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Highlights 
• Primases are part of the replisome, a flexible and highly dynamic multiprotein complex 

at the replication fork. 

• Initiation of primer synthesis requires binding of three substrates that yield the 

dinucleotide/template hybrid further elongated by the primase. 

• Substrate binding involves synergistic interactions on the non-catalytic domain as 

exemplified by an archaeal homolog.  

• Beside replicative functions, primases such as PrimPol are a key factor for genome 

stability. 

 

 

 

Abstract 
DNA replication in all forms of life relies upon the initiation of synthesis on a single strand 

template by formation of a short oligonucleotide primer, which is subsequently elongated by 

DNA polymerases. Two structurally distinct classes of enzymes have evolved to perform this 

function, namely the bacterial DnaG-type primases and the Archaeal and Eukaryotic primases 

(AEP). Structural and mechanistic insights have provided a clear understanding of the role of 

the different domains of these enzymes in the context of the replisome and recent work sheds 

light upon primase-substrate interactions. We herein review the emerging picture of the 
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primase mechanism on the basis of the structural knowledge obtained to date and propose 

future directions of this essential aspect of DNA replication. 

 

Introduction 

Before a cell divides, its DNA has to be faithfully replicated. Considering its speed, accuracy 

and importance for integrity of the genomic information, replication is a fascinating 

biomolecular mechanism carried out by a highly complex and orchestrated machinery involving 

dozens of proteins commonly referred to as the replisome. Replication proceeds semi-

conservatively: the double-stranded DNA is unwound and both ensuing single strands are 

replicated by specialized protein complexes. Although double-stranded DNA is per se 

symmetric, the symmetry is broken as soon as the replisome is assembled since DNA 

polymerases only proceed in 5’ to 3’ direction. Consequently, the leading strand can be 

replicated continuously by the action of a processive DNA polymerase whereas the lagging 

strand is replicated piecewise rendering the copying mechanism more complicated. 

Replicative DNA polymerases are not able to synthesize DNA de novo, instead requiring a 3’-

end that they can elongate by incorporating nucleotides cognate to the template strand [1].  

DNA primases, which are specialized RNA polymerases, can however initiate synthesis using 

a ssDNA template. Therefore, cooperation of the DNA primase and DNA polymerase is 

required. DNA primases synthesize with low fidelity a short RNA primer [2] that, after extension 

by the DNA polymerases, is specifically removed by additional enzymes acting on the lagging 

strand [3]. Cells use primases for the replication of the genetic material but priming can also 

be accomplished with proteins or tRNAs, for example in viral DNA replication [4].  

Although the basic organisation of DNA replication is universally conserved, the proteins of the 

replication machinery are not [5]. In fact, DNA helicases, primases and replicative polymerases 

differ between the bacterial and the archaeoeukaryotic replisomes. Bacterial cellular primases 

(DnaG) are structurally different from the heterodimeric archaeoeukaryotic primases, which 

consist of a small catalytic subunit (PriS) and a large accessory subunit (PriL). Although both 

types of primases perform the same reaction and share similar acidic catalytic residues in their 

active sites, they are comprised of two unrelated protein folds, namely the toprim fold (bacteria) 

and the RRM fold (archaea and eukayotes) [6,7]. 

DNA primases thus represent a clear example of convergent evolution. It is possible that the 

replication machinery may have emerged twice during evolution or that the transition from an 

RNA world to DNA occurred independently at least twice [8]. 

 

The bacterial cellular primase DnaG 
DnaG mainly acts on the lagging strand of the replication fork where it repeatedly initiates the 

synthesis of Okazaki fragments (Figure 1). The bacterial primase is closely associated with the 

bacterial replicative hexameric helicase DnaB. DnaB, a member of the helicase superfamily 4, 
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encircles the lagging strand and moves in 5’ to 3’ direction towards the double-stranded DNA 

fork [9]. The movement of the helicase and the ensuing unwinding is powered by ATP 

hydrolysis. Two subunits of the DnaB hexamer form the interface for one DnaG molecule, 

therefore three primase molecules are present at a bacterial replication fork (Figure 1A).  DnaG 

is organized in three domains, the N-terminal zinc-binding domain (ZBD), the central RNA 

polymerase domain (RPD) and the C-terminal helicase-binding domain (HBD). The role of the 

ZBD is to recognize the priming site, which is 5’-C(A/T)G [9]. The RPD carries the active site 

with three catalytic acidic residues that are exposed at a cleft in the center of the protein. This 

part of the proteins has structural similarity with the toprim fold, a region of ~100 amino acids 

found in topoisomerases [6]. The HBD anchors the primase at the hexameric ring of the 

helicase. The latter interaction is particularly important as DnaG is activated about 5000 fold 

when bound to DnaB [10]. Within the replisome, two DnaG molecules cooperate, one molecule 

binding the template at the trinucleotide priming site and the other catalysing primer synthesis 

[11]. 

A full-length structure of a bacterial primase is currently not available. The difficulty may lie in 

the highly dynamic and complex molecular assembly of this replisome, which might render the 

structural investigation of physiologically relevant substructures difficult. Only partial structures 

of bacterial primases have been determined (Figure 1C). Nevertheless, in several of these 

structures from different organisms, DnaG was bound to ssDNA template (M. tuberculosis, 

pdb: 5W35), to primer (M. tuberculosis, pdb: 5W36) and to a ribonucleotide (S. aureus, pdb: 

4EDG) [12–14]. Although the ZBD is thought to recognize the trinucleotide primase recognition 

site on the template strand, the template is mainly bound by the N-terminal part of the RPD. 

The Primer and the ribonucleotide are situated at the RPD active site cleft containing highly 

conserved acidic residues (Figure 1B). Helicase translocation and primer synthesis proceed in 

opposite directions (Figure 1A). Therefore, the helicase, which typically moves with a velocity 

of about 1000 nucleotides/s, would need to pause during primer synthesis or alternatively a 

priming loop would need to form between primase and helicase until primer synthesis is 

complete [9]. In either case, a flexible arrangement between the HBD and RPD is needed to 

accommodate the structural changes during primer synthesis since the primases remain 

anchored to the helicase. 

The replicative enzymes and the replisome of bacteriophages are similar to the bacterial 

replication system. The replication of the bacteriophage T7 has been thoroughly investigated 

in biochemical and structural studies. Recently, several cryo EM structures of the replisome 

revealed the architecture of the complete T7 replisome which encompass the leading strand 

DNA polymerase (gp5), the host processivity factor thioredoxin, the hexameric ring of gp4 

(helicase-primase) and two lagging-strand DNA polymerases (gp5) assembled onto a 

synthetic DNA fork substrate [15]. The substructure of the lagging strand replisome depicted 

in figure 2 demonstrates how the replicative helicase, the primase and the DNA polymerase 
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cooperate to ensure replication of the lagging strand. In particular, the ZBD contacting the 

primer recognition site of the template is in close contact to the DNA polymerase facilitating 

extension of the freshly synthesized primer. It can be envisioned that if the DNA polymerase 

remains attached to the helicase hexameric ring, single stranded DNA unwound by the 

helicase would form a loop ahead of the DNA polymerase until the Okazaki fragment is fully 

synthesized and released by the DNA polymerase. Possibly, an additional priming event could 

occur at the single-stranded loop before the Okazaki fragment is released by the DNA 

polymerase. Additional structural and functional studies are required to understand the 

dynamic interplay within the replisome and in particular the dynamics and conformational 

changes required for lagging strand replication.   
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Figure 1: Bacterial primase DnaG 
A: The bacterial replicative helicase DnaB (gray, G. stearothermophilus, pdb: 2R6C [16]) 
encircles the lagging strand of the replication fork and delivers single-stranded DNA to the 
primase DnaG, whose helicase binding domain (HBD) is shown orange. B: The bacterial 
primase initiates primer synthesis preferentially at specific trinucleotide sequences, which are 
recognized by the ZBD (cyan, A. aeolicus, pdb: 2AU3 [11], the zinc-sulfur cluster highlighted 
in yellow). Primer synthesis is catalyzed by the RNA polymerase domain (RPD, E. coli, pdb: 
3B39 [17] colored according to surface charge. The position of the primer and template DNA 
was derived from the structure of M. tuberculosis DnaG (pdb: 5W36 and 5W35 [14]).The inset 
shows the catalytic cleft of the M. tuberculosis DnaG with a dinucleotide primer and a strontium 
ion and two aspartate residues highlighted (pdb: 5W36). The primase HBD, colored orange 
(E. coli, pdb: 1T3W [18]), anchors the primase at the replicative helicase. The three domains 
of DnaG are flexibly tethered. Shown is the docking of ZBD to the RPD as found in the crystal 
structure of A. aeolicus. The position of HBD relative to RPD is undefined; the connecting 
flexible linker of ~20 amino acids is tentatively shown as a grey tube. C: Domain structure of 
E. coli DnaG. The wavy lines indicate regions of low sequence conservation and high flexibility. 
Below the domain organization, important partial structures of DnaG are depicted as horizontal 
lines. 
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Figure 2: The lagging strand T7 replisome 
Cryo-EM structure of the T7 replisome [15] bound to a short primer-template duplex mimicking 
the lagging strand of the replisome (white/yellow strands). The complex is composed of six 
copies of the helicase-primase gp4 and the DNA polymerase, representing a state following  
the hand-over of the primer from the primase active site to the DNA polymerase active site. 
Only two gp4 RPDs are visible in the structure; the remaining four RPDs and five ZBD of the 
gp4 hexamer as well as the complete template strand could not be resolved by the single-
particle analysis. 
 

 

The archaeoeukaryotic Primase PriSL 
Archaea and Eukaryotes share the basic architecture of the replisome whose main 

components are a hexameric replicative helicase (MCM, Minichromosome maitenance), a 

primase (PriSL, primase small and large subunit) together with replicative DNA polymerases 
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and the sliding clamp (PCNA, proliferating cell nuclear antigen). The replicative helicase of 

archaeoeukaryotes has reversed directionality compared to the bacterial helicase, encircling 

the leading strand of the replication fork as it moves in the 3’ – 5’ direction. Accordingly, the 

archaeoeukaryotic primase is not associated with the helicase. 

The DNA replication machinery in archaea is much less complex than in eukaryotes and 

therefore more amenable to detailed functional and structural studies, as exemplified by 

several key structures first determined in archaea [19,20]. The archaeoeukaryotic primase is 

a heterodimer composed of a small catalytic subunit (PriS) and a large accessory subunit 

(PriL). While it is long known that PriS carries the active site and is responsible for the chemical 

steps of nucleotide condensation, the contribution of PriL towards primer synthesis remained 

elusive until recent studies implicated it in initiation and termination of primer synthesis [21]. 

Whereas bacterial primases display sequence specificity, archaeoeukaryotic primases are 

thought to initiate primers regardless of the template sequence. There are exceptions, 

exemplified by an archaeal plasmid-encoded primase which strictly requires the trinucleotide 

5’-GTG in the template before starting priming [22]. We recently performed structural work on 

this unusual archaeoeukaryotic primase using solution-state and solid-state NMR in order to 

functionally understand this sequence specificity [23]. This demonstrated that in the absence 

of ATP, the GTG-containing DNA template is bound unspecifically by a small helix bundle 

domain (HBD) of the primase independent of the catalytic domain (Figure 3).  In the presence 

of ATP sequence-specific recognition of the trinucleotide GTG is achieved by the synergistic 

binding of the template and two molecules of ATP to the HBD [23]. Such sequence-specificity 

enhancement of a DNA binding protein triggered by ATP or other ligands is unprecedented. 

Furthermore, the structures also suggest that the two nucleotides substrates required for the 

initial step of the primer synthesis (di-nucleotide formation) might bind in the same nucleotide 

pockets. In this context, the HBD of the archaeoeukaryotic primases “prepares” priming by 

assembling the DNA templates and the two substrates in one complex [23]. The evolutionary 

conservation of this small HBD in archaeoeukaryotic primases (see Figure 4A) raises the 

question whether other archaeoeukaryotic primases really bind DNA template without 

sequence specificity 

In most archaea, the active primase is probably the heterodimer PriSL.  PriX, an additional 

subunit that was identified in Sulfolobus solfataricus, greatly stimulates the primase activity 

with both dNTPs and rNTPs, suggesting that the trimeric primase PriSLX may synthesize a 

mixed RNA/DNA primer [24]. Of note, homologs of PriX are present in other archaeal 

genomes, either as single proteins or fusion proteins with PriS.  

In eukaryotes, the heterodimer PriS-PriL (in Homo sapiens commonly named p49-p58) forms 

associates with DNA polymerase α (Polα, ~180 kDa) and its accessory subunit p70 (~70 kDa) 

to form the primosome. Atomic resolution structures of the entire Homo sapiens primosome 
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[25] as well as primosome subunits bound to various substrates [26] have been resolved 

(Figure 3), revealing the conformations relevant to the reaction mechanism. 

Similar to the bacterial primosome, the catalytic cycle of human primase demands a number 

of conformational changes for primer initiation, elongation, termination, and handover to Polα. 

The human primosome consists of a rather stable platform of four domains, namely PriS, the 

N-terminal domain (NTD) of PriL, the C-terminal domain (CTD) of Polα and the CTD of the p70 

accessory domain of Polα (Figure 3). Flexibly tethered to this platform are the CTD of PriL and 

the core of Polα as well as the NTD of p70 [25]. The flexible arrangement of these domains 

permits PriL-CTD to approach the active site of PriS. In this way, PriL-CTD is able to supply 

the initiating nucleotide and the template to the active site to initiate primer synthesis. The 

structure of the PriL-CTD bound to a primer-template duplex (pdb: 5F0Q) [25] , together with 

structures of the Sulfolobus PriSLX (pdb: 5OF3) [27] and plasmid-encoded primase pRN1 from 

Sulfolobus islandicus (pdb: 6GVT) [23] suggest that the substrates are not only initially 

delivered to the active site for dinucleotide synthesis but also that the 5’ triphosphorylated 

primer end (derived from the initiating nucleotide) remains bound to PriL-CTD during primer 

elongation. Accommodation of the growing primer, which forms a helical RNA-DNA 

heteroduplex with the template requires a rotational and translational movement between the 

active site of polymerization PriS (3’ primer end) and PriL-CTD (5’ primer end). Modeling this 

movement based on the structure of the human primosome suggest that a steric clash prevents 

further primer extension once the observed primer unit length of nine nucleotides is reached 

[25]. A similar model of primer termination has been proposed for the Sulfolobus solfataricus 

primase [27]. 

For the human primosome, the next step is the transfer of the primer-template duplex from the 

PriS active site to the Polα active site. Polα then extends the RNA primer by a stretch of about 

20 deoxynucleotides. Modeling suggests that the primer-template duplex remains bound to 

PriL-CTD and the 3’ primer end is transferred by the PriL-CTD between both active sites  [25]. 

Clearly, the conformational changes during primer synthesis require a highly dynamic 

arrangement of the primosome, which is likely to be supported by the linkers between the 

flexible domains and the platform (Figure 3). As flexibility has hindered its crystallographic 

analysis, cryo-EM may be a more promising approach to define the conformational changes 

occurring during the primer formation. Complementary to this approach, molecular details of 

the enzyme-substrate interactions could be revealed by NMR, as demonstrated for pRN1 

primase [23]. Further investigations are also needed to clarify the contribution of the 4Fe-4S 

cluster found in the PriL-CTD of eukaryotic primases and in many of the corresponding 

archaeal proteins. A switch of the iron oxidation state by charge transport along the DNA has 

been proposed to modulate the affinity of the PriL-CTD towards DNA [28,29]. Under reducing 

conditions, the affinity towards DNA is lowered, triggering primer handoff to Polα. However, 

this hypothesis has recently been challenged [30], warranting further investigation. 



10 

 

 

 

 

Figure 3: Conformational changes of the helical interface of the pRN1 primase upon 
nucleotide binding and of the human primosome during primer synthesis.  
A: The accessory domain of the pRN1 primase is able to bind template DNA and two 
nucleotides (pdb: 6GVT [23]). Without nucleotides, the template DNA is bound in a non-
sequence-specific manner (top). However, in the presence of ATP the nucleoprotein complex 
undergoes a major conformational change with the trinucleotide motif GTG (ball and stick 
representation) inserting in a grove (bottom). B: The human primosome (pdb: 5EXR [25], 
apoenzyme) is a heterotetramer composed of seven structural domains.[25]). Three domains 
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(gray) and PriS (colored according to surface charge) form a stable platform. Polα (cyan) and 
PriL-CTD (yellow) are flexibly tethered to the platform, allowing the PriL-CTD to transfer the 
template to the active site of PriS and the template/primer to Polα active site (not visible in the 
depicted orientation). The position of the elongating nucleotide (stick representation) in the 
active site of PriS and the position of triphosphorylated 5’ end of the primer (sticks 
representation) bound to  the interface of PriL-CTD and Polα have been modeled based on 
partial structures of the primosome (pdbs: 4BPW [26] & 5F0Q [25]). The inset shows the 
position of the elongating nucleotide in the active site of PriS relative to the two catalytically 
important aspartate residues as well as the catalytic histidine residue (pdb: 4BPW [26]). 
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Figure 4: Comparison of the domain architectures of archaeoeukaryotic primases 
A: Archaeoeukaryotic primases harbour a structurally conserved catalytic domain. The domain 
AE_Prim_S is found in human PrimPol (partial structures pdb 5L2X & 5N8A [31,32]), human 
primase (pdb: 5EXR [25]) and Sulfolobus solfataricus primase (pdb: 5OF3 [33]). In contrast 
the related domain Prim_Pol is present in the pRN1 replication protein (partial structure of the 
primase part, pdb: 3M1M [34]). Grey trapezoids indicate extent of structural similarity; the Z-
value refers to the quality of the structural alignment with DALI. Wavy lines indicate unordered 
or flexible parts of the proteins. B: Structural superposition of the catalytic core of these 
primases. Four conserved strands of the RRM fold are highlighted in green and their positions 
in the domain are indicated as green bars in panel A. Active site histidine and aspartate 
residues are shown in ball and stick representation together with the elongating nucleotide 
(based on the human PrimPol structure). C: The cellular primases from eukaryotes and 
archaea and the pRN1 replication protein have a helical interface, that likely prepares primer 
synthesis by binding template DNA and initiating nucleotide. Shown here is the superposition 
of these helical interfaces from the primase accessory domains. Highlighted in gray are the 
two helices of the binding interface for template and nucleotides. Template and two nucleotides 
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bound via their triphosphate moiety to the pRN1 primase are shown in magenta and the non-
hydrolyzable nucleotide cocrystallizing with PriX is coloured according to element. The 
positions of the two structurally conserved helices are also indicated as gray bars in the domain 
architecture. 
 

 

PrimPol 
Increasing understanding of the archaeoeukayotic primases (AEPs) reveals that homologues 

of these contribute to functions in nucleic acid metabolism beyond their classical role in priming 

the template strand for replication. An example of these functions are AEP related domains of 

bacterial LigD involved in non-homologous end joining (NHEJ) [35,36]. In 2013, a second 

eukaryotic primase in addition to the PriSL enzyme was discovered in H. sapiens and termed 

PrimPol as it possesses both polymerase and primase activity [37,38]. The PrimPol gene is 

present in all vertebrates but orthologues were also detected in worms and arthropods and 

even trypanosomatids [39]. Reflecting the functional diversity of AEPs, PrimPol plays a role in 

DNA damage tolerance rather than initiation of DNA replication. Due to its ability to carry out 

translesion synthesis and to bypass template lesions such as thymine dimers, PrimPol is 

important for re-priming and resolution of stalled replication forks [31,40,41]. Physiologically, 

PrimPol resolves stalled replication forks that occur if DNA lesions such as UV-induced 

cyclobutane thymine dimers and (6-4) thymine dimers obstruct the replisome function [42]. 

Unlike the PriSL primases, human PrimPol preferentially incorporates dNTPs. The enzyme 

comprises the N-terminal catalytic domain conserved with other AEPs and a C-terminal 

Herpes_UL52 domain which harbours a C-terminal CHC2 zinc finger motif (Figure 4A). A 

partial structure of the human enzyme bound to a primer-template duplex and an incoming 

dATP has been solved [31]. The structure reveals that priming and elongation in PrimPol follow 

the established catalytic mechanism involving two divalent cations [43]. Notably, the structure 

shows very few contacts between the protein and the primer, which may explain why de-novo 

synthesis can occur [31] but raises additional questions as to how denaturing of the nascent 

primer-template is prevented. The C-terminal zinc finger module has single-stranded DNA 

binding activity [44] and is required for the primase activity of PrimPol, but not for its 

polymerase activity, suggesting that the zinc finger may bind template and/or the 5'-terminus 

of the primer, analogous to the HBD (Figure 4C) in PriL and the pRN1 primase [31]. 

 

The minimal functional core of primases 
Although bacterial and archaeoeukaryotic primase adopt different structural folds to shape the 

primase active site, they both appear to follow a similar reaction mechanism as described for 

DNA polymerase [45]. Appropriately positioned acidic residues (see insets of Figure 1B and 

Figure 3B) bind two divalent cations that activate the 3’-OH group of the primer end and 

position the elongating nucleotide.  
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The unique and critical step of primer synthesis is the initial formation of a dinucleotide 

intermediate from the initiating and elongating nucleotides. To accomplish this reaction, the 

primase has to bind and position three substrates simultaneously: the template and both 

nucleotides. The core machinery of primer synthesis appears to be established by two 

relatively compact subdomains providing on the one hand the active site and on the other hand 

a substrate binding platform. In bacterial cellular primases, the N-terminal ZBD contributes to 

template binding but the elongating nucleotide and the primer 3’ OH are bound by the active 

site cleft of the RPD [12,14]. Likewise, the archaeoeukaryotic primase catalytic subunit (Figure 

4B) binds the primer-template duplex and the elongating nucleotide [31,33,46]. Moreover a 

helical interface (HBD, Figure 4C) provided by a distinct subunit (or a flexibly tethered 

accessory domain) assists in dinucleotide formation by providing binding sites for the template 

and the initiating nucleotide [23,25,33,47], and potentially also for the first elongating 

nucleotide [23].  

Clearly, further structural investigations are required to elucidate how dinucleotide formation 

occurs in bacterial and archaeoeukaryotic primases. Primases critically contribute to cellular 

DNA replication and their regulation and integration in this highly dynamic multiprotein 

machinery is mediated by additional domains. As structural knowledge of the conformational 

rearrangements within these protein-DNA complexes grows, a more detailed molecular picture 

of the process of DNA replication initiation will emerge. 
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