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Abstract

PrimPol is the most recently discovered humanDNA polymerase/primase and plays an emerging role in nuclear
and mitochondrial genomic maintenance. As a member of archaeo-eukaryotic primase superfamily enzymes,
PrimPol possesses DNA polymerase and primase activities that are important for replication fork progression
in vitro and in cellulo. The enzymatic activities of PrimPol are critically dependent on the nucleotidyl-transfer
reaction to incorporate deoxyribonucleotides successively; however, our knowledge concerning the kinetic
mechanism of the reaction remains incomplete. Using enzyme kinetic analyses and computer simulations, we
dissected the mechanism by which PrimPol transfers a nucleotide to a primer-template DNA, which comprises
DNA binding, conformational transition, nucleotide binding, phosphoester bond formation, and dissociation
steps. We obtained the rate constants of the steps by steady-state and pre-steady-state kinetic analyses and
simulations. Our data demonstrate that the rate-limiting step of PrimPol-catalyzed DNA elongation depends on
the metal cofactor involved. In the presence of Mn2+, a conformational transition step from non-productive to
productive PrimPol:DNA complexes limits the enzymatic turnover, whereas in the presence of Mg2+, the
chemical step becomes rate limiting. As evidenced from our kinetic and simulation data, PrimPol maintains the
same kinetic mechanism under either millimolar or physiological micromolar Mn2+ concentration. Our study
revealed the underlyingmechanismbywhichPrimPol catalyzes nucleotide incorporationwith two commonmetal
cofactors and provides a kinetic basis for further understanding the regulatory mechanism of this functionally
diverse primase-polymerase.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Complete and accurate genome duplication is
essential for passing on genetic information to the
next-generation cells. Unfortunately, DNA lesions or
non-canonical DNA structures constantly challenge
DNA replication [1,2]. The stressed replication can be
rescued by one or more of the following mechanisms:
(i) DNA damage avoidance [3], (ii) specialized
DNA polymerases (pols) copying past the obstructive
DNA structures, and (iii) replication restart after the
roadblock [4,5]. The lesion bypass (also known as
translesion synthesis) is coordinated by specialized
DNA polymerases and accessory proteins, and
can occur at the fork or post-replicatively [6–11].
The enzyme involved in the replication reinitiation
r Ltd. All rights reserved.
process in eukaryotes was unknown until the recent
discovery of a bifunctional primase-polymerase,
PrimPol [12–16].
PrimPol belongs to the archaeo-eukaryotic primase

(AEP) superfamily enzymes. The homologs of human
PrimPol are present in many eukaryotic organisms,
such as animals, plants, fungi, and protists, but is
absent in organisms, suchasDrosophilamelanogaster,
Caenorhabditis elegans, and Saccharomyces
cerevisiae [13,17,18]. PrimPol is the second AEP
superfamily enzyme found in humans, aside from the
pol α-associated DNA primase subunit, Prim1 or p49.
PrimPol is a versatile enzyme that can catalyze de
novo DNA synthesis or lesion bypass using dNTPs
substrates [12,13,15,16]. The primase activity of
PrimPol is important for rescuing the stalled DNA
Journal of Molecular Biology (2019) 431, 673–686
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replication in vitro and in cellulo [13,15,16,19,20].
In avian DT40 cells, PrimPol-mediated re-priming is
required to tolerate chain-terminating nucleotide
analogs, replication-blocking DNA lesions [21],
or structural impediments like G-quadruplexes
[19]. PrimPol can also contribute to mitochondrial
DNA maintenance by restarting the stressed
mitochondrial DNA replication or repriming from
nonconventional origins [13,20]. Furthermore,
PrimPol exerts anti-mutagenic activities on the leading
strand during somatic hypermutation in mouse,
presumably via its primase activity [22]. Although
the biological importance of its translesion synthesis
polymerase activity remains to be established,
PrimPol can perform low-fidelity DNA synthesis
across several DNA lesions in vitro [12,13,23].
Collectively, this body of research underscores
the importance of PrimPol for both nuclear and
mitochondrial DNA maintenance particularly under
stressed conditions.
PrimPol is a 560-amino-acid protein that has an

N-terminal AEP-like catalytic domain and aC-terminal
zinc finger domain. The catalytic domain is responsi-
ble for the nucleotidyl transferase activity of PrimPol,
and the zinc finger domain facilitates the binding and
selection of the 5′-nucleotide of the newly synthesized
primer and the recognition of preferred initiation sites
[24]. The C-terminal domain also includes crucial
motifs that interact with replication protein A (RPA)
[25]. Structural data have revealed that the catalytic
domain of PrimPol (residues 1–354) comprises
N-helix, module N (residues 35 to 105), and module
C (residues 108 to 200 and 261 to 348) regions
connected by flexible linkers [26]. The module C
region contains active site residues and encom-
passes the functions of both the finger and palm
domains of other DNA polymerases. The module N
and N-helix regions interact with the template strand
but exhibit fewer contacts relative to most other DNA
polymerases. Notably, PrimPol has almost no contact
with the DNA primer strand, in contrast with the thumb
domain of other DNA polymerases gripping the
primer. The lack of interactions with the primer strand
corroborates PrimPol's distributive property and its
ability to synthesize DNA without an existing primer.
Together, the unique structural features suggest that
PrimPol may employ an unconventional mechanism
for DNA polymerization.
The kinetic mechanism which by PrimPol catalyzes

the nucleotidyl-transfer reaction remains an important
unanswered question. Although partial kinetic charac-
terizations have been reported [23,27,28], a complete
kinetic pathway of PrimPol-mediated DNA elongation
and the rate-limiting step(s) of the reaction are
unknown. Such information is not only fundamental
for further understanding the enzymatic activities of
PrimPol and other primase-polymerases, but also
useful for exploring novel approaches to modulate
PrimPol's activities for biotechnological or therapeutic
applications [25,29,30]. In this study, we conducted
in-depth kinetic analyses and computer simulations
to dissect the elemental steps of PrimPol's DNA
polymerase activity. Our data demonstrate that
the enzymatic turnover of PrimPol is limited by
the chemical step in the presence of Mg2+ or a
conformational transition step in the presence of
Mn2+. We constructed a minimal kinetic model and
obtained the rate constants of the encompassing
steps by enzyme kinetic analyses and simulations.
Together, our study provides mechanistic insight
into the kinetic basis for PrimPol and suggest a critical
role of divalent metal ions in regulating PrimPol's
catalytic properties.
Results

Optimization of assay conditions

First, we assessed the DNA binding activity of the
recombinant PrimPol by determining its equilibrium
dissociation constant (Kd,DNA) using a 13/28-mer
primer-template DNA substrate (hereinafter referred
to asDNA; sequenceshown inTableS1). TheKd,DNA is
145 (± 27) nM in the presence of 2 mM Mn2+ (Fig. 1a)
and 1050 (± 110) nM in the presence of 5 mM Mg2+

(Fig. S2C) from fluorescence polarization experiments.
The Kd,DNA values obtained without metal cofactors or
with 20 μM Mn2+ are comparable to the Kd,DNA under
2 mM Mn2+ (Fig. S2A and B), suggesting that it is the
identity of the cofactor (Mn2+ versusMg2+) rather than
its concentration affecting PrimPol's DNA-binding
ability. Our observations are consistent with the
attenuated DNA-binding activities of PrimPol with
Mg2+ reported previously [23,27,28]. PrimPol is pre-
dicted to be unstable by the ProtParam tool [31];
therefore, we evaluated how PrimPol's DNA polymer-
ase activity changes with time or in the presence of
different reaction components. We calculated the half-
life of PrimPol based on the change of the observed
rate constant (kobs,m = V0/[E]) of single-nucleotide
incorporation under steady-state kinetic conditions
(20 μM DNA-13/28, 0.1 μM PrimPol, and excess
dTTP). The half-life is 36, 14, or 7 min, when the
enzyme was incubated alone, with DNA, or with DNA
and 2 mM MnCl2, respectively, in 50 mM Hepes
(pH 7.4) at 37 °C (Fig. 1b). The short half-life of PrimPol
is consistent with its rapid heat-inactivation observed
previously [32]. Therefore, the reaction time of subse-
quent assays was kept within a few minutes to avoid a
dramatic change in enzymatic activity during the
reaction except for a few steady-state kinetic
experiments.
Next, we examined the DNA polymerase activity of

PrimPol as a function of salt, DNA, or metal concen-
tration. The DNA polymerase activity decreased with
an increasing concentration of NaCl (Fig. 1c), likely due
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Fig. 1. Characterization of the DNA-
inding activity of PrimPol and optimi-
ation of assay conditions. The en-
yme activity is assessed by the
bserved rate constant (kobs,m=V0/
]) of single-nucleotide incorporation.
) The equilibrium dissociation con-
tant (Kd,DNA) of PrimPol from fluores-
ence polarization assays. Data were
t to a quadratic equation (Eq. (1)) to
rovide a Kd,DNA of 145 (± 27) nM in the
resence of 2 mMMn2+. The number in
arentheses is the S.E. of the fitting.
rror bars indicate the range of data
om two experiments. (b) The stability
f PrimPol in the presence of different
action components, assessed from
e change of kobs,m as a function of pre-
cubation time, fit to a single exponen-
al decay equation (Eq. (2)). PrimPol
) was pre-incubated for varying times
lone (blue circle), with DNA (D, red
ircle), or with DNA and MnCl2 (M,
rown circle) before the addition of
NTP (N) to initiate the reaction. (c)
ffect of salt concentration on kobs,m. (d)
NA concentration-dependent reac-
ons in the presence of 200 μM dTTP
nd 2mMMnCl2 to yield aKm,DNA of 3.6
1.0) μM. (e) Mn2+-dependent reac-

ons in the presence of 200 μM dTTP
nd 20 μMDNA to obtain a Km,Mn of 5.3

(± 0.4) mM. (f) Mg2+-dependent reac-
tions in the presence of 200 μMdTTP and 20 μMDNA to obtain aKm,Mg of 5.9 (± 2.4)mM.Numbers in parentheses refer to the
S.E. of the fitting. Error bars in panels b through f are S.D. (n ≥ 3).
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to compromised electrostatic interactions between
PrimPol and DNA. PrimPol's polymerase activity
increased hyperbolically with DNA concentration,
revealing a Km,DNA of 3.6 μM (Fig. 1d). Therefore, we
used a medium salt concentration (50 mM) and a
saturating DNA concentration (20 μM) in subsequent
assays. We also evaluated the metal concentration
dependency of PrimPol-catalyzed nucleotide insertion.
Mn2+ has been considered as the preferred metal
cofactor for PrimPol [12,13,15,23,33], although in vivo
the importanceofMn2+ forPrimPol catalysis remains to
be established. We measured kobs,m under varying
concentrations of Mn2+ or Mg2+ ions, and fit the data
to a hyperbolic equation. The Km is 5.3 mM for Mn2+

(Fig. 1e) and 5.9 mM for Mg2+ (Fig. 1f). The typical
intracellular concentration of Mn2+ is in the micromolar
range [34], but can accumulate in certain tissues and
subcellular compartments [35,36]. The total Mg2+

concentration in mammalian cells ranges from 17 to
20 mM, with 5%–20% of the ions in the free form [37].
Therefore, we conducted kinetic experiments under
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three different conditions, that is, 2 mM Mn2+, 50 μM
Mn2+, and 2 mM Mg2+. Together, these experiments
established the appropriate assay conditions for
subsequent kinetic characterizations.

PrimPol-catalyzed DNA elongation entails a
rate-limiting step at or prior to chemistry

To decipher the rate-limiting step of PrimPol-
mediated DNA polymerization, we carried out in-depth
enzyme kinetic analyses. Steady-state kinetic
experiments revealed a turnover number (kcat)
of 0.05 s−1 and a Michaelis constant (Km,dTTP) of
14 μM in the presence of 2 mM Mn2+ (Table 1 and
Fig. S3A), similar to published data [23]. Lowering
Mn2+ to 50 μM resulted in a moderate decrease
(4-fold) in PrimPol's catalytic proficiency (kcat/Km,dTTP)
relative to that obtained with 2 mM Mn2+, indicating
that PrimPol retains its enzyme efficiency under
micromolar Mn2+. On the other hand, substituting
Mn2+ with 2 mM Mg2+ led to a dramatic decrease
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Fig. 2. PrimPol-catalyzednucleotide insertion lacks “burst”
kinetics. (a) Schematic illustration of the sequential mixing of
different reaction components under “burst” kinetic conditions,
that is, excess DNA (30 μM), limiting PrimPol (10 μM), and
2mMMn2+. (b) Representative gel imageof single-nucleotide
incorporation with 10 μM PrimPol. (c) Product formation time
courses in the presence of 5 μMor 10 μMPrimPol. More than
99% of PrimPol forms PrimPol:DNA complexes on the basis
of Kd,DNA under the current condition.
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(150-fold) in PrimPol's overall catalytic proficiency
owing to a highKm,dTTP of 430 μM, consistent with the
general perception that Mg2+ is a less effective metal
cofactor for PrimPol's catalysis.
To understand the elementary steps in the reaction

pathway, we carried out several pre-steady-state
kinetic experiments. First, we performed “burst”
kinetics using excess DNA (30 μM) and limiting
PrimPol (5 or 10 μM, Fig. 2a) to ensure that nearly
all the enzyme molecules are bound to DNA
substrates on the basis of Kd,DNA. In the presence of
2 mM Mn2+, whereby highest catalytic proficiency
was observed in steady-state kinetics, product forma-
tion lacked a burst phase and yielded a linear time
course (Fig. 2b and c). The lack of burst kinetics is not
due to the suboptimal DNA binding activity of the
preparation, as verified by fluorescence titration
experiments (Fig. S1). The observation suggests
that PrimPol-catalyzed nucleotide incorporation con-
tains a rate-limiting step at or before the chemical step.
Furthermore, we used single-turnover kinetic

assays (excess PrimPol relative to DNA) to obtain
the maximal polymerization rate (kpol) of PrimPol and
the apparent equilibrium dissociation constant of
nucleotide (Kd,dNTP). The macroscopic rate constant
(kpol) includes contributions from the rate of nucle-
otide binding, the potential conformational change of
ternary complexes (PrimPol:DNA:dNTP), and the
nucleotidyl-transfer reaction [38]. The observed
rate constants from the exponential time courses
(Fig. 3b) increased hyperbolically with dTTP con-
centration (Fig. 3c), revealing a kpol of 0.12 s−1 and a
Kd,dTTP of 6.1 μM in the presence of 2 mM Mn2+, as
summarized in Table 2. Lowering Mn2+ concentra-
tion to 50 μM did not appear to affect kpol (0.11 s−1)
but slightly increased Kd,dTTP (14 μM; Fig. S3
and Table 2), suggesting that the concentration
of manganese does not significantly alter the
nucleotide binding and chemistry steps. Compared
to Mn2+-dependent reactions, single-turnover reac-
tions with Mg2+ revealed a modest decrease in kpol
(0.056 s−1) and a significant increase in Kd,dTTP
(430 μM; Fig. S4 and Table 2), indicating a
compromised nucleotide binding process. The
composite data clearly demonstrate different ther-
modynamic and kinetic properties of PrimPol in
Table 1. Steady-state kinetic parameters of PrimPol-
catalyzed dTTP incorporation with different DNA substrates
in the presence of Mn2+ or Mg2+

DNA Metal kcat
(s−1)

Km,dTTP

(μM)
kcat/Km

(s−1 μM−1)

DNA-13/28 2 mM Mn2+ 0.050 ± 0.003 14 ± 2 0.0036
50 μM Mn2+ 0.020 ± 0.002 24 ± 6 0.00083
2 mM Mg2+ 0.010 ± 0.001 430 ± 90 0.000023

Errors are S.E. derived from fitting of nucleotide concentration
dependencies to a hyperbolic equation (Eq. (3)).
the presence of two different divalent cations and
strongly suggest that a rate-limiting step proceeds or
occurs at the chemical step for PrimPol-catalyzed
DNA elongation.

The rate-limiting step varies depending on the
metal cofactor

To decipher whether the phosphoester bond
formation is rate limiting, we examined the thio-
effects of PrimPol-catalyzed nucleotide incorporation
using an analog [(α)S-dTTP] with the non-bridging
oxygen at the α-phosphate substituted with a sulfur
atom relative to the unmodified dTTP. Historically,
sulfur-substituted nucleotide analogs have been used
to assess whether the chemical step is rate limiting
under single-turnover conditions [39–41]. Because
sulfur is less electronegative than oxygen, a decrease
in the nucleotide incorporation rate is expected with
(α)S-dTTP (relative to dTTP), if the phosphoester
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Fig. 3. Single-turnover kinetics of PrimPol-catalyzed nucleotide incorporation with dTTP or (α)S-dTTP. (a) Schematic
illustration of the sequential mixing of different reaction components. Assays contained PrimPol (4 μM), DNA (0.8 μM), MnCl2
(2mM), and varying concentrations of dTTP or (α)S-dTTP. Single exponential (Eq. (4)) time courses are shown in panel b with
dTTPand in panel dwith (α)S-dTTP. In panels c and e, the observed rate constants from the exponential time courses are fit to
a hyperbolic equation (Eq. (5)) to obtain kpol and Kd,dTTP (summarized in Table 2). Error bars in panels b and d are S.E. of the
fitting. Representative gel images are shown in Fig. S8. (f) Comparison of kpol values under different metal conditions. Data
obtainedwith 2mMMg2+ or 50 μMMn2+ are derived fromSupplemental Figs. S3 andS4. Errors areS.E. of the fitting. Two kpol
values in each set are statistically different according to the two-way ANOVA comparison.
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bond formation is rate limiting. In the presence
of 2 mM Mg2+, a significant elemental effect was
observed (kpol,dTTP/kpol, α-(α)S-dTTP, 51, shown in Table
2 and Fig. S4), suggesting that the chemical step can
be rate limiting under such conditions. Conversely, in
the presence of 2 mM Mn2+, a weak thio-effect was
observed (kpol,dTTP/kpol, α-(α)S-dTTP, 1.4; Fig. 3 and
Table 2), suggesting that the chemical step is unlikely
to be rate limiting. With 50 μM Mn2+, a modest
thio-effect was obtained (kpol,dTTP/kpol, α-(α)S-dTTP, 18;
shown in Table 2 and Fig. S3), which precluded
definitive interpretations of the elemental effect. The
full magnitude of the thio-effect can range from 10 to
100 depending on electronic and steric factors and the
nature of the transition state, which makes interpre-
Table 2. Single-turnover kinetic parameters of PrimPol-catalyz

DNA Metal Nucleotide

DNA-13/28 2 mM Mn2+ dTTP 0.12
(α)S-dTTP 0.08

50 μM Mn2+ dTTP 0.11
(α)S-dTTP 0.00

2 mM Mg2+ dTTP 0.05
(α)S-dTTP 0.00

Errors are S.E. derived from fitting of nucleotide concentration depend
tation of moderate thio-effects controversial
[38,42,43]. In addition, under subsaturating Mn2+

(50 μM) concentration (relative to nucleotide
substrate), the binding of Mn2+ to the phosphate
group of nucleoside triphosphate or oligodeoxynu-
cleotides [44] could significantly decrease the
available metal ions for catalysis (evidenced by the
decrease of kobs when (α)S-dTTP exceeds 30 μM in
Fig. S3D). Nevertheless, different elemental effects
observed under millimolar Mn2+ and Mg2+ suggest
that the rates of the chemical step vary considerably,
consistent with different kcat and kpol values observed
under the two conditions (Tables 1 and 2). Therefore,
our data argue the presence of a rate-limiting non-
chemical step before chemistry in the presence of
ed dTTP incorporation

kpol
(s−1)

Kd,dNTP

(μM)
kpol,dTTP/kpol, α-(α)S-dTTP

± 0.01 6.1 ± 1.8 1.4
4 ± 0.006 14 ± 3.2
± 0.01 14 ± 3.0 18
60 ± 0.0006 4.8 ± 1.7
6 ± 0.004 430 ± 80 51
11 ± 0.0002 120 ± 70

encies to a hyperbolic equation (Eq. (5)).
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Fig. 4. Biphasic kinetics of PrimPol-catalyzed nucleotide
incorporation in the presence of 2 mM Mn2+. (a) Schematic
illustration of the sequential mixing of different reaction
components. (b) Representative gel image of the single-
nucleotide insertion to form 14-mer products. (c) Biphasic
kinetic time course is fit to a double exponential equation
(Eq. (6)) with data summarized in Table 3. Data represent
the mean from two experiments; error bars show the
ranges of data.

678 Kinetic Mechanism of PrimPol-Catalyzed DNA Elongation
2 mM Mn2+ and a rate-limiting chemical step in the
presence of 2 mM Mg2+, implying a regulatory role of
metal cofactors for PrimPol-mediated DNA synthesis.

A conformational transition limits PrimPol's
turnover in the presence of millimolar Mn2+

To further pinpoint the non-chemical, rate-limiting
step of PrimPol-catalyzed primer extension in the
presence of 2 mM Mn2+, we performed a DNA
trapping experiment under single-turnover conditions.
Table 3. Biphasic kinetic parameters of PrimPol-catalyzed dT

Afast (nM) kfast (s
−1)

DNA-13/28 120 ± 20 0.23 ± 0.04

Data are mean from two independent experiments. Errors are S.E of
Similar assays have been used to capture the
non-productive enzyme:DNA complexes for other
polymerases [45,46]. An equilibrated solution of
PrimPol and FAM-labeled DNA was mixed with a
solution of dTTP, Mn2+, and a large molar excess of
the unlabeled DNA trap. Reaction was allowed for
varying times before quenching with EDTA (Fig. 4a).
Upon mixing with the DNA trap, any PrimPol
molecules that were not in complex with the labeled
DNA would bind to the DNA trap. The time course
of the single-nucleotide incorporation revealed a
biphasic kinetic profile—a fast phase followed by a
slow phase (Fig. 4b and c), suggesting that there are
at least two types of PrimPol:DNA complexes that can
eventually be converted to extended primers. The fast
phase demonstrates the existence of productive
PrimPol:DNA complexes that catalyze the product
formation rapidly, whereas the slow phase corre-
sponds to a gradual transition from non-productive to
productive complexes without PrimPol dissociating
from DNA. We reason that these co-existing com-
plexes are binary complexes (PrimPol:DNA) rather
than ternary complexes (PrimPol:DNA:dNTP), be-
cause if different complexes appear upon dNTP
binding, a single-phase product formation would
have been observed.
The biphasic data were fit to a double exponential

equation, resulting in a fast rate of 0.23 s−1 with an
amplitude of 16% and a slow rate of 0.015 s−1 with
an amplitude of 84%, relative to the total product
formed (Table 3). The overall amplitude (0.77 μM) is
in excellent agreement with the total amount of
pre-formed PrimPol:DNA complexes (0.80 μM) cal-
culated from Kd,DNA using Eq. (7). The biphasic
kinetics indicates that for primer extension, PrimPol
binds to DNA substrates to form both productive
and non-productive complexes. The slow phase,
correlating to a conformational transition from non-
productive to productive complexes, occurs at a rate
(0.015 s−1) that is comparable to kcat (0.050 s−1),
indicating that the conformational transition could
limit the enzymatic turnover. Consequently, the
conformational transition step was assigned to
the rate-limiting step in the presence of millimolar
Mn2+. We also conducted the DNA trapping
experiment for Mg2+-dependent reactions and
observed a single exponential time course
(Fig. S6C), corroborating a rate-limiting chemical
step in Mg2+-dependent reactions. Reactions with
50 μM Mn2+ resulted in no product formation, likely
due to the depletion of manganese ions for catalysis
TP incorporation derived from Fig. 4

Aslow (nM) kslow (s−1) Afast/Atotal (%)

650 ± 20 0.015 ± 0.002 16

the fit to a double-exponential equation (Eq. (6)).
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caused by binding of Mn2+ to the DNA trap (35 μM)
[44]. Taken together, these results support the
distinct roles of different divalent cations for PrimPol
and revealed a rate-limiting conformational transi-
tion step for PrimPol under millimolar Mn2+.
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comprising DNA binding (step 1), conformational
transition (step 2), dNTP binding (step 3), phos-
phoester bond formation (step 4), and dissociation
(step 5) steps, as shown in Fig. 5a. By simulta-
neously fitting multiple data sets to the proposed
model, we evaluated the model and determined
the kinetic constants of steps 2 and 4. The computer
simulation methods have been proven to be
powerful in extracting rate constants that are difficult
to measure experimentally [39,47,48]. First, we
globally fit the data from 2 mM Mn2+ reactions
to the proposed kinetic model (Fig. 5b). Several
kinetic constants were locked on the basis of
empirical and experimental evidence. The on-
rates for DNA binding (k1) and nucleotide binding
(k3) were presumed to be diffusion limited
(100–1000 μM−1 s−1). The ratio of k−3/k3 was locked
on the basis of the experimentally determinedKd,dTTP.
The reverse rate constant of step 4 (k−4) was set at
0.001 s−1 judging from the slow rate of pyropho-
sphorylation (see Supplemental Data for details). The
concentration of the productive complexes was
calculated according to the biphasic kinetic experi-
ment (16% of the enzyme concentration, Table 3).
Global data fitting demonstrates that the proposed

five-step kinetic model largely correlates with our
experimental data (Fig. 5b). As summarized in
Table 4, the simulated off-rate of PrimPol:DNA
non-productive complexes (k−1) is 180 s−1, in
agreement with the estimated lower limit of k−1
(200 s−1) from a trap experiment (described in
Supplemental Data). The fast dissociation from
DNA is also consistent with the distributive charac-
teristics of PrimPol [49]. The simulated forward (k2)
and reverse (k−2) rates of the conformational
transition are 0.050 and 0.29 s−1, respectively,
suggesting that two types of PrimPol:DNA com-
plexes exist as an equilibrating mixture. The forward
rate of step 4 (k4, 0.46 s−1) is 10-fold higher than
kcat (0.05 s−1), corroborating a non-rate-limiting
chemical step. On the other hand, k2 is on the
order of kcat and is slower than k4, confirming a rate-
limiting conformational transition. Furthermore, we
used confidence contour analysis to estimate the errors
associated with the simulation and to reveal complex
relationships between the simulated constants [50].
The resulting confidence contours demonstrate that
the simulated parameters are well constrained by the
Table 4. Summary of kinetic constants for PrimPol-catalyzed n

k1
(μM−1 s−1)

k−1
(s−1)

k2
(s−1)

2 mM Mn2+

Locked 1000
Simulated 180 (150–210) 0.050 (0.045–0.055)

The lower and upper limits of each rate constant from confidence con
shown in Fig. 5c.
data (Fig. 5c). Moreover, we explored the possibility of
PrimPol forming productive complexes directly and
proposed an alternative kinetic model including such a
step (Fig. S5). We found that the formation rate of the
productive complexes (0.024 μM−1 s−1)—formed
uponPrimPol-DNAbinding rather thanbeing converted
from nonproductive complexes—is 5 orders of
magnitude lower than the competitive reaction to form
non-productive complexes (Table S2). Therefore,
we conclude that PrimPol is unlikely to form
productive PrimPol:DNA complexes directly under
the current experimental condition.
In addition, we performed the kinetic modeling

with data from 2 mM Mg2+ or 50 μM Mn2+

experiments. We used the experimentally obtained
Kd,DNA value and the presumed k1 to calculate
k−1 (Kd,DNA/k1) and to reduce the number of
unknowns. The lack of biphasic kinetic data under
these conditions precluded estimation of the relative
proportions of productive and non-productive
complexes; nonetheless, we performed simulations
under different conditions, that is, productive
complexes at 0, 25%, 50%, 75%, and 100% of
the total enzyme, to cover the entire possible range.
For Mg2+-dependent reactions (Table S3 and
Fig. S6), when productive complexes are assumed
to be 0, 25%, 50%, or 75%, global fitting and
simulations revealed that k2 and k4 are reasonably
well constrained,whereas k−2 is notwell constrained in
some cases. Under these assumptions, the simulated
k4 values (~ 0.04 s−1) are much lower than k2 (ranges
from 0.23 to 0.50 s−1). When the productive complex
is set at 100%, the k2 value demonstrates a wide
range, indicating that it is not well constrained
by the data and the assumption is not consistent
with the data. Collectively, the well-constrained k4
and k2 values confirm a rate-limiting chemical step for
Mg2+-dependent reactions.
For data with 50 μM Mn2+ (Table S4 and Fig. S7),

kinetic simulation revealed that k−2 is not well
defined by the data, as illustrated by the relatively
wide range of values. On other hand, k2 is well
constrained under all assumptions and has a similar
range of values compared to k2 obtained from
global fitting of 2 mM Mn2+ data. The observation
confirms that the rate of conformational transition
is comparable under different manganese concen-
trations. k4 is well constrained when the productive
ucleotide incorporation derived from the global data fitting

k−2
(s−1)

k3
(μM−1 s−1)

k−3
(s−1)

k4
(s−1)

k−4
(s−1)

100 500 0.001
0.29 (0.22–0.39) 0.46 (0.38–0.59)

tour analysis are indicated in the parenthesis. Contour plots are
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complexes are assumed to be 100%, 75%, or 50%.
Under such conditions, the upper limits of the
simulated k2 values are smaller than the lower limits
of k4, indicative of a rate-limiting conformational
transition step under micromolar Mn2+. Taken togeth-
er, the combined data from kinetic experiments and
simulations demonstrate the important role of divalent
metal ions in altering the rate-limiting step of PrimPol-
mediated phosphoryl-transfer reaction.

Discussion

Considering PrimPol as a specialized
DNA polymerase

SpecializedDNApolymerases play an important role
in genomic maintenance and can adopt various
strategies to physically accommodate DNA modifica-
tions or secondary structures [4–8]. Although the
biological importance of PrimPol-mediated lesion
bypass remains to be established in vivo, biochemical
experiments have shown that PrimPol is able to
traverse common DNA lesions, such as 8-oxo-7,8-
dihydro-2′-deoxyguanosine and pyrimidine-pyrimidone
(6–4) photoproducts [12,13,23]. Structural data re-
vealed that PrimPol's active site is relatively con-
strained with respect to the template nucleotide
compared to that of pol η (an important DNA
polymerase to counteract UV-induced DNA damage)
[26]. It is conceivable that PrimPol uses different tactics
to bypass distorting lesions, such as the “looping-out”
mechanism proposed previously [33]. Kinetic analysis
complements the structural studies and provides
a wealth of knowledge on the elementary steps of
catalysis [38,51,52]. A typical DNA polymerization
reaction includes microscopic steps, such as DNA
binding, dNTP binding, conformational change,
phosphoryl transfer, and pyrophosphate dissociation.
However, individual DNA polymerases differ consid-
erably in the relative stabilities of enzyme-bound
intermediates and consequently in the rates of
microscopic steps of the reaction [51].
The kinetic mechanism of PrimPol-catalyzed DNA

elongation had remained an important unsolved
question. In this study, we have elucidated the kinetic
basis of PrimPol using enzyme kinetic assays and
computer simulations. Our data demonstrate unam-
biguously that PrimPol exhibits a rate-limiting step at
or prior to the chemical step depending on the metal
cofactor present. Key experimental evidence for the
conclusion includes the lack of burst kinetics (Fig. 2),
distinct thio-effects under different metal cofactors
(Figs. 3, S3, and S4, and Table 2), biphasic kinetics
under millimolar Mn2+ (Fig. 4 and Table 3), and
the simulated rate constants from global data fitting
(Figs. 5, S6, and S7, and Tables 4, S3, and S4).
PrimPol's lack of burst kinetics is reminiscent of
B-family pol α [53] but is different from most other
DNA polymerases, which possess a burst kinetic
profile due to a rate-limiting step occurring after the
chemical step [38,48,51,52].
Consistent with our observations, Tokarsky et al.

[28] had proposed that PrimPol lacks a burst product
formation. On the other hand, Mislak and Anderson
[27] reported burst kinetics for PrimPol. The discrep-
ancy may arise from the higher metal concentration
(10 mM Mn2+) and the different DNA substrate
used in their study [27]. Also, the Km values for
two divalent metals we obtained are slightly higher
compared to an earlier study [23], which is likely due
to the different DNA substrates used, leading to
different amounts of divalent cations associated with
the phosphate group of DNA substrates [44]. We
reason that in addition to the enzyme preparation
itself, PrimPol's kinetic properties are influenced
by the metal cofactors, DNA substrates, and other
experimental conditions, such as the buffer, pH, the
way reaction components are assembled, and the
length of the reaction time.

Influence of divalent ions on PrimPol's catalysis

Our data suggest an important regulatory role of
metal cofactors for PrimPol's enzyme kinetic charac-
teristics. Compared to Mg2+, Mn2+ stimulates DNA
synthesis by DNA polymerases at the expense of
fidelity [44,54]. The stimulatory effects of Mn2+ have
been documented for a number of DNA polymerases,
including bacteriophage T4 DNA polymerase [55],
Escherichia coli DNA polymerase I [44], human pol ι
[56], and human pol μ [40]. As for PrimPol, we
demonstrate that Mn2+-dependent reactions occur at
a faster rate compared to those with Mg2+ mainly due
to superior DNA and nucleotide binding and a faster
phosphoryl-transfer rate (k4 in Fig. 5a). Manganese
may also contribute to the stabilization of a closed
ternary complex, as suggested previously [54].
The net effect is that in the presence of Mn2+, a
conformational transition step before chemistry limits
the enzymatic turnover. This is the case under both
micromolar and millimolar Mn2+ concentrations, as
evidenced from simulations. Judging from the 2-fold
lower in kcat with 50 μMMn2+ relative to 2 mMMn2+, it
may appear that the turnover number is lower under
micromolar Mn2+. However, the identical kpol values
under two conditions (Table 2) and similar k4 values
from simulations argue that the concentration of Mn2+

does not significantly alter PrimPol's kinetic pathway.
We reason that a slightly lower kcat value under 50 μM
Mn2+ arises from the association ofmetal ionswith the
DNA substrate [44], which decreases the available
metal ions for catalysis. The effect is more evident
under steady-state experiments with 20 μMDNA than
the single-turnover experiments with 0.8 μM DNA.
Our kinetic data and simulations support the notion
that Mn2+ can be a preferred metal cofactor for
PrimPol [12,13,15,23,33], even under micromolar
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Mn2+. Considering that manganese is known to
accumulate in brain and liver mitochondria [35,36]
and that PrimPol potentially plays a role in mitochon-
drial DNA replication [13,20], it is conceivable
that PrimPol's enzymatic activity can be stimulated
by Mn2+ under certain conditions. A recent report
focused on PrimPol's primase activity also supports in
the importance of Mn2+ in forming pre-ternary
complexes in PrimPol-mediated DNA priming [24].

Considering PrimPol as a primase

Primases are grouped into two evolutionarily unre-
lated classes: DnaG-like (bacteria) and AEP-like
(archaea and eukaryotes) [57]. PrimPol is only the
second human primase discovered to date with the
first being Prim1, a subunit of the heterodimeric human
primase [Prim1(p49):Prim2(p58)]. The Prim1 subunit
possesses the primary active site for synthesizing
RNA primers of 7–10 nt, whereas the Prim2 subunit
plays an important regulatory role for the primase
activity and primer transfer to pol α. Unlike Prim1,
PrimPol has both primase and DNA-dependent DNA
polymerase activities. PrimPol prefers dNTP sub-
strates during primer elongation but favors NTP as
the initiating 5′-nucleotide [24]. The turnover number
(kcat) of PrimPol-catalyzed dNTP incorporation is
comparable to that of Prim1 with NTP [58]; however,
largerKm,dNTP values observed for PrimPol result in an
overall 20 to 40-fold lower catalytic proficiency relative
to Prim1. Nonetheless, the ability of PrimPol to restart
DNA synthesis from nonconventional origins and
the fact that resulting DNA primers require no RNA
processing may lend PrimPol advantages in DNA
priming. Indeed, a growing body of studies corrobo-
rates the functional importance of PrimPol's primase
activity in ensuring the fork progression in cells
[13,15,16,19,20]. Although the current study does not
directly address the kinetic steps during dinucleotide
synthesis, the kinetic characteristics obtained here
are pertinent to the elongation stage of PrimPol-
catalyzed priming [24]. Additional studies are
warranted to investigate the kinetic mechanism of
PrimPol's primase activity.
AEP superfamily enzymes distributed across all

domains of life [59]. Considering the diverse functions
and evolutionary origins of AEP superfamily enzymes,
it has been suggested to reclassify these enzymes
under a category named primase-polymerases [59].
The dual enzymatic activities of PrimPol are
reminiscent of certain PriS/PriL complexes observed
in other archaea, including Pyrococcus horikoshii
[60], Sulfolobus solfactaricus [61], Thermococcus
kodakaraensis [62], and Archaeoglobus fulgidus
[63] with varying abilities of using dNTP and NTP
substrates. Other members of the AEP superfamily
primases can also perform translesion DNA synthe-
sis, such as the PriS subunit of archaeal replicative
primases in A. fulgidus and Pyrococcus furiosus [63].
Further research is needed to establish the kinetic
mechanism of other AEP enzymes and to compare
and contrast with the kinetic pathway of PrimPol.
In conclusion, we report the first set of compre-

hensive kinetic analyses of the PrimPol-catalyzed
nucleotide transfer, pertinent to PrimPol's DNA
polymerase and primase activities. Our kinetic
and simulation data elucidate the kinetic basis
of PrimPol and emphasize the importance of
metal cofactor for PrimPol's kinetic properties.
Such knowledge contributes to the fundamental
understanding of PrimPol and other primase-
polymerase family enzymes.
Materials and Methods

Materials

Unless otherwise mentioned, all chemicals were
the highest quality available purchased from Sigma-
Aldrich (St. Louis, MO) or Research Products
International (Mt Prospect, IL). 2′-Deoxythymidine
triphosphate (dTTP) was from New England Biolabs
(Ipswich,MA). TheSp-isomer of 2′-deoxythymidine-5′-
O-(1-thiotriphosphate) [(α)S-dTTP] (N 95% purity
based on HPLC/UV analysis) was from BioLog
(distributed by Axxora, LLC.). Unmodified oligodeox-
ynucleotides were synthesized and PAGE-purified
by Integrated DNA Technologies (Coralville, IA) or
TriLink Biotechnologies. Oligodeoxynucleotides with a
6-carboxyfluorescein (FAM) label at the 5′-end were
HPLC purified. Expression and purification of PrimPol
were performed as described previously [12] with
modifications; the detailed procedure is described in
Supplemental Data. The concentration of PrimPol
was first determined by UV absorbance at 280 nm
and corrected to the active PrimPol concentration
(see Supplemental Data for details). The active
PrimPol ranges from 70% to 90%of the total PrimPol
concentration from different preparations (Fig. S1).
All concentrations described in kinetic experiments
are active PrimPol concentrations.

Multiple-turnover kinetics

Primer-template DNA substrates were prepared by
annealing FAM-labeled 13-mer oligomer primer
(DNA-13) to a 28-mer (DNA-28) or 73-mer oligomer
(DNA-73) template at a 1:1 molar ratio (sequences
shown in Table S1 of theSupplemental Data). All DNA
polymerization reactions were carried out in a reaction
buffer containing 50 mM Hepes at pH 7.4 (37 °C),
50 mM NaCl, 5% glycerol, 100 μg/mL BSA, and
5 mM β-mercaptoethanol. Reaction components
(buffer, DNA, and PrimPol) were assembled on ice
and equilibrated for 2 min at 37 °C prior to the addition
of 200 μM dTTP and 2 mM MnCl2 (or MgCl2) for
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polymerization. All concentrations are final concen-
trations in the reaction. Reactions were quenched by
mixing a 1.5-μL aliquot of the mixture with 8.5 μL of
95% (v/v) formamide/50 mMEDTA solution. Reaction
products were resolved by 16% denaturing-PAGE
with 7 M urea. To evaluate the enzyme stability,
salt, DNA, and metal concentration dependencies,
multiple-turnover assays were conducted in the
presence of 20 μM annealed primer-template
DNA and 100 nM PrimPol for varying times. Steady-
state kinetic analysis was carried out with 20 μM
annealed primer-template DNA and 100 nM PrimPol
(for DNA-13/28) or 600 nM PrimPol (for DNA-13/73)
for varying times. The burst kinetic assays were
performed on a rapid quench apparatus (RQF-3;
KinTek Corporation, Snow Shoe, PA) at 37 °C.
Syringe A contained 60 μM annealed primer-
template DNA and 20 μM (or 130 μM) PrimPol, and
syringe B contained 400 μM dTTP and 4 mM MnCl2.
Reaction components in both syringes were in the
DNA polymerization reaction buffer. The reaction
was initiated by mixing a 20-μL aliquot from each
syringe and quenched at varying times using 0.3 M
EDTA. Under these conditions, more than 99%
of the PrimPol molecules were saturated with DNA
on the basis of Kd,DNA, calculated from Eq. (7)
(vide infra). Reaction products were precipitated
with ethanol (in the presence of 3 mg mL−1 of
carrier salmon sperm DNA) and resuspended in
95% (v/v) formamide/50 mM EDTA solution for gel
electrophoretic analysis.

Single-turnover kinetics

Single-turnover assays were carried out with the
RQF-3 rapid quench apparatus at 37 °C. Syringe A
contained 1.6 μM FAM-labeled primer-template
DNA and 8 μM PrimPol; syringe B contained
varying concentrations of dTTP and 4 mM MnCl2.
Components from both syringes were mixed
and allowed for varying reaction times followed
by quenching with 0.3 M EDTA. Reactions with
(α)S-dTTP in the presence of 2 mM or 50 μM Mn2+

were performed under the same conditions, except
that the mixing of reaction components was done
manually. In the presence of 1.6 μM FAM-labeled
primer-template DNA and 8 μM PrimPol, more than
95% of the PrimPol molecules were saturated to form
PrimPol:DNA complexes according to Kd,DNA. DNA
trapping experiments were performed using the rapid
quench apparatus with 2 μM FAM-labeled primer-
template DNA and 4 μM PrimPol in one syringe and
400 μM dTTP, 4 mM Mn2+, and 70 μM unlabeled
primer-template DNA (DNA-16/23) trap in the other
syringe. Under this condition, the concentration of
PrimPol:FAM-DNA complexes is 0.8 μM on the basis
of Kd,DNA; the remaining 1.2 μM of unbound PrimPol
was trapped by the unlabeled DNA upon the addition
of DNA-16/23.
Conventional data analysis

Gel imagingwas performed on a Typhoon FLA7000
(GE Healthcare) imager, and results were quantified
using ImageQuant software. Data were analyzed
using nonlinear regression (GraphPad Prism v6.0).
The apparent equilibrium dissociation constant
(Kd,DNA) of DNA:PrimPol binary complex was obtain-
ed by fitting the change of polarization as a function of
PrimPol concentration to a quadratic equation

y ¼ F

þ
D � P−Fð Þ � K d;DNA þ x þ D−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K d;DNA þ x þ D
� �2−4Dx

q� �

2

ð1Þ
where y is the change of fluorescence polarization,
x is PrimPol concentration,D isDNAconcentration,P is
themaximal polarization, andF is the initial polarization.
The half-life of PrimPol under different conditions

was estimated by fitting DNA polymerase activity as
a function of time to the following equation

kobs;m ¼ kobs;mmax−kobs;mmin

� �� e−kt

þkobs;mmin ð2Þ
where kobs,m is calculated from the initial DNA
polymerization rate divided by enzyme concentra-
tion (V0/[E]) and t is the reaction time.
The steady-state kinetic parameters kcat and Km

were obtained by fitting data to the Michaelis–
Menten equation, where kobs is calculated from the
initial reaction rate divided by enzyme concentration.

kobs ¼ kcat � S½ �
Km þ S½ � ð3Þ

Time-dependent product formation under single-
turnover conditions was fit to a single-exponential
equation

Product½ � ¼ A� 1−e−kobs;st
� � ð4Þ

where A is the product amplitude following the first
binding event, and t is the reaction time. The maximal
nucleotidyl-transfer rate constant kpol and the
apparent equilibrium dissociation constant of nucle-
otide (Kd,dNTP) were obtained with equation

kobs;s ¼ kpol � dTNP½ �
K d;dTNP þ dTNP½ � ð5Þ

The biphasic kinetics was fit to a double-exponential
equation

Product½ � ¼ Afast � 1−e−k fastt
� �þ Aslow

� 1−e−kslowt
� � ð6Þ
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where A is the product amplitude in each phase, and t
is the reaction time. The concentration of E:DNA
complex was calculated on the basis ofKd,DNA using a
quadratic equation

E � D½ �

¼
K d;DNA þ E0½ � þ D0½ �−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K d;DNA þ E0½ � þ D0½ �� �2−4� E0½ � � D0½ �

q
2

ð7Þ
where [E0] is the enzyme concentration, [D0] is the
DNA concentration, and Kd,DNA is the equilibrium
dissociation constant.

Global fitting and computer simulation

Results from steady-state, pre-steady burst,
single-turnover, and DNA trapping experiments
were fit globally to a four-step kinetic model
(Fig. 5a) using KinTek Explorer 7 software [47].
Concentrations of reaction components were input
as equilibrium concentrations including complexes
and free reactants. Initial values of kinetic parame-
ters were estimated by conventional data analysis.
All the on-rates were presumed to be diffusion-limited
(1 × 108–1 × 109 M−1 s−1), while all the other param-
eters were allowed to vary. From the initial fitting result,
we found several parameters (k−1, k2, k−2, k4, and k−4)
distributed in a wide range with a maximum. The rate
constant of pyrophosphorylation was lower than
5 × 10−5 μM−1 s−1 (see Supplemental Data for de-
tails). Based on the simulated upper limit, k−4 was
locked at 0.001 during global fitting. When k3 was fixed
at 100 μM−1 s−1, the dissociation rate of PrimPol·DNA
was much smaller than the estimated minimal rate of
200 s−1 (see Supplemental Data for details). Thus, k1
was locked at 1000 (μM−1 s−1), a reasonable pre-
sumption for the diffusion-limited processes. FitSpace
Explorer was utilized to evaluate the reliability of fit [50].
The χ2 threshold limit was set at 0.8 for fitting. The lower
bound and upper bound of parameters were obtained
by setting χ2 threshold at bound as 0.95. The FitSpace
confidence contours demonstrate that data were well
constrained by the proposed kinetic model and
experimental data. An alternative model with an
additional step that PrimPol binds to DNA to directly
formproductivePrimPol:DNAcomplexeswasexplored
during global fitting analysis, but was not adopted
considering the extremely slow formation of such
complexes (described in the Supplemental Data).
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