl 11137542 376 ALIIEAIADEIMHEHIL------ STFIQTDNL 1 ESKI GLFRENKKKGIF 9 TIINKKLEEYK 4 GSDKTRV VRNIKEEIMRRTQ
Consensus/80% ... S....s..h.p......... hoo.o.o.. hh.h Peee@Pevene e PR < T ...h.o. hoooe.

Str-4 Str-5 Hel-4

Secondary Structure 00 —-—----ooo————o——o EEEE---—--—--—-—————-—-—- EEEEEEE---
MCA2648 Mcap_53803176 313 EEWDAD---LFALNTPSGIVDLKTG RIKPHDRRE-RMTKLATA-- 463\fused to D5 and
P4p06_BPP4_ 9627512 326 QQEAPS---RRLIGFRNGVLDTQNG TFHPHSPSH-WMRTLCDVDF 463| DNAG
TVNO700_Tvol 13541531 44 EVRQLP---AHTIPIEAGLLNLQTK TITAHTPDY-FYTEYLPRRY 1811
9a_BPphi-BT1_ 29243104 361 GEFDAK---PHLLSFRNGVVDLRTG NIRAHDKND-MLTVSMPSDY DPTAKAP----- RWEQFLREIFP 510
DVU2188_Dvul 46580593 399 RSLNDR---DDWLCIENGMLNVTTL ELAPHDRDY-LATIMLPVRY -RWLTFLAETIQ 538]|
ECs0303_Ec_15829557 326 QQONPA---RQLIGFRNGVLDTRTG LFSPHDKKH-WLRTLCEVDY -SLETHAPAFWR 463 |
prim BPphi-R73 93819 326 QQEAPS---RRLIGFRNGVLDTQNG TFHPHSPSH-WMRTLCDVDF —~TLETHAPAFWR 4631
RSc0839 Rsol 17545558 322 DEWDAD---VWALNTPGGVVDLRTG QLRAHRRED-RMTKVTTA-- ~  TPKGDCP----- TWRQFLSEVTG 472
Cwat03002108_Cwat_53735500 310 MATNSQ---QGLIPFRNGVLDLDTR-----— ELLPHSPON-YFTWSLPYDY NPLAQCN----- PIKQWLLEMME 494
XF2505_Xf 15839095 338 KQLDTD---PWLLNCANGTVDLRTG------— TLKAHRPED-YMTRVVPVNY TPDAAAP----- VFRKTLERITC 507/
ORF60_Sglo_24575142 55 GALDAD---PYMLCTPAGVVDLRSG-----— KLRAADPDR-DFHSRSTSIG ~  PRQMPTP----- RWDLFLTDTFG 214\Fused to D5
Rv1582c_Mtub_ 15608720 31 ADLDSD---PHLLNVANGTLDLHTL KLRPHAPAD-RITKICRGAY -LWQAFLTRVLP 186]|
DVU2881 Dvul 46581285 59 DELDQQ---PFLLACRNGVIDLRTG------— EFRPGHPDD-YVLNACPIEW 1 GIDAPCP----- QFERFMYSCHE 236
SCP1.196_Scoe 21234191 49 DRLDAD---PYALCTPRGVVDLRTG------ LLRAPDPNK-DFHSRSTTVG ~  PQQMPVP----- RWLRFLTDTFG 208
cl495_Ec_26247364 143 PMGEPS---GDLLPFANGALDLKTG------ EFSPHTPEN-WITTHNGIEY =  TPPAPGE----- NIRDNAPNFHK 279
all9003_Ana 17227468 361 DPQLLN---PPGVNCTNGVLAIDWSGPIPRPVLEEHDPDKHFFTYEPLVKY DPKADSS----- HCDRLLECLDS 518]
orf504 BPSfill 7523556 53 PEYRDV---RRFILVKNGIYDKRKK KLLSFDYKF-INFSTIETEL -TINGWDVDSWL 196
Magn03008884_Mmag_46201836 24 DFFARA---PIGINCASGFIRFMGEG---LPVLEPHHQDH-RSRHTLPGQW -PTAGSLLARLL 176/
gp70_BPTM4 4336104 405 ADLDAD---PYALNTPSGVVNLKTG --ELTPHRPEG-WHTRVTGAGY ~RWWAFLHRTFG 561\Fused to D5 and
Chte02001801_Cthe_ 48858879 270 DELDSD---IWKLNCKNGVVDLKTG------ ELLSHKREY-YMSKICPVEY KPSSKAP----- RWMDFLNTITG 431| AEP
BIP-1p28 BPBIP-1 45580773 394 ADLDKA---PHLLGVGNGVVDLTTG------ KLLPPDQAY-RVTTITATEY DAAATCP----- LFEQTVADVFEFF 556
ORF35 BPA2 6599326 318 EEFDRD---KILLNTINGYVDLSDG------ ELHDHDVKK-MFSKETGVEY ~  TDTVDSP-----— EWRQFLDQIFD 482 |
VNG0215C_Hsal 15789518 407 EEQRFGGGPPGQIAAQNGLIDLDAGE----- IMREIQPSD-HIRWTLATEY DPEADCR-----— KWREFLGEVVE 546 |
SPs0423_sSpyo 28895335 377 VFTESD---LNKIVLANGVYDLRDN -SFKTKFDPEV-HARSSHPVVY 514
VACVgpl38 VV_9791038 320 VETDTY---PDKLPFKNGVLDLVDG------ MFYSGDDAK-KYTCTVSTGF KFDDTKFVE---DSPEMEELMNI 464
AMVO087_AMV_9964401 342 DIICFN---PYIIQFNNGVYDLKES------ KFYTGENAK-KYIRLNY---— IKIDYKDIE---DMSDEEKIKFE 487
LCDV1gp069 LDV_13358409 368 QKIDSN---PYLMAFQNGVFDFKQK------— LFRQGRPDD-YCSKKLTINY 562 |
184R_CIV_2738452 429 DKMDQN---KQLIAFTNGVYDLSLF TFRQGLPED-YITRQMTIPY 6331
C962R_ASFV_9628179 409 QTLDTN---PHLLGVGNGVLSIETIPA- KLINHFHEH-PIHQYTHICY 602 |
ORF109_ESV_13177383 142 PDLNAK---RRVWSFNDGIYDATED- TFTTYDQE---IDEHLVSCK 313]
A456L_PBCV_9632024 193 --RFHCFETEKEPLSDSIVASK 359
repA Aamb 3059074 362 TEYDDDNI-PLRIAFENYTLEWSTDKK--ENIFKLIPANE-RTEEHYSFHY 24 LARKLCPRSLD-TFKQWAGDKWI 550

RepA_Sisl 11137542 376 RQLLLE---PLRIAFKNGTLEWTDK:
Consensus/80% ..bp. s..sGhhsbpp.

25 LARRVCPKALE-TFKQWVDDQWI 549/

Figure 6. Multiple alignment of the DSN domain. The coloring scheme, consensus abbreviations, secondary structure representations and species abbreviations are
as in Figure 2.

involved in some aspect of substrate recognition by these = PriCT-2 domain is also found as an N-terminal fusion to
helicases, which function with either AEP or TOPRIM-fold the TOPRIM domain, e.g. in the Bcep02006798 protein of
primases. B.fungorum (Figure 4). The two domains seem to be distantly

In addition to the helicases, AEPs as well as the TOPRIM related as iterative database searches starting from the PriCT-1
domain primases form associations with several non-catalytic domain sequences recover the PriCT-2 domains, albeit with
domains. Perhaps, the most notable of these are the PriCT-1 relatively high E-values (data not shown). This is supported by
and PriCT-2 domains, which are typically fused to the C- the nearly identical secondary structure predictions for the
terminus of the AEP domain of the prim-pol, the BT4734- PriCT-1 and PriCT-2, which indicate a core of four conserved
like family or NCLDV-herpesvirus primases (Figure 4). The helices (Figure 7). The two domains share several conserved
PriCT-1 domain was also detected as a stand-alone protein, hydrophobic residues in the helices across the alignment. The
e.g. Chte02003491 of Clostridium thermocellum, and the members of the Herpes-pox primase family from various
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Secondary Structure HHHHHHHHH----  ---HHHHHHHHHHHHHHHH
Rep Ec 809494 162 SARRSIDKHYGMG...~RNCYLFEMTRKWAYRAIR..
repA_Psav_56578558 197 WATGPKLDQVSHS.-..~RHCILFEQLRYFAYSIVNumcr
repA_Mmag_4138626 177 RLPSNASESFGLG--.—RNCTMFDTGRFWAYGAVR.
repA Vc_58219331 165 GHPLRGSETSGLG...~RNCELFDNTRQWAYRAIR.
FepAiMmag737'l 28474 161 HTKAHRDAPIGLG - —~RNCAIFHAARTWATRPGLuw-
Rep_Cglu_421594 125 WKKTRRKSPIGLG - -RNCALFESARSWAYREIR.
Hinf801000079_Hinf 48868970 113 PVFYLNDNEDIEG  -RNCSLFNQIKKIGYREVL
repAiThth74 5368403 234 TRRRVDPGLASYG.. -RNNALFDRLRAEAYAHVA
VV20706_Vvul_ 27358692 179 RLWQRKAHDTSYS...—RNCTLFEHTRQYAYSIVG...
Rep_Tint_ 557211 174 WGKGPQFDEVSHS...-RHCILFEHLRDYAYSIVN..
pSD10pl_Mmag_32455922 221 TEAEAAMQVSEGE--.-RNVEVEDMARTRRSG----
Magn03008885_Mmag_23014441 210 WRGHVGATHAEGT-.-RNTALASLTGHLLRNRVD.
Chte02003206_Cthe 48857606 195 EGSSITAEIMEGS -RNSTLTSLAGTMRARGMT
Efae03000864_Efae 48825867 209 KLDMIVQGAGEGS. . -RNDHLTKLCGWLLWHGVD
1p_3383_Lpla_28379720 194 MLDDLVAGTGEGS  -RNSYLTSLLGKLLRTGCN
orf3 _Ldel 971479 233 QLCYFVDGIGEGQ - —RNKAIYTFARSIFGAYER...
Chte02003157_Cthe 48857652 212 EGSSIIVEIKEGN.. -RNSTLTSLAGTMRARGMT.
SAV4214_save 29830757 239 GLVQFVLAAHEGQ---RNTRLFWAACRAYENGIG.
psl06_Llac 15672012 199 MWELFNQGARKGN...-RNNDTNRILHYWRKIGID.
5C05612_Scoe_21223967 221 ELRALPPDDP-GR.-..—~GNGWLTQVAGHLARNHTD.....
SPy2135_Spyo_ 15675883 213 IDTLFNGFGNEGG.. -RNVALTKFVGLLEFNKWVD.
ORF1 BPsfil8 455527 197 FESILLGFGDKGG -RNNALAEFVGGLLLRGVD
SAV2022 Sau 15925012 220 YWRELCFGTTEGN . -RNNALASLIGHLLRCHVN
spyM18_ 1288 Spyo 19746259 223 EAYERVATGTSYN -RNNDLFKGACWAFENGID
Chte02003491 Cthe 48857332 33 EGRSIVAGIKEGS.. -RNSTLTSLAGTMRARGMT
LMOh7858 pLM80 0093 Lmon 47093912 272 NLKNVRGRKGQYG..-RNNVAFTLALACYASGKS.-
rep63A_Bthu_4884028 276 SCTNVSPKQTKAG-.-RNNAIFTLSLACFQSQYA.
EFC0019_Efae_29377894 254 DNPQVVGTKGKLG---RNNVIFTLSLAYYASKIE.
ori43_Bthu_2127285 274 NNVFLRGCKGKLG...-RNNAVFILSLAMKYEGKT-
BT0709_Bthe 29346119 235 OQSYLTLYPAATGD.. -RNGTVFRLSCAACKRGID.
BT0404_Bthe_ 29345814 226 SSYIFLNPLTAGQ---RHTNLFKLACEACRRRYS
BF2773_Bfra 53714065 203 NDFDARNPFVAGG -RHAFVLKLGRVARYKGFS...
Magn03010368_Mmag_23015921 259 VTDLFSQQIREGG...~RFDALSRVMGYWIRRCRE
Consensus/80% L. s...RNs.h.p....h..p...
B
Secondary Structure HHHHHHHH----- ---HHHHHHHHHHHHH---
LCDV1gp069 LdV1 13358409 269 KLQKLIDLLPNEC SNDRIIWLEIGFCLWQITD
FV3gorf22R_FV3_49237319 304 RVTDLTAMLTADL - ADDRQTWLNVGFCLWQQTS
ORF109L_TIsknV_19773719 293 DVRALVDMLPASA - AADRNTWLKVGFCLYQVMD.
MIMI_L207_APMV_55819086 363 EAKNLVKLFSVQR ATDYHTWYQVGRCLSNID-
184R_CIV_2738452 309 KMKKLTSFLSVSR-ADDYNQWWTVGITLENIGT
C962R_ASFV_9628179 302 YLHKILNLLPPEY.. YVEYPLWSNVVFALANTSA
Tb927.1.4010_Tbru 9366817 1160 TAVEKLHRLPPRA..AECYDIWVRVGLALHNESN
17836.04_Lmaj_5852135 521 SASRWLRQATEVE...VGEWRTWIGLGLCAYRVAY .
Avar03005527_Avar_ 45506180 256 TALVLLEVIHPRF . ADDYHSWIQVGMALKSV--—
alr7555 Ana 17158691 256 TALVLLEVIHPRF ADDYHSWIQVGMALKSV--
repA_Telo_ 247792 216 IARTMLAHVPASY . ADDYESWVAVGMALQSV--
Cwat03006717_Cwat_46118046 204 AAVALLDLIPSYY  ADDYDSWIKVGMALKSI--—
55_BPBcepNazgul 34304558 247 ELHAKLLLVPD-- ADDYETWVNVGMALFHQYD
Mmc102002040_Masp_48832477 223 AVADAMRFISNA-.. DLPYDDWMRIGMAIKGAL--
Magn03008296_Mmag_46202140 234 RVAEALAHVPN--.. DADYHDWVRYAYALKGAF-.
BIP-1p28 BPBIP-1_45580773 226 EARRLVAYVDN--..-EDYDTWLKVGMSLHHEFD
P3_BPAPSE-1_6118000 235 DLRSALWYPKILN.-AENYPSWVDMGNRLAWEKD:wmmmoonon
Cwat03006182_Cwat_46118335 220 LALEALNFIPPRQ. TGTYEESLRVLMALTTIFG
SPy0671_Spyo 15674737 7 DLLPLLDYIDPSK -LSYQDWVNVGFALKHE-—
orf63T BPVP16T 37626154 191 TVREALSYIDP-- . GDKREEWVKVGLALKSGFG.
VP2p27_BPVP2_ 48696649 226 QIWRMLEYIDPD-  ELEYDEWLAVLQOAVHSQYP
VNG0215C_Hsal 15789518 223 DIEDALSHVNPD-..-CGYDEWLKLGFAVHDWDS
g46_BPBcepC6B_48697236 261 LIKSALDMIPNAG.. ELDYEAWRDVVFGIHHAAR
Bcepa03006746_Bcep_ 46311299 157 ALKSALDAIPNGG.--ELDYDSWRNVLFGVHHASQ
22_BPBCJAlc 52631317 6 DLIALLEYIDPSY . -LDYQEWLNVGMALKSE-—
BB4140_Bbro_33603114 232 ELRSALLYMR--- AEDYHLWVNMGLALREL
BPSL0O082_ Bpse 53717722 11 RASVALGYVP---._. ADDRDTWRQAGMALKAEF-
Consensus/80% h..hh.hHss.. ...sappWhphuhsh.p...

HHHHHHHHHHHHHH . -=-----— HHHHHHHHHHHHHHHH
.FSQWLDAVIQRVEM,. . LPVPLSP AECRAIGKSIAKYTHR 238\ColE2 Rep
FMRSLDAYAYNHNS.......FSENLPL...SSIRATVKSVGRWTWD 279 |

—-LDRWSKAVLERLQA........FPQPLPF..AEVKATGKSISGWTWR 255 |
-KRKWNAAVYDKVES......FNVPLPV.. SEVKATAKSIANWTYR 243 |
SAGLELALHREVTA... — YTEELPP SEARATAASIHRWITT 241 |
PDGLGRSIQATAQA. {FSEPLPV. . AEVDQTARSIHRWIIT 202|
LEQFNQYLLSSLEL. HNPPLPY RELKGIARSSSRWIWE 192|
EEAFRAWVEQRAHA........ PKGPLDP . REVHHTAKSVAKWTYR 318 |

—FKARIEGFARYKNV.......ESPPLPS..SEVQALVKSVSRWTWD 260 |
FTRVLEAYAHNRNS.. FMDNLAQ...SSLKGTVKSVARWTWD 256 |
————— SVATAAEQA.....CTPPLPA . AEVAGIVRSIERYETR 283/

- PFAVLDLMLCWNRA, CNPPLDD.-DEVSATVRSIARKEID 278\Primpol family
EEGIYAALLAENNA, CNPPLDE AEVRNIVHSVSRYQPN 263 |
-NQTLAELIYTANA NEPPLKD.. KEVNQIIRSMIKKDLR 276 |
-GMTAYELLQYANE LQPPLPD  KEVNTIFKSIIKRT-- 259]|
LDGVYALVRGINST VNPPLDD - QETLTAVKSAYQGYIT 311|
EEGIYTALLAENNA.. . .AEVKKIY¥SLDFQRVSN 280 |

- PDLSPALIDAA-—— .. -REARSTLASAARMTGR 303
NNSCMDLLRTEFNNR. TSPPLPD...DELATIWKSVFKMK-- 264 |
HDSYLHELRAIDSE. ... SEVPHDK...DREMKTADSIWEREQA 287 |
LETAYELVQIANSV. TTKPLPI DEIDRTFTSIAKAEYR 282 |
PEITYHLAKMANNN TQEPLGD KEFERTFKSMLDKEIR 264 |
DYIVYSFALLWGQF: CKPPMKE QEINATFQSILNKHYN 288 |
—-IDDLTSIIGTVK GRDVEFTR EEFELTIESAKRKVSY 288/
EEGIYTALLAENNA, CNPPLDE.. AEIKKI¥SLGFQRVSS 10lolo
KQEATDLLDQEFNDT " REIETCIRNAYSGRYQ 339\RepE/RepS
IKDTMDLMDQFNSN.. . TEVRGIVMSAYSGKYQ 343|
QDRCFDDMDVENSS.. .SEIKRIVKSAYSGKYK 321
ESEITIDKIDEWNSQ-- TEILRTVRSAMNDKYN 341/

NELTTELVRTLEE- PEIARTVKSAYQNVMT 300\BT4734 family
ESILRGITVYFEH- QEIRSILQSGYQKVTS 291
RLLOKAVVEKYAQ- GEIEKTLSSGYQYVSA 271/
PADAWDEIVAYNEA REAERLWERDQRHGAA 340
....... h....p .Ehp..hpSh.p...p
—-HHHHHHHHHH---  -=-=--- H HHHHHHHHH —-HHHHHHHHH
SNEGFQLWLSFSKR -SEKFNQ DECFDIWFKQMKPN SFTIASLYWFI 346\iridovirus D5 family
SAEGYKVWLSFSKK ~SDKCDE. . DECWT IWNNQMRPN SFTEGTLVYLA 381 |
TEDGLRLWMSFSAK CPEKFENA - TVCHDMWERQMRPN TYTVATLRYLA 371
—~HRLLEDWITFSKK CPSKFKK EECERLWRNMNMKPS----NYTMATLHYFA 439 |
- EEEALEAWKMFSSQ...~STKYDE...SRCDOLEWAEMKKKNR-PLNARTMGSLIFMA 393 |
NYRPLAEW--FSQK CPEKWNT.. EKLEKLWNDASRHTE---KKITKRSIMYWA 382
EDHVFEEWVRFSLK CPQKYSR....ETCRRKWQQFDRN- --PDALNW---1231|

MAEMLDAWTEASRK  CPLKFHS GECEARWAAFDPE- 609/
SPILFKAWDTWSQL  -SPKYKP GECAYKWOSFNKTG 329\DR0530
SPILFKAWDTWSQL  -SPKYKP GECAYKWQSFKKTG 329
SDALLDDWIAWSAQ  -SSKEDG. RKLERKWASFKGSG 2901
SPVLLEAWDRWSRQ ~ -SKKWKP GECAYKWRTENGVG-- 2771
HERGLELWHEWSET KELDAKWKSFDISNK-SRTPTITARYIIKLA 326 |

 GDAGEVLFAEWSAS - - QETFKAWSGFKPT IIGAGTIYHLA 296

~ GEDGEDLWRDWSER - - DYTETTWAGLKPRGA--AGGVTCATILRDA 310|
SGEALALWDEWSAT EDVARRWDSFGKSGR---NPTTARWLLKIG 303 |
EDEAKTMWLDWSSA _ EAAEAKWAELRAD- RTGYQAIFSLA 314
PTEAITIAESWSPP ARKIQGFRVGE--— ~VTAGTLEWIA 294/
GYTAM-DWDIWSQS GECFAKWDSFQGNGLG---TVTGATITQLA 81\ Primpol family
DPQGLSLEDEWSSG EHIETOWHSFKAEG-----GRTIATVYHKA 274 |
DDQGYELADRWSOR DEVSIRWQSFDEHG TIRVGTLIYFA 301
GSTGKRLFEQWSKG .~RNIQDIWDSASEGQ-----GVTVGTLIHYA 300/
SDDGLALAHEFSAR - . .FLDERVWPHIGKTGTDERAPITGRTILHLA 346\E. coli 21568 family

 SDEGLALVHEFSAR . AKTERDWGYAGKNQG---TPITIGTIKAMA 238/
GYTAS-DWEDWSKR . DGPRYHP . GECFKKWTTFEGNG ~ITGATITQMA 78
GETGRGLWMEWSAT  -SEKFDS KDAAKKWNSFKPTG ~TSYQAVFAEA 302
GEEGETLWNEWSQG . ~AQNYNA  RDARDVWKSFKGG- 82
..p.h..h.paS.. Ls.+ap. .ph.. . W.ph..c..eo....

Figure 7. Multiple alignment of the (A)PriCT-1 and PriCT-2 (B) domains. The coloring scheme, consensus abbreviations, secondary structure representations and
species abbreviations are as in Figure 2. Furthermore, alcohol side chain containing residues (ST) are colored blue and denoted by an ‘o’ and aliphatic residues (LIV)
are shaded yellow. Equivalent helices in PriCT-1 and PriCT-2 have been aligned with each other. Poorly conserved short inserts seen in some sequences are shown

with a reduced font size.

NCLDVs and herpesviruses contain a Zn ribbon-like domain
in place of the PriCT domains (Figure 5). Experiments in
herpesvirus UL52 have shown that mutations in this Zn-
chelating domain severely compromise DNA-binding and pri-
mase activity, suggesting that this domain is involved in the
recognition of initiation sites (76).

Some members of the all3500-like family contain a
primase-type Zn-finger fused with the AEP domain, which
resembles the architecture of the bacterial DnaG primases
(Figure 4). In the latter, the Zn-finger targets the catalytic
TOPRIM domain to the primer initiation sites (77,78), and,
most likely, it performs the same function in association with
the AEP domain. In particular, these domains might help in
specific cis interaction of the primases with the replication
initiation sites of their cognate replicons. The congruence
of these architectures further supports the functional equival-
ence of the TOPRIM and AEP superfamily primases and
suggests that these primase domains might have repeatedly

displaced each other in various replication systems, particu-
larly, those of extra-chromosomal elements, while associating
with the same set of DNA-binding domains. Given the domain
architectures in which the TOPRIM and the AEP primases
occupy equivalent positions in the same polypeptide with
respect to the other domains (Figure 4), it even seems likely
that some of these displacements occurred in situ, within the
same gene.

Members of the AEP proper clade show fusions to neither
PriCT domains nor the B-strand-rich Zn-chelating C-terminal
domain. However, in the BC1863 protein of the B.cereus
bacteriophage phBC6AS51 and in the AEP of the archaeon
N.equitans (NEQ395), a region homologous to the large sub-
unit of the cellular primases and baculovirus Lef-2 is fused to
the C-terminus of the AEP domain. This consists of two dis-
tinct, conserved domains (Figure 8). The N-terminal domain is
largely alpha-helical and culminates in the first conserved
cysteine (Figure 8). The C-terminal domain, which is
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Secondary Structure EEEE----...-HHHH ----EEEE-----EEE-HHHHHHHHHH---- HHHHHHH---_.-=--- HHHH--HHHHHH. .- -
ORF35_XnGV_6175679 32 QHYLVDVE TRDWR 2 VDAYTIFVPGGLYFVVNGLNLKNMIKTCPEE 1 SSEKQAIKAKTIKLCF 9 EVISLYTKHL -YSKTTNTT-EDFKALC .RSRHNR
ORF35_AsGV_46309419 21 TRYMVDVEF..CRDWS 2 LDAYTVFVQGGTHFLVNGKNLLOMIKQCPTL 6 TVGNIKKTKKKREICF 7 DIIAKYRETF--YRFKDANTLPDFEALV..RPRNKR
LEF2_NsNPV_6693802 24 -NVYVHYT-..L¥YSGI LSPLOTLDKTRLYVEVKNVNDPNLKPKNVND 2 SPSKNHSYKRQRYPCF 5 STIHKICNVM.-KPPP@VRH--ALKLID-.RPMKHR
LEF2_S1NPV_15553318 23 VQYLVRVD..DEDFD VSPYTVFAKNGMYVIMSGNRLKSLENLNKRV 8 DSSGSPRRKSLKNVCF 8 AVIDAITNNV.-ELPESMSR--NLRLLK.-QCRGNR
LEF2_LANPV_3822372 26 AEYAVPLE...HFDVE VSPYTVFERGGTCVRVSGRRLACLLRNGSRG 11 SAGQPGRKRSCKNVCF 7 ELERTLTARV.-NLPP@MTG--LLRQFE..RNRGDR
LEF2_AcNPV__559075 22  ATYLIDPD-.DFIDK 2 LTPYTVFYNGGVLVKISGLRLYMLLTAPPTI 2 IKNSNFKKRSKRNICM 8 NVVDMLNNKI.-NMPP@IKK--ILNDLK..VPRGGM
LEF2_SeNPV_5764476 19 AEYSVLFS._.DIPLQ VTCLTPFIDKGLRVKINGHRLYYLIKNKDQY 9 KWSLNNIY¥KSHKNVCF 7 NVVDILKTKL--NMPDeMOR--FLADFQ.RPRGKR

lef2 McNPV 22476594 24 SDYTVSLA DIDIN VTALTPFVDNGLRVRVSGLRLYYLMKNKPDI 11 NAAATLKQKSMKNVCF 6 KIVKVLNQKL -RMPE®MVR--FMNDFL RPRGDR

lef2 OsNPV_1911252 18 ETYLVDPH DFVGV 2 LSPYTVF-ERGLFVRMSGMRLLALLAAPKPQ 3 PAVRRFPQRSRRNVCL 8 SLAKVLAARV. -SMPP@MSK--TMADLS APRGNM
PH0196_Phor_ 33359264 138 PEYTMKIS..DFLDL 3 EKLANYYIYEGR-VYLKREDLIRIWSKAFER 14 ELPEFYRKVLGEIQAF 12 QGGKLRPE--.-FFPP@IKN--ALKGVP.-.QGIR-N
MJ0701_Mjan_ 15668882 142 LPNKISVW-.EFIKI 8 LHLERLDLENGF-VDITKIKEI-FAKEIIRV 15 DDSVVKELLNEISDYL 16 YKGNIPLE--.-WHPPEIRG--ILNDIL..SGGSPS

PRI2 Mkan 20094830 199 RRGGTGDL...RRCSN 10 NLLEMLKEPEGY-LIMHFKTLARTFREDVRR 15 ELREFCLKLFPKVRKR 2 RVEKGAGG--.-RFPP@IRE--LLRRAQ.EGENLP
Faci02000166_Fac_48853295 121 NTFHIPFD..FFIKN 8 YRLVYQKLSRGT-IYLSKNQFIHLLREDFVQ 12 DSQNIFRKFIGDLEKI 13 SLGEVDFT--.-MFPPEIKT--YITOMR. DGENLA
VNG2254C_Hsal_ 15791070 138 DAHTVDVP..TYLLL 8 WRLVNRALDDGR-VPVTDAELDTLIREAIRE 12 QIADALDEPVAAIQDA 8 EIDTVVPE--.-LFPPEMKH--LLDQOVQ.RGDHLP
Mbur03000170_Mbur_ 46142461 135 IFFDLHFT..DYIKL 8 WKLVNRKMKKGY-VKISKEELARLLQEAIRL 12 EICEACIPH---TDTI 14 EFQRVESD--.-LFPPEITQ--AIANVR.AGVNLA
MM1396_Mmaz_ 21227498 127 SYFSMHFT.-.DYIRF 8 WKLTNRQLRAGK-IKITKEEFSRLLEEAVRE 13 EVSSFCSPY---AAEI 14 DFGAVKPE--.-LFPP| GGVNLA
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5F3.150_Ncr_21622313 204 TWCKVSWL...RVPEL VEQRRVFLRQGY-AYVPAREQQAMVVSEFSS 13 PRLDEDDRLTPILAHL 23 SARNIDTLVN.HHFPA®MSH--LHRTLR--RDAHLK
PRI2_Sc_6322806 223 KFIKLPFE..NVIEL VGNRLVFLKDGY-AYLPQFQOLNLLSNEFAS 13 PRLNEDDRLLPILNHL 25 NAQSVWSEEI.SNYPL®IKN--LMEGLK-KNHHLR
SPBC17D11.06_Sp 3650405 186 SFFKVPFF KVPDL VERRAVFVHKGY-AYVPFSEQVSLVVEEFEE 13 PRLDEDDRLLPILNHL 19 TAGQVDSFV- SHFPLEAKH--LHEVLK RDKHLR
Consensus/80% ..h.h.h. . .ph.. hoooooonts G..hbhs..ph..hh....p.  .......b...oL h p..ph..... .. hP.Chp...hhp.h. .s....
Secondary Structure HHHHHHHHHHHH ----HHHH - m==== HHHHHH-- ~  -----  -EEEEE =  -------
ORF35_XnGV_6175679 FONRVKFTYKIVKSIQ@NVe-DNSCeVYDALK-LFYC-NDIK| - 189
ORF35_AsGV_46309419 FGNRLKFSFLVIKNIQ®KRE-ENNV@VYNALK-SFYE-NDK! - - 181
LEF2_NsNPV_6693802 FQORFVVQTYMSRKYL®ES@TDNE-@LNQILS-ELYH-NEK: IKPYN@SKMOTLG —LeNV AVK@SC TNLLSW- 200
LEF2_SINPV_15553318 HSIRFVENSYVRTVFG@TK@®-DKK-@TIKSMLA-VIYD-HDDK| FVTPN®VKMKDKY SLEYK TNK@®KG TNPIHNF 210
LEF2_LdNPV_3822372 YRKREVENCYLINTTT@TA®-DRR-®FVNAAA-VLYE-RDEK] YKPPN@®SKMSQE - SLEFK SGASRG TNPLCNF 216
LEF2_AcNPV__ 559075 YRKRFILNCYIANVVS@AK®-ENR-@LIKALT-HFYN-HDS YKPPN@OKMKTVD KL@PF AGN@KG LNPICNY 210
LEF2_SeNPV_5764476 FRKRFIFNAYIANVIT®TK®-NKL-®LVKAMS-YIYG-FDE YKPPN@®ENIKNKD KL@FK SGTEKG TNPICNF 209
lef2 McNPV_22476594 FRKRFIFNSYVANVLT®TK®-QKQ-@IADAMA-TLYD-HDSK] FNKIIFKNTNV YLPPNEDNMKNKD KL@NK VGTEKG KNPVCNF 215
lef2 OsNPV_1911252 YRKRFEFNCYLANVIT@TK@-KTA-@LIGALL-HFYR-MDA VTHLLIKAQDV YKPSN@AKMKKVT KLe®PQ ASMEKG LNPICNF 204
PH0196_Phor_ 33359264 YAITVLLTSFLSY- (22) VITEEILP-IIIEAANRCS---PPLFEDQPNEIK--NIWYHLGFGYTAN 11 YFPPNOEKIRANA 1 QL@®TP DKH@KY RNPLTYY 374
MJ0701_Mjan_15668882 HYARRSFVVYWFC- (29) RFIDELIEMLFKN-—---—-=-- VEDFDEKKTR----YYIMHNIGYKVGH GRLTHSEYCKNWQ 8 YY[@KP DEL®KK 3 IHPLDYL 388
PRI2_Mkan_20094830 HEARFALAAFLVNV----WDVDRVVE-VFSN-- -YQVRHIAGEVGGG 2 YLPPN@DKMKAW- GL@PG -KD®GV -NPLAYY 398
Faci02000166 Fac_ 48853295 HLARFTLASFLHSA- MSNENMLN-LFKF— YQVNHITGVISGT 1 YSPPK@®STLRSN-— HL@YM 2 DPLEAR KHPMQYY 324
VNG2254C_Hsal_ 15791070 HHARFAITSFLSNV----LSTDEIVD-IYEV-— -YQTDHIQGDSSPT 1 YTAPSEATMKAY- GN@®VN 1 DDL{@DA NHPLSYY 335
Mbur03000170_Mbur_ 46142461 -YQIEHIAGTSSGT 1 YKPPS@NTMRTY- GN@SA 1 DELEKG KHPLGYY 335
MM1396_Mmaz_21227498 MSVDEILN-LEFNI- SPDFNAEKTL 1 YKPPAGDTMRTY- GN@VG 1 DRLEEK SHPLGYY 327
APE0667_Aper 14600877 WLELYLALVFLARI----AGPDAVEE-LL----— -TPSLGERVAR- 1 HQLPP@EVLAAS-— GVe-- -—RORG --LLSEY 377
PAE2238_Pyae_18313202 HAARFAIATYLLHK----WEVEQIVD-LFRT------- —-SPDFNEKITR----YQVQHTAGQVGGR 2 YAVPNEETMNSW- GLEP- 1 NLGEG- KNPLQYG 307
NEQ395_Naeq_41615183 YSWDEIKR-ILMEWNQRN----DPPLRERYIEY---QIEWHMRKESEGV 1 YLPPN®DRTEYYK 9 GVER 2 NPE®DN KNPLSF- 393
BC1863 Bce 30020005 NQATVQLACYFKDA----YTREETMK-ELEDWVLKFTSE-DNEYGKQQRVANTRSVIDAVYSGDNT - -YKFGO®AFIRSLH 12 VAGA- GDM@HC 39 HTPYIIP 417
ECU05_1210_Ecun_19173661 2 Y¥YSCFS@®SKIANMT 5 SS@PF 27 NGKETR 14 ATPVRYY 386
Chr3_0070_Lmaj_21629300 LSLEDSLE-LFATLMKVKGGGSVEAFAKTAYG 2 YSSASOATILGLP 8 HGEPF 46 TRA®YK 15 RSPYEYY 526
GLP_703_7465_5846_Glam_29247951 MSCEDDLE-YQKSFYTR---VIPEEKFTREYA 2 AMCRGONTIGTLV 12 HGEPF 60 KVAGNH 13 MHPVKFF 526
51.t00007_Ehis_56471581 LSMEDCKK-FFEE---— --IEPLSKERI 2 YTGYGONNLISQI 6 NG@MM 44 THAGTK 17 IHPNTYF 462
DDB0191064_Ddi_60474634 LPYDEAIN-FWRIAFSK---RVSNTDFDKEYL 2 YSPYS®PRIISKS 8 HGEPY 32 NVAGTK 15 NHPNQFY 438
cgd8_1410_Cpar_46228808 MKLEEQLS-LWKSLWT- -DANSFDKEIK 2 YSPYPONKIINGL 8 HGePF 37 QLS®IQ 15 NHPNSYF 522
pri-2_Ce_5824647 LSLDEAIA-MMRDEFTK---KITSDKFDKEYG 2 QTAMS®ATIILRN 7 HGEPF 35 DKAGTR 17 THPNQFY 472
DNAprim Dm_5679048 HSGRMOYGLFLKGI----VALEDSLR-FWREEFTK---KMDADKFTRSYE— 2 YTPYS®AKIIKDV 6 HGEPY 34 QIGEGK 14 NHPNNYF 456
PRI2_Hsap_510408 HGGRMQYGLFLKGI----LTLEQALQ-FWKQEFIKG--KMDPDKFDKGYS~ 2 YTPFSOIKITLSN 7 HGEPF 34 QVASOK 15 NHPNQFF 448
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Figure 8. Multiple alignment of the Primase Large subunit. The coloring scheme, consensus abbreviations and secondary structure representation are as in Figure 2.
Short inserts are shown with a reduced font size, whereas longer inserts are represented as numbers. The secondary structure was predicted using the JPred program.
The ‘a’ in the consensus abbreviations represents aromatic residues (FWY) that are shaded yellow. The cysteine residues predicted to have a role in metal-binding are
shaded red. The granuloviruses appear to have lost their C-terminal cysteine cluster. Species abbreviations are as in Figure 2.

predicted to have two conserved helices and two strands,
contains three conserved cysteine residues. These four
cysteine residues are probably involved in coordinating a
metal ion (Figure 8). The Lef-2 proteins of the baculoviruses
contain another potential a-helical Zn-cluster with four con-
served cysteines between the N- and C-terminal domains. All
the other members of the primase large subunit family contain

an unrelated a-helical region between the conserved N- and C-

terminal domains (Figure §8). In BC1863 and NEQ395, the
large-subunit module effectively occupies a position equival-
ent to that of a PriCT or Zn-chelating domains in other AEPs
(Figure 4). These associations and the absence of other

and the B-strand-rich Zn-chelating domain of the Herpes-pox
primase family have similar functions, perhaps facilitating the
association of the AEP domain with DNA.

In addition to the Zn-binding domains that are fused to the
AEP domains, we detected several lineage-specific Zn-clusters
with characteristic patterns of cysteines and histidines, which
are inserted within the AEP domain (Figure 1). These include:

(i) A Zn-cluster with three cysteines and a histidine between
strand 1 and helix-2 in a subset of members of the prim-pol
family from Magnetospirillum and Streptomyces;

(i1) Acysteine cluster with four conserved cysteines, occurring

conserved C-terminal domains in members of the AEP-
proper clade, which physically associate with the primase
large subunit, suggest that the large subunit, PriCT domains

in the same position as the previous insert, in members of
the Z1568-like family, which are distinguished by a fusion
to A18R-like helicases;



3892 Nucleic Acids Research, 2005, Vol. 33, No. 12

(i1i)) A small cysteine cluster with 3—4 conserved cysteines
located immediately downstream of the DxD motif in
the archaeal primases;

(iv) A cysteine cluster with at least three conserved cysteines in
the loop between strands 4 and 5, preceding the conserved
motif-II in tetrapod herpesviruses;

(v) A predicted Zn-ribbon in the terminal hairpin after the
flange in the ESV ORF45 protein and its ortholog in
Feldmania irregularis virus A;

(vi) A small Zn-cluster with a histidine and three cysteines
in the prim-pols of the Sulfolobus pRN-like plasmids,
which occurs in the same position as the previous insert
(Figure 1).

While insertions of Zn-ribbons and Zn-clusters are occasion-
ally found in other protein domains involved in nucleic acid
metabolism, the multiple, independent insertion in different
positions within the same fold is an intriguing feature that is
unique to the AEP superfamily. Superposition of the locations
of these inserts on the structural scaffold provided by the two
primase structures shows that most of the inserts are located in
loops and are likely to be on the surface of the molecule
(Figure 1). This suggests that the chelated Zn ions are used
to stabilize particular, extended, surface-exposed loops in the
AEP domain. These loops might have been recruited for
recognizing specific template structures at the primer initiation
sites. More specifically, there might be a selective pressure on
the primases due to competing replicons to efficiently recog-
nize cis primer initiation sites that are specific to the cognate
replicon, and this recognition could be mediated by the
Zn-clusters.

Conserved gene neighborhoods (predicted operons)
associated with the AEP superfamily

It has been convincingly demonstrated that strongly conserved
gene neighborhoods typically reflect physical interaction
between the encoded proteins and/or consecutive functions
in a biochemical pathway (79-81). Accordingly, analysis of
gene neighborhoods throws light on the functional context of a
particular gene. Certain highly characteristic mobile operons
containing the AEPs of the NHEJ family have also been
described previously and the predictions made on the basis
of the conserved gene neighborhoods have been experiment-
ally verified (22,23) (Figure 4). Not surprisingly, the most
common conserved gene neighborhoods of the AEP superfam-
ily involve co-occurrence with genes for the above-mentioned
families of helicases and genes encoding solo versions of
AEP-associated domains, such as the PriCT domains. In addi-
tion, members of the AEP superfamily were detected in
conserved gene neighborhoods with genes for the single-
strand-binding (SSB) protein, DNA polymerase I, PCNA,
DNA polymerases of the B family and the ParA-like proteins
(Figure 4). For example, the gene for the AEP protein VP2p27
of Vibriophages forms a potential operon with DNA poly-
merase [ and SSB genes (Figure 4). Similarly, the Clostridium
thermocellum pol-prim Chte02000285 is found in a potential
operon with genes encoding a family B DNA polymerase
(Figure 4). The primases of the plasmid-borne ColE2 Rep
and RepE/S families show associations with genes for
ParA-like ATPases of the MinD family and TnpR-like
resolvases (Figure 4). The MinD ATPase prevents aberrant

formation of the septum near the poles of the cell (82). Hence,
the plasmid-borne ParA protein might cooperate with the AEP
and the TnpR-like resolvase in coupling the partitioning of
these plasmids with DNA replication and chromosome resolu-
tion. In Methanosarcina, Methanococcoides and crenarchaea,
the AEPs are lodged in the ribosomal superoperon (80) and are
usually encoded next to the ribosomal proteins L44, S27 and
the translation initiation factor elF2 (Figure 4), along with the
DNA replication clamp PCNA; functional implications of this
association are unclear beyond the possibility of a general,
higher-order regulation of essential housekeeping processes.
This gene neighborhood might be an atavistic feature in which
the primase remains associated with the original core replicon
of primordial cells.

The AEPs of the prim-pol proper family encoded by Low-
GC Gram-positive bacteria and their plasmids and bacterio-
phages (e.g. Streptococcus thermophilus bacteriophage Sfi21)
are encoded in a conserved gene neighborhood with an SFII
helicase (in addition to the D5-like helicase) and a small,
uncharacterized o+ protein (Sfi2l-ORF124) (Figure 4).
This protein and several of its orthologs in the Gram-
positive phages contain a C-terminal region with high
sequence similarity to the characteristic tail motif, which
occurs C-terminal to the OB-fold in bacterial SSBs
(Figure 9). It has been shown that this C-terminal tail,
which is enriched in acidic residues, interacts with components
of DNA repair and replication machinery, such as Exonuclease
I, DNA glycosylase, the PriA helicase and the x subunit of
DNA pol III (83-86). Several residues are conserved across
the Sfi21-ORF124 family; of particular note are a conserved
aspartate preceding helix-1, a glutamate in strand 1 and two
acidic residues after strand 4. The conservation of these acidic
residues suggests the presence of a potential metal-
coordination site (Figure 9). The predicted secondary structure
of Si21-ORF124-like proteins includes a conserved core with
three of the strands arranged sequentially and flanked by two
helices (Figure 9). This secondary structure pattern resembles
that of the RADS52-like proteins, which have a dSRNA-binding
domain fold, with a core of three strands flanked by two helices
(Figure 9) (87). Previous analyses have shown that members of
the RADS2 superfamily of ssDNA-binding proteins can be
extremely divergent in sequence and show functional equival-
ence to SSB in viral operons (65). Hence, these observations
suggest that members of the Sfi21-ORF124 family are novel
SSB proteins with a RADS52-like fold. These proteins are
likely to function in conjunction with the phage-encoded
AEPs by binding the ssDNA template at the primer initiation
sites.

Implications for the origins of DNA replication

The present analysis of the AEP superfamily, its evolutionary
diversification and functional interactions in various cellular,
viral, transposon and plasmid replication systems, and the
apparent operational equivalence with the TOPRIM superfam-
ily primases has substantial implications for the origins of
DNA replication. In mechanistic terms, the monophyly of
the AEP-superfamily and the RCREs is a remarkable parallel
to the evolutionary history of the unrelated TOPRIM primases
(6,21,88). In both cases, the primase is evolutionarily
and structurally related to enzymes cleaving a DNA strand,
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Ddes020028_Dede_ 23475268 .. QK-===--- LSDLPGHLEQLLNIKLEVTKRTRG-E-NE-NIYFNRRIVMA . DDA----— GAPGAAMDDMIPF 157
Chte020002_Clth_48860542 GI---EVEFESFSQYYDLIL-DIHEAIDGNL--EY---AVEYGETNKGF..  .KT------ FKITEVFEVE--- 152
ORF45_ BPphiHSIC 58220030 GLMRLGTEPTDMDLSVNILGKPMHGMLKVWQIKDENGKVEKEGNWVAAV.....TMQAAPQK 3 EKFETPTNQQIGF 177
Consensus/85% .hooo., hpsh..hh..h..p.hbl.1..c..p.pG.p.b...pl.......p..5..  ..... h.p.plPF

Figure 9. Multiple alignment of the putative RAD52-like domains encoded in the same predicted operons with prim-pols. The coloring scheme, consensus
abbreviations, secondary structure representation and species abbreviations are as in Figure 2. Short inserts are shown with a reduced font size, whereas longer inserts

are represented by the corresponding numbers of residues.

specifically, nucleases that transfer the 5’ end of the cleaved
DNA to an internal tyrosine residue in the protein (RCREs and
topoisomerases, respectively) (4,89). Both the primase activity
and the RCRE-/Topoisomerase-like nuclease activity, at a
fundamental level, are two different solutions to the priming
problem encountered by DNA polymerases. Thus, it seems
plausible that, in both cases, the ancestral protein was involved
in priming in a more generic fashion, whereas the descendent
proteins evolved distinct, specific activities. One possibility
is that the active tyrosine might have originally provided a
hydroxyl group for protein priming, and subsequently, a more
complex, polymerase or nuclease, activity was acquired by the
priming proteins. In light of this suggestion, the OBDs of
papovaviruses might be an offshoot from such an ancestor
where only the origin-binding function was retained without
any catalytic activity. The increase of the genome size appar-
ently favored the primase mechanism, as opposed to the RCR
mechanism; accordingly, the RCREs have been, largely,
excluded from the genomes of cellular life forms. However,
the topoisomerases, mainly drawn from the TOPRIM

superfamily, despite catalyzing reactions similar to those cata-
lyzed by the RCREs, were recruited for entirely different
functions, such as, control of DNA superstructure, which is
critical for large genomes. The prim-pol proteins have been
proposed to comprise evolutionary intermediates that acted as
both primases and DNA polymerases (25). Given that even the
cellular AEPs have a similar DNA polymerase activity (49),
this proposal appears plausible. However, if this were the case,
dedicated DNA polymerases clearly displaced the primases at
an early stage of evolution of larger replicons.

At a more basic level, the need for primers in DNA synthesis
remains a largely unresolved problem. Almost all DNA poly-
merases, with extremely rare exceptions like the Mauriceville
plasmid reverse transcriptase (90), require a primer for DNA
synthesis. This requirement is seen across all classes of DNA
polymerases that are unrelated or only distantly related to each
other. In contrast, most known RNA polymerases, including
unrelated ones, do not seem to require priming. DNA poly-
merases evolved many different solutions to the priming prob-
lem rather than acquiring a primer-independent initiation
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mechanism. Our analysis of the AEPs and the RCREs suggests
that even the same fold was used in more than one way for
solving the priming problem. These observations suggest a
strong constraint against ‘invention’ of de novo initiation of
DNA synthesis which, perhaps, stems from fundamental
chemical differences between ribo- and deoxyribonucleotides,
rather than a frozen evolutionary accident. It is tempting to
speculate on the origin of priming in some more detail based
on the previously reported evolutionary relationships between
DNA polymerases and nucleotide cyclases (9,13,51). Even
though these protein folds also include RNA polymerases,
there seems to be a specific evolutionary relationship between
the respective DNA polymerases and nucleotide cyclases. This
suggests that the cyclases evolved from DNA polymerases
independently on multiple occasions. Combining this obser-
vation with the strict requirement for a primer, one might
speculate that DNA polymerases could be inefficient in initi-
ating DNA synthesis due, at least in part, to the competing
futile reaction of 3'—5’ nucleotide cyclization while using
deoxyribonucleotides. Given the tendency of diverse, unre-
lated RNA polymerases to initiate de novo strand synthesis,
it seems likely that this problem does not arise with ribonuc-
leotides. This might explain the requirement for RNA primers
for the initiation of DNA replication. This speculation is
potentially testable through experimental demonstration of a
cyclization reaction catalyzed by DNA polymerases.

In terms of specific evolutionary scenarios, previous recon-
structions of the genome and the replication apparatus of the
LUCA suggested that LUCA had the ability to synthesize
DNA but certain key components of the replication apparatus,
including the replicative polymerase, were missing. The
apparent presence of DNA and RNAse HII, which removes
primers during DNA replication, in LUCA suggests that it had
a mechanism for priming DNA synthesis (18). However, the
phyletic patterns of the cellular members of the AEP super-
family do not seem to indicate that this enzyme was present in
LUCA. Although LUCA might have had a DnaG-like protein,
the association of the archaeal version of this enzyme with the
exosome makes it an unlikely candidate for the ancestral pri-
mase (20). A simple proposal made previously is that LUCA
employed a reverse transcription step for DNA synthesis and
might have accordingly used tRNAs as primers (18). An
alternative to this scenario is that the DNA replication system
of LUCA was a purely DNA-based system as in modern cells.
This proposal posited that the difference in the replication
systems of the bacterial and archaeo-eukaryotic branches of
life arose as a result of non-orthologous displacement of cer-
tain components, such as the primases and DNA polymerases,
by proteins of phage provenance (19,91). In principle, this
proposal is consistent with the discovery of AEPs and
DnaG-type primases in numerous viruses and, in particular,
with the presence of the primase small subunit—primase large
subunit-MCM combination in phages and plasmids
(21,60,88). Furthermore, the functional equivalence of the
two types of primases in viral replicons and evidence of mul-
tiple displacements indicate that different types of DNA rep-
lication components are extensively mixed-and-matched in the
extra-chromosomal replicons. Nevertheless, there seem to be
arguments against such a scenario. In the present study, we
obtained indications that, both in eukaryotes and in proka-
ryotes, AEPs and other replication proteins were introduced

into the cellular genomes from viral or mobile extrachromo-
somal replicons on several independent occasions. However,
there is no evidence that Eukprim2 in eukaryotes or primases
of the AEP superfamily in bacteria ever displaced the main
replicative primase. The same observation holds true for the
DNA polymerases, DNA ligases, DNA clamps and replicative
helicases. Thus, the replication apparatus of cellular life forms
seems to be refractory to displacement from functionally equi-
valent exogenous proteins, presumably due to mutual fine-
tuning of individual components.

It appears plausible that there were several independent
transitions to entirely DNA-based genomes via the transitional
genomes involving the reverse transcription step. These par-
allel systems probably possessed different degrees of com-
plexity, and certain viral and plasmid replicons might be
models for the simpler systems that emerged in this period.
While multiple non-orthologous displacements probably
occurred in these DNA replication systems early on, after a
certain level of complexity was reached in some of them,
further displacements seem to have become unlikely if not
altogether prohibited. Two of these systems acquired consid-
erable complexity and became the precursors of the two prin-
cipal cellular systems observed today.

General conclusions

Our study of the AEP superfamily greatly expanded the known
diversity of AEPs and related proteins and revealed the unique
active site shared by all members of this superfamily. Using
contextual information provided by domain architectures and
genome contexts of members of the AEP superfamily, we
gleaned information regarding their functional associations
with other conserved modules in the replication system. An
interesting outcome of this investigation is the discovery of
multiple, independent associations of members of the AEP
superfamily with a variety of distinct ATPases that
appear to function as helicases in replication initiation. Fur-
thermore, we provide evidence for repeated in situ displace-
ment of DnaG and AEP primase by each other in the context of
the same polypeptide or operon. The discovery of the putative
primases of the NCLDV class of viruses, the unification of
these with the catalytic domain of the herpesvirus primases
and prediction of the complete set of residues comprising the
catalytic site of the latter seem to be of considerable import-
ance. These findings might help in understanding unexplored
aspects of the replication of these viruses and solving the long-
standing mystery of the priming of their DNA replication. The
discovery of the previously unnoticed, conserved eukaryotic
AEPs related to the viral primases suggests the existence of
novel DNA repair pathways. Similarly, the identification of
potential primase-coding transposons points to a novel trans-
position mechanism. Experimental investigation of these sys-
tems has the potential of opening new vistas in the
understanding of the crucial processes of DNA replication
and repair.

SUPPLEMENTARY MATERIAL

A list of gis of all members of the AEP superfamily will be
made available at ftp://ftp.ncbi.nih.gov/pub/aravind/.
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