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INTRODUCTION

DNA replication is one of the most demanding of all biological processes, requiring multiple DNA polymerases. In addition to replicative
DNA polymerases for duplication of the leading and lagging DNA
strands (1–3), another group of specialized enzymes, the translesion
synthesis (TLS) polymerases (4), is required to bypass specific DNA
lesions or other barriers to replication. However, because DNA polymerases are incapable of de novo DNA synthesis, primases are required
to initiate DNA replication and maintain continuity of the replication
fork (5, 6). In humans, the PriS primase synthesizes a short RNA
primer on the leading and lagging DNA strands, which is then
extended with deoxynucleoside triphosphates (dNTPs) by the replicative
polymerases (7). Until very recently, DNA polymerase and primase
activities in human cells were considered the province of separate
enzymes. This changed markedly with the discovery of PrimPol in
human cells (8–10), which has both DNA polymerase and DNA/RNA
primase activities within the same enzyme.
PrimPol is only the second primase to be discovered in human
cells and is present in both nuclear and mitochondrial compartments
(8). Like PriS, it belongs to the so-called archaeo-eukaryotic primase
family of enzymes (11). However, unlike PriS, PrimPol has dual TLS
polymerase and primase activities that lend it the flexibility to bypass
DNA lesions via TLS as well as the capacity to “skip” DNA lesions and
initiate DNA synthesis de novo downstream of the lesion (8–10, 12, 13).
Intriguingly, PrimPol can reprime DNA synthesis using (and preferentially) dNTPs (8, 9), as opposed to NTPs used by most other primases
(5, 6), including PriS. PrimPol has emerged as a new type of DNA
damage tolerance enzyme, but a number of questions remain unanswered. First, how do the polymerase and primase activities coexist
within the same enzyme? Currently, there is no structure of human
PrimPol alone or in complex with a template-primer [only the structure
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of a distantly related archaeal enzyme in the apo form (14)]. Second,
what is the underlying mechanism of primer synthesis and TLS bypass?
Despite extensive effort over decades, there is still no structure of a primase catalytic domain in complex with a template-primer. Intriguingly,
almost all current models of primase action postulate the existence of
“initiation” and “elongation” dNTP/NTP binding sites on the catalytic
core for the formation of the initial dinucleotide of the primer (5, 6, 15, 16),
but structural information has been lacking. Third, why does the enzyme
prefer dNTPs over NTPs?
To address these prevailing questions, we present here the structure
of the catalytic core of human PrimPol in ternary complex with a
template-primer and an incoming nucleotide [deoxyadenosine triphosphate (dATP)]. The structure captures the PrimPol catalytic core
in the act of inserting a nucleotide opposite a DNA template and provides
the basis of TLS activity opposite ultraviolet (UV)–induced DNA lesions.
Strikingly, the structure reveals an almost complete lack of contacts to
the DNA primer strand, thus eliminating the need for a preexisting
primer. We define the long-sought initiation site of nucleotide
binding in a primase catalytic domain, which is essential for the formation of the initial dinucleotide. Together, the structure addresses
long-standing questions related to the mechanism of DNA primases
and how primase and polymerase activities are coordinated in a
single DNA damage tolerance enzyme.

RESULTS

Structure determination
The catalytic core of human PrimPol (residues 1 to 354) was cocrystallized with a 13-nucleotide (nt) primer (5′-GGGTGTGGTAGCGdd-3′)/
17-nt template (5′-CATCGCTACCACACCCC-3′) and dATP from a
mix containing Ca2+. The cocrystals diffract to 2.2 Å resolution with
synchrotron radiation (Advanced Photon Source) and belong to space
group P1 with unit cell dimensions of a = 50.72 Å, b = 65.21 Å, c = 72.46 Å,
a = 67.88°, b = 85.21°, and g = 86.64° (table S1). There are two PrimPolDNA-dATP ternary complexes in the crystallographic asymmetric unit.
The structure was solved by the single-wavelength anomalous diffraction (SAD) method, using x-ray data measured at the Se-K absorption
edge from two selenomethionine (SeMet) derivative crystal forms
belonging to space groups C2 and P21. The two ternary complexes
(A and B) in the crystallographic asymmetric unit are very similar in
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PrimPol is a novel human enzyme that contains both DNA primase and DNA polymerase activities. We present the
first structure of human PrimPol in ternary complex with a DNA template-primer and an incoming deoxynucleoside
triphosphate (dNTP). The ability of PrimPol to function as a DNA primase stems from a simple but remarkable
feature—almost complete lack of contacts to the DNA primer strand. This, in turn, allows two dNTPs to bind
initiation and elongation sites on the enzyme for the formation of the first dinucleotide. PrimPol shows the
ability to synthesize DNA opposite ultraviolet (UV) lesions; however, unexpectedly, the active-site cleft of the
enzyme is constrained, which precludes the bypass of UV-induced DNA lesions by conventional translesion synthesis.
Together, the structure addresses long-standing questions about how DNA primases actually initiate synthesis and
how primase and polymerase activities combine in a single enzyme to carry out DNA synthesis.
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structure (for example, root mean square deviation of ~0.41 Å over
249 Cas), except for residues 1 to 17, which could be traced as an a
helix in complex A but are apparently disordered in complex B. The
final refined model (Rfree, 25.4%; Rwork, 20.9%) consists of two PrimPol
molecules (A, residues 1 to 17, 35 to 200, and 261 to 348; B, residues 35
to 200 and 261 to 348), two DNA templates (A, 12 nt; B, 8 nt), two DNA
primers (A, 7 nt; B, 8 nt), two dATP molecules, two calcium ions, and a
total of 98 solvent molecules (table S1). We describe below the structure
corresponding to ternary complex A.

Fig. 1. Overall structure of human PrimPol ternary complex with templateprimer DNA and incoming dATP. The N-helix and modules ModN and ModC are
shown in cartoon representation in dark blue, yellow, and cyan, respectively. The
DNA is shown as gray sticks, and the Ca2+ ion is shown as a light blue sphere. The
templating base T and the incoming dATP are shown in red. Yellow and cyan
dashed lines depict unstructured regions in the ModN and ModC, respectively.
The side chains of key catalytic active-site residues Asp114, Glu116, and Asp280
are highlighted in red. Secondary structure elements (a helices and b strands)
are labeled in black.
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Nucleotide incorporation
The template T makes standard Watson-Crick (WC) hydrogen bonds
with incoming dATP (Figs. 1 and 2A), in accord with the ~1000-fold bias
toward correct versus incorrect WC base pairing (8). The dATP triphosphate moiety lies in a depression on the ModC surface, with residues
Lys165, Ser167, and His169 from motif II and Arg291 and Lys297 from motif III, making direct hydrogen bonds with the phosphate groups (Fig.
2A and fig. S3). These residues are conserved in PrimPol homologs (fig.
S1), and mutation of His169 has been previously shown to diminish the
polymerase and primase activities of human PrimPol (10). The dATP
sugar lies flush against the main-chain atoms of residues 289 to 291
and is buttressed in this position by a hydrogen bond between its 3′
hydroxyl and the main-chain amide of Arg291 and a hydrogen bond
between its O4′ atom and the side chain of Arg288 (Fig. 2B). The close
approach between the dATP sugar and main-chain atoms of residues
289 to 291 may explain the atypical preference of human PrimPol for
dNTP over NTP (8, 9). When we model ATP in place of dATP, the 2′
hydroxyl of ATP ribose sterically clashes with the Asn289 main-chain
carbonyl (Fig. 2B). Human PrimPol can incorporate NTPs (at a lower
efficiency) (8–10, 23), but it would require a significant rearrangement
of residues 289 to 291 and/or the sugar moiety.
The acidic catalytic residues Asp114, Glu116, and Asp280 are clustered
between the dATP triphosphate moiety and the primer terminus (Fig. 2,
A and B). A Ca2+ ion occupies a position corresponding to “metal B” in
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Downloaded from http://advances.sciencemag.org/ on October 23, 2019

Overall structure
The PrimPol catalytic core enfolds the replicative end of the templateprimer in a cavity lined by the antiparallel b sheets of two a/b modules,
referred hereafter as ModN and ModC (Fig. 1 and fig. S1). ModN
(residues 35 to 105; a2, a3, and b1 to b4) interacts primarily with
the template DNA strand and the templating base (T), whereas ModC
(residues 108 to 200 and 261 to 348; a4 to a6 and b5 to b13) harbors
residues for catalysis and interactions with incoming nucleotide
(dATP), as well as contacts with the template strand (Fig. 1). Notably,
the primer DNA strand is almost completely devoid of protein contacts
(described below).

An N-terminal helix (N-helix; residues 1 to 17) connects to ModN
via a long, flexible linker (residues 18 to 34) and juts into the DNA major
groove (Fig. 1). The flexibility of the linker is indicated by the lack of
density for this region in the electron density map. Residues 201 to
260, connecting helix a5 and strand b9 in ModC, are also undefined in
the electron density map. This segment is most variable in sequence and
length among PrimPol homologs and predicted to be largely unstructured (fig. S1). It may serve as a scaffold to recruit other components of the replication machinery.
The PrimPol catalytic core has been described as containing three
conserved sequence motifs (I, II, and III) (8, 9), wherein motifs I
(DxE) and III (hDh) contain the acidic catalytic residues, and motif II
(SxH) contains the incoming nucleotide binding motif. Accordingly,
mutagenesis of Asp114 and Glu116 in motif I and His169 in motif II
has been shown to abrogate the polymerase and primase activities of
human PrimPol (8–10). All three motifs are located within ModC.
However, motif III is much more extended in sequence and structure
than previously predicted, containing not only an acidic catalytic
residue (Asp280) but also conserved residues that interact with the
template strand and the incoming nucleotide (Fig. 1 and fig. S1). Here,
we also highlight two new motifs, Ia (RQ) and Ib (QRhY/F), in ModN
that harbor most of the residues that interact with the template strand.
The classical DNA polymerase fold has been likened to a partially
open right hand with palm, fingers, and thumb domains (17–19),
wherein the palm domain contains the active site, the finger domain
interacts with the nascent base pair, and the thumb domain enfolds the
duplex portion of the template-primer. The human PrimPol catalytic
core does not bear any obvious resemblance to a polymerase fold
(fig. S2). There is no thumb domain to grip the template-primer, and
ModC encompasses functions of both the finger and palm domains in
containing the active site and interacting with the nascent T-dATP base
pair (Fig. 1 and fig. S2). The N-helix is spatially related to the polymeraseassociated domain (PAD) in Y-family polymerases but makes far fewer
contacts in the major groove (fig. S2) (20–22).
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polymerases (24), coordinated via all three phosphates of dATP, the carboxylates of Asp114 and Glu116, and a water molecule (Fig. 2, A and B).
There is no density for a Ca2+ ion at a position corresponding to “metal
A” in replicative or TLS polymerases, which likely reflects the fact that
the primer in our structure contains a dideoxy terminus and that metal
A tends to be much more labile than metal B (25). Nonetheless, the
putative 3′ hydroxyl in our structure is located ~3.3 Å from the dATP
a-phosphate and is aligned with respect to the Pa-O3′ bond (at an angle
of ~150°) for an in-line nucleophilic attack, leading to the incorporation
of A opposite template T (Fig. 2, A and B).
The ability of human PrimPol to function as a
TLS polymerase
Human PrimPol has been shown to bypass UV- and oxidative-damaged
DNA templates (8, 9, 13). Accordingly, we expected the active-site cleft
Rechkoblit et al. Sci. Adv. 2016; 2 : e1601317
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Fig. 3. PrimPol lacks space in its active-site cleft to accommodate UV-induced
DNA lesions. (A) Structure of the yeast Polh inserting dATP opposite the 3′ base of
the cis-syn thymine dimer in the template strand [Protein Data Bank (PDB) ID: 3MFI]
(21). The fingers, palm, and PAD domains of Polh are colored yellow, cyan, and
green, respectively; DNA is in gray, dATP is in red, and the cis-syn thymine dimer
is in orange. This structure reveals an enlarged active site that accommodates the
two covalently linked thymine bases. (B) Model of PrimPol with a CPD T-T dimer.
The model is derived upon a superposition of PrimPol and yPolh (PDB ID: 3MFI) by the
key active-site residues. The 5′ base of the CPD T-T dimer severely collides with
the backbone atoms of Gly74, Gln75, and Arg76 of the PrimPol’s ModN. The N-helix,
ModN, and ModC subdomain residues are shown in dark blue, yellow, and cyan,
respectively. (C) Model of PrimPol with a (6–4) pyrimidine-pyrimidone T-T dimer.
This model has been produced by a superposition of the undamaged portion of
the (6–4) T-T–containing DNA duplex (PDB ID: 1CFL) (43) to the DNA in the PrimPol
active site. The 5′ base of the (6–4) T-T dimer severely collides with the backbone
atoms of Asp73, Gly74, Gln75, and Arg76 of the PrimPol’s ModN.

of PrimPol to be “open” in the same manner as TLS polymerase Polh,
which can efficiently replicate through UV-induced cyclobutane pyrimidine dimers (CPDs) and oxidative 8-oxoguanine DNA damage (Fig.
3A and fig. S2) (21, 22, 26). Unexpectedly, the PrimPol active-site cleft
is relatively constrained with respect to the templating base (Fig. 1). In
particular, residues 74 to 76, in a loop between strands b2 and b3 in
ModN, bear down on the templating base, with the side chain of
3 of 7
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Fig. 2. PrimPol active-site region. (A) Close-up view of the PrimPol active-site
region. The N-helix and the modules ModN and ModC are shown in dark blue,
yellow, and cyan, respectively. The DNA is colored gray, the templating base and
the incoming dATP are in red, and the Ca2+ ion is in light blue. The key catalytic
residues (Asp114, Glu116, and Asp280), the residues contacting the incoming dATP
(Lys165, Ser167, His169, Arg288, Asn289, Phe290, Arg291, and Lys297), the templating
base (Gly74, Gln75, and Arg76), and the rest of the template strand (Lys10, His46,
and Arg47) are shown in sticks and with oxygen atoms in bright red and nitrogen
atoms in blue. (B) Details of PrimPol interactions with dATP. The 3′-OH of the
dATP forms a hydrogen bond with the backbone amino group of Arg 291 .
Modeling of ATP (2′-OH shown in black) indicates an unfavorable clash between
2′-OH and the backbone carboxyl oxygen of Asn289.
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The ability of human PrimPol to function as a primase
Inherent to primer synthesis are long-standing ideas that (i) binding of a
primase to a template should not depend on a preexisting primer and
(ii) the primase catalytic core should contain two distinct nucleotide
binding sites, so-called initiation and elongation sites, for the formation
of the initial dinucleotide (5, 6). The primer DNA strand in our structure
is almost completely devoid of protein contacts (Fig. 1). One reason for
the lack of contacts is the absence of a thumb domain in PrimPol, which,
in replicative and TLS polymerases, makes many contacts with the
primer strand (fig. S3). Consequently, only ~90 Å2 solvent accessible
surface area is buried at the PrimPol-primer interface, as compared to
~683 Å2 in the replicative Pold-primer interface and ~475 Å2 in the TLS
Polh-primer interface (21, 27).
From the structure, we define for the first time the nucleotide
initiation site in a primase catalytic core. The incoming dATP is at the
elongation site of a primase, whereas the nucleotide at the 3′ end of the
primer strand is at the initiation site (Fig. 4). We can model b- and
g-phosphates on the primer 3′ nucleotide to provide the closest picture
yet of how two initial nucleotide triphosphates would be bound to a
primase catalytic core to initiate de novo DNA synthesis (Fig. 4). The
putative b- and g-phosphates extend over to strands b9 and b10 in
ModC but do not partake in hydrogen bonds with the nearest residues
(Fig. 4). Thus, one reason why it has proved so difficult to capture a
nucleotide at the initiation site of a primase (from soaking experiments)
appears to be the inherent weak binding to this site.
The ability of human PrimPol to function as both a primase
and a polymerase
A comparison of human PrimPol and PriS catalytic cores provides some
insights into the ability of PrimPol to function as both a polymerase and
a primase. Despite the low sequence identity (<15%), the catalytic cores
of the two enzymes can be structurally aligned (fig. S4) (16). Many of the
residues identified as important for catalysis and interaction with dNTP
in PrimPol have counterparts in PriS. For example, the catalytic residues
Asp114, Glu116, and Asp280 in PrimPol are related to Asp109, Asp111, and
Asp306 in PriS, and residues Lys165, Ser167, His169, Arg288, and Arg291
that secure dNTP in the PrimPol active site are related to Arg163,
Ser160, His166, His315, and Lys318 in PriS (16). The two catalytic cores
Rechkoblit et al. Sci. Adv. 2016; 2 : e1601317
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Fig. 4. PrimPol has room for dNTP at the initiation site. (A) A dNTP can be
modeled at the initiation site (the oxygen atoms are colored bright red and the phosphorus atoms are in orange) without any clashes. This initiating dNTP becomes the
5′ end of the primer. To model the dNTP, we superimposed the base and sugar
moieties of dATP on the base and sugar moieties of the 3′-terminal primer base
(gray sticks). Thus, a phosphodiester bond between the incoming dNTP at the elongation
site and the “initiating” dNTP can be formed to produce a primer strand with a terminal
5′-triphosphate. (B) A triphosphate of the initiating dNTP does not collide with any
residues of PrimPol’s ModC.

diverge primarily over the ModN and N-helix regions that carry most
of the residues that interact with template strand in PrimPol (Fig. 5 and
fig. S1). For example, invariant Lys10 (N-helix), Arg47 (motif Ia), and
Gln75 (motif Ib) make direct hydrogen bonds with successive phosphates
on the template strand, whereas Arg76 and Tyr78 on motif Ib make
van der Waals contacts with the template base and sugar moiety (Fig. 5). By
contrast, there is no equivalent of N-helix in PriS and only weak correspondence to motifs Ia and Ib. Together, it is feasible that these conserved
residues that latch human PrimPol onto the template strand provide the
necessary hold for polymerase activity. Intriguingly, this is a smaller
“footprint” on the template strand than with most other polymerases
and may underlie the highly distributive nature of PrimPol, whereby it
adds only ~4 nt before dissociating (28).

DISCUSSION

An unavoidable aspect of life is the threat posed by external and internal
DNA damaging agents to the integrity of genomic DNA. Although a
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Arg76 draped over the base (Fig. 2A). This prevents the next 5′ nucleotide
from stacking above the templating base and, consequently, only templating base T is held in the active-site cleft, whereas the rest of the 5′ unpaired
template strand is directed out of the active-site cleft (with the 5′ unpaired
nucleotide stabilized via stacking interactions with His46 from the newly
ascribed motif Ia) (Fig. 2A). Accordingly, when we model the 3′T of a
UV-induced cis-syn T-T dimer at the templating position in the PrimPol
active-site cleft (Fig. 3B), the 5′T of the T-T dimer (covalently linked to
the 3′T by a cyclobutane ring) overlaps with Gly74 and the side chain of
Arg76. This may explain why human PrimPol in some experiments only
extends a primer when nucleotides have already been incorporated
opposite a cis-syn T-T dimer (9). Perhaps most surprising is the finding
that human PrimPol can insert a T opposite the 3′T of a UV-induced
(6–4) T-T photoproduct (9, 13). A (6–4) T-T photoproduct is much
more distorted than a cis-syn T-T dimer, and when we model the 3′T
photoproduct at the templating position (Fig. 3C), the 5′T (covalently
linked to the 3′T via a single C6–C4 bond) again sterically overlaps with
Gly74 and Arg76. It is conceivable that PrimPol bypasses the (6–4) T-T
photoproduct and other bulky DNA lesions by looping them out (23),
possibly in the space between ModN and N-helix.
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variety of repair mechanisms exist to remove the resulting DNA lesions,
some lesions escape repair and block the replication machinery. One
solution to maintain continuity of the replication fork is TLS, whereby
a specialized polymerase(s) is recruited to bypass the lesion. Another
solution is to skip the lesion altogether and reprime DNA synthesis
downstream of the lesion. Both of these seemingly disparate activities
are embodied in PrimPol in human cells. Here, we present the first
crystal structure of PrimPol in complex with its DNA and incoming
nucleotide substrates. The structure is also the first, to our knowledge,
of a primase catalytic core in association with a template-primer.
PrimPol plays a prominent role in the bypass of UV-induced DNA
adducts, such as a cis-syn T-T dimer and a (6–4) T-T photoproduct (9, 13),
as well as in the bypass of 8-oxoguanine resulting from oxidative stress (8).
The ability of PrimPol to bypass the distorted (6–4) T-T photoproduct
suggested that its active-site cleft might be exceptionally spacious, perhaps
even more so than in Polh, which can readily bypass a cis-syn T-T dimer
but is partially inhibited by a (6–4) T-T photoproduct (29, 30). Surprisingly,
the PrimPol active-site cleft is constrained with respect to the templating base. Hence, it is easy to see how the PrimPol can bypass a small
8-oxoguanine type lesion, but not so easy to see how it can accommodate
a cis-syn T-T dimer or a (6–4) T-T photoproduct. It is possible that
PrimPol uses a different mechanism to bypass a (6–4) T-T photoproduct
or another bulky DNA lesion, whereby it loops it out in the space between ModN and N-helix, with the linker in between (residues 18 to 34)
possibly stabilizing the displaced lesion.
The repriming of DNA synthesis to rescue a stalled replication fork
is well established in prokaryotes and eukaryotes (31–33), but the enzyme
responsible for it in human cells has remained unclear. PrimPol has
emerged as perhaps the best candidate, which is capable of repriming
DNA synthesis downstream of DNA lesions or other obstructions
(8–10, 13, 34). The fact that PrimPol can reprime with dNTPs also
minimizes the amount of subsequent RNA processing to complete the
replication cycle. From the structure, we highlight two key features that
lend to the ability of PrimPol to initiate de novo DNA synthesis. First,
we note an almost complete lack of contacts to the DNA primer strand,
Rechkoblit et al. Sci. Adv. 2016; 2 : e1601317
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MATERIALS AND METHODS

Cloning, expression, and purification of
recombinant proteins
Human PrimPol catalytic domain (residues 1 to 354) was expressed
in Saccharomyces cerevisiae as an N-terminally tagged glutathione
S-transferase (GST) fusion protein and then purified as described for
Polh (20). Briefly, the yeast cell pellets were lysed, and the proteins
were precipitated by ammonium sulfate, resuspended, and loaded onto
a glutathione-Sepharose column. The GST tag was cleaved on-column
with PreScission protease, and the resulting PrimPol protein (carrying
an extra GPGGDPH peptide on its N terminus due to the expression
construct design) was further purified by sequential chromatography
on HiTrap Heparin and Superdex 75 columns (GE Healthcare). The
protein was concentrated to ~35 mg/ml in 25 mM tris (pH 7.5), 250 mM
NaCl, and 2 mM tris(2-carboxyethyl) phosphate (TCEP) and stored
in aliquots at −80°C.
For the expression of SeMet-labeled PrimPol (residues 1 to 354),
a codon-optimized gene sequence was synthesized (GenScript) and
inserted into a modified pET28b(+) vector (Novagen) to produce
His6-SUMO (small ubiquitin-like modifier) N-terminally tagged fusion
protein. In addition, to increase the number of methionines, a triple
Leu97Met Leu250Met Ile315Met mutant was generated by site-directed
mutagenesis from the template plasmid (GenScript). The clones
were transformed into Escherichia coli BL21 (DE3) codon Plus RIL
5 of 7
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Fig. 5. PrimPol interactions with the template strand. The N-helix, ModN, and
ModC residues are shown in dark blue, yellow, and cyan, respectively. The DNA is
colored gray, and the templating base T3 is in red. The oxygen atoms of the
backbone phosphate groups and O4′ of sugars are highlighted in bright red.

making PrimPol much less dependent on a preexisting primer to initiate
DNA synthesis. Second, we identify for the first time a site on the catalytic
core where the initiating dNTP (or NTP) would bind. Almost all current
models of primase action postulate two dNTP/NTP binding sites on the
catalytic core, initiation and elongation, for the formation of the initial
dinucleotide (5, 6, 15, 16). The first dNTP/NTP is proposed to bind the
elongation site followed by a second dNTP/NTP to the initiation site,
with the initiating nucleotide triphosphate eventually becoming the
5′ end of the primer (35). The elongation nucleotide in our structure is
held much more tightly to the enzyme than to the initiation nucleotide,
which may dictate the order of nucleotide binding.
Although PrimPol uses the same active site for polymerase and primase activities, the catalytic core by itself is sufficient for polymerase
activity but not for primase activity. The primase activity requires a zinc
finger module (Znf; residues ~372 to 487), which is located C-terminal
to the catalytic core and is shown capable of binding to single-stranded
DNA (28). Hence, Znf may provide an additional grip on the template
during the formation of the initial dinucleotide. Alternatively, Znf may
function in a manner analogous to the Fe-S domain in PriL, a regulatory
subunit that acts in association with PriS. A recent crystal structure of
the Fe-S domain shows that it interacts with a nucleotide triphosphate
that would be at the 5′ end of a growing primer (36). Thus, Znf could
also act as a “translocation” site to capture the initiating nucleotide
triphosphate following its translocation from the active site. In which case,
it could offer a simple means to “count” the primer length, whereby
once the primer has grown to a certain length, the initiating nucleotide
triphosphate at the 5′ end of the primer may no longer be able to reach
and bind Znf.
In conclusion, we present here the first structure of the catalytic core
of human PrimPol in the act of inserting a nucleotide opposite a DNA
template. We uncover structural features that afford PrimPol the ability
to function as both a TLS polymerase and a DNA primase in maintaining
genomic integrity.
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(Stratagene). The cells were grown in M9 minimal medium at 37°C and
induced by the addition of 1 mM isopropyl-b-D-1-thiogalactopyranoside
in the presence of a cocktail of inhibitory amino acids and SeMet
according to the manufacturer’s specifications (Shanghai Medicilon
Inc.). Induction was performed at 18°C overnight. The bacterial cells were
pelleted, resuspended, and lysed by sonication. The proteins were purified
from the soluble fraction by a nickel-chelating affinity column, followed
by cleavage of the His6-SUMO tag with Ulp1 protease. An additional
pass through HisTrap High Performance was performed to bind the
cleaved His6-SUMO tag. The SeMet-labeled proteins were further purified
as described for the native protein. SeMet incorporation was verified by
mass spectrometry.

Crystallization, data collection, and structure determination
Initial crystallization conditions for the native and SeMet-labeled
PrimPol (residues 1 to 354)–DNA–dNTP ternary complexes were
determined with matrix screens (Hampton Research and Qiagen).
Template-primer DNAs were annealed and mixed with PrimPol in a
1.2:1 molar ratio to a final concentration of 0.3 mM in 25 mM tris
(pH 7.5), 155 mM NaCl, 1.5 mM TCEP, 12 mM MgCl2, and 7 mM
dATP or nonhydrolyzable dApNHpp analog (Jena Bioscience). The
complexes were incubated at room temperature for 5 min and then
centrifuged at 10,000 rpm for 10 min at 4°C. The crystals were grown
at 20°C by a hanging drop method against a reservoir solution
containing 200 mM CaCl2 (for native PrimPol) or 300 mM NaSCN
(for SeMet-labeled proteins) and 17 to 23% PEG 3350. The rod-like
crystals appeared in 1 to 3 weeks; microseeding was required in some
conditions to produce crystals up to ~0.2 mm in length. For data
collection, crystals were cryoprotected stepwise in reservoir solution
supplemented with 24% PEG 3350 and 10% and then 20% glycerol
and flash-frozen in liquid nitrogen.
X-ray data on the native and SeMet-labeled PrimPol-DNA-dNTP
cocrystals were measured at the Advanced Photon Source in Chicago
(beamlines 24-ID and 23-ID). The data sets were processed using XDS
(37), iMosflm (38), and aimless and pointless in the CCP4 program
package (39). The native crystals diffracted to ~2.2 Å resolution and
belonged to space group P1, whereas the SeMet crystals diffracted
to ~3 to 3.5 Å resolution and belonged to space groups C2 and P21
(table S1). The P1 and P21 crystals contained two PrimPol-DNA-dNTP
ternary complexes in the crystallographic asymmetric unit, whereas the
C2 crystals contained only one complex. To calculate experimental
phases for structure determination, we used SAD data measured at
Se-K absorption edge (~0.9791 Å) on both forms of SeMet crystals
(C2 and P21). The phases were calculated with program SHARP (40),
and the density-modified, noncrystallographic symmetry–averaged
maps were calculated using the program DM (39). The experimental
maps showed reasonably clear electron density for most regions of
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fig. S1. Structure-based sequence alignment of the catalytic core domains of human, mouse,
gecko, and zebrafish PrimPols.
fig. S2. Overall structures of PrimPol and yPolh ternary complexes with template-primer DNA
and dNTP.
fig. S3. Simulated annealing Fo-Fc omit map for dATP, templating base T3, and Ca2+ residues
within the PrimPol active-site region.
fig. S4. Overall structures of human PrimPol-DNA-dNTP complex and human primase PriS
complex with uridine triphosphate.
table S1. Crystallographic parameters and refinement statistics.
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