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ABSTRACT

We have developed a straightforward fluorometric
assay to measure primase-polymerase activity of
human PrimPol (HsPrimPol). The sensitivity of this
procedure uncovered a novel RNA-dependent DNA
priming-polymerization activity (RdDP) of this en-
zyme. In an attempt to enhance HsPrimPol RdDP ac-
tivity, we constructed a smart mutant library guided
by prior sequence-function analysis, and tested this
library in an adapted screening platform of our flu-
orometric assay. After screening less than 500 vari-
ants, we found a specific HsPrimPol mutant, Y89R,
which displays 10-fold higher RdDP activity than the
wild-type enzyme. The improvement of RdDP activ-
ity in the Y89R variant was due mainly to an in-
creased in the stabilization of the preternary com-
plex (protein:template:incoming nucleotide), a spe-
cific step preceding dimer formation. Finally, in sup-
port of the biotechnological potential of PrimPol as a
DNA primer maker during reverse transcription, mu-
tant Y89R HsPrimPol rendered up to 17-fold more
DNA than with random hexamer primers.

INTRODUCTION

Human PrimPol (HsPrimPol) is a recently identified
monomeric DNA-dependent DNA (and RNA) primase-
polymerase encoded by the human CCDC111 gene, now
renamed PRIMPOL (1). Unlike regular RNA primases,
which exclusively behave as DNA-dependent RNA poly-
merases (DdRPs) in vivo (2), PrimPol preferentially incor-
porates dNTPs to initiate copying of a DNA template
(DNA primase) and can additionally act as a distributive
DNA polymerase during the elongation stage (1). In vivo
analysis has shown that HsPrimPol has an important role
in nuclear DNA maintenance, as it is required for reprim-
ing DNA synthesis under stress conditions such as UV ir-
radiation or nucleotide depletion, and its downregulation

provokes genome instability (3–5). Moreover, it has been
observed that mouse cells lacking PrimPol display ineffi-
cient mitochondrial DNA (mtDNA) replication (1). The
impact of HsPrimPol in DNA replication is thus a con-
sequence of its potential to operate in translesion synthe-
sis (TLS), tolerating different types of DNA damages such
8-oxo-7,8-dihydrodeoxyguanosine, abasic sites or pyrimi-
dine dimers (1,6). PrimPol might exert its TLS activity in
one of three possible ways: (i) by displaying a downstream-
lesion repriming activity as occurs during the recovery of
nuclear DNA replication forks (3), (ii) by avoiding unread-
able lesions such as pyrimidine 6–4 pyrimidine photoprod-
ucts by primer realignment (6) or (iii) directly acting as a
conventional TLS DNA polymerase, by incorporating ei-
ther dNTPs or NTPs opposite lesions such as 8oxoG (6).
Incorporation of NTPs opposite to either damaged or un-
damaged DNA by PrimPol, but also by replicative DNA
polymerases, might entail the existence of copied DNA
chains containing a ribonucleotide tract that, if it persists,
might pose the problem of copying an RNA-containing
template to PrimPol or other polymerases. However, an
RNA-directed nucleotide polymerization activity has not
yet been reported for HsPrimPol. Overall, the above men-
tioned activities exerted by HsPrimPol suggest that it is not
a highly specialized polymerase, and support the notion
that it might be considered the archetype of modern pri-
mases. These promiscuous properties, in combination with
the presence of both primase and polymerase activities in
the same catalytic active site, suggests that PrimPols are
highly evolvable, and that their potential for biotechnolog-
ical applications (7) could be enhanced.

To date, a large number of studies pursuing different
biotechnological goals have documented in vitro evolution
of DNA polymerases. Accordingly, DNA polymerases with
expanded recognition of natural (8–11) or unnatural (12–
19) substrates, increased processivity (20–22), altered fi-
delity (23–26), enhanced resistance to inhibitors (27,28)
or thermostability (29) have been engineered by different
methods. In most of these cases, researches have taken ad-
vantage of the thermostability or processivity traits of poly-
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merases, allowing the use of exponential amplification or di-
rected selection techniques to find desired polymerase vari-
ants (30). However, application of the above mentioned
methods for engineering mesophilic polymerases, or those
displaying low processivity, is challenging (16,31,32).

In this work, we have developed a PrimPol-specific flu-
orometric assay that has uncovered the RNA-dependent
DNA primase-polymerase (RdDP) activity of purified
HsPrimPol. This assay was adapted to directly sample crude
supernatants extract of recombinant Escherichia coli cells
overexpressing different HsPrimPol variants. The screening
approach is based on real time quantification of de novo
DNA synthesis catalyzed by HsPrimPol, detected as fluo-
rescence emitted by the tight binding of a fluorescent dye
to dsDNA. About 130 variants were generated by random-
ization of the conserved motif (WFYY) in HsPrimPol that
contains tyrosine (Tyr) at position 89, a residue whose mu-
tation to aspartate has been related to magna myopia (33–
35), and their priming potential was investigated. Strik-
ingly, the HsPrimPol variant Y89R showed ≥10-fold higher
RNA-directed priming activity than the WT protein. A de-
tailed analysis demonstrated that the increased activity in
variant Y89R was related to an improved stabilization of
the incoming nucleotide opposite an RNA template base.
The Y89R mutant showed a high biotechnological poten-
tial when used to generate DNA primers to drive reverse
transcription (RT) reactions. The physiological role of the
RdDP activity inherent to WT HsPrimPol is discussed in
the context of both nuclear and mitochondrial DNA repli-
cation.

MATERIALS AND METHODS

Reagents

Electro-competent E. coli BL21(DE3)-pRIL cells were
prepared in-house according to standard protocols (36).
DpnI Restriction enzyme, polynucleotide kinase (PNK),
bovine serum albumin (BSA) and 100 mM stock solutions
of dATP, dTTP, dGTP and dCTP were purchased from
New England Biolabs. Phusion Hot Start II DNA poly-
merase, random decamer and hexamer primers, TRIzol®

and Ni-NTA resin were obtained from ThermoFisher
Scientific. Oligonucleotides were synthesized in standard
desalted form or purified by PAGE by Sigma-Aldrich.
Avian myeloblastosis virus Reverse Transcriptase (AMV-
RT), RNAsin® (RNAse inhibitor) and Go-Taq® ‘G2 Flexi
DNA’ polymerase were purchased from Promega.SYBR®

Green I, Trizma base (Tris), NaCl, MnCl2, MgCl2, PMSF,
imidazole, isopropyl-�-D-1-thiogalactopyranoside (IPTG),
1,4-dithiothreitol (DTT), poly(ethylene glycol) 4000 (PEG-
4000) and �-mercaptoethanol were obtained from Sigma-
Aldrich. Lysozyme, LB medium as a premixed powder,
ampicillin (used at 100 �g/ml) and chloramphenicol (used
at 17 �g/ml) were obtained from Applichem. Radiolabeled
nucleotides [�-32P]dGTP and [� -32P]ATP (250 �Ci; 3000
Ci/mmol) were purchased from Perkin Elmer. Heparin-
Sepharose resin and Sephadex® G50 were obtained from
GE Healthcare.

Construction of PRIMPOL gene libraries

PRIMPOL/CCDC111 gene libraries were constructed
by site directed mutagenesis (37) of the DNA vector
pET16::HISCCDC111 (1) using the PCR primers 88/89-
NBG/NDT-Fw and 88/89-NBG/NDT-rv (Supplementary
Table S1), which contain two degenerated codons at en-
coded amino acids 88 and 89. PCR reactions contained 1×
Phusion DNA polymerase buffer, 200 �M dNTPs, 250 nM
of degenerated primers, 2.5 mM MgSO4, 50 ng of template
DNA and 0.25 �l of Phusion DNA polymerase. Amplifica-
tion conditions consisted of an initial denaturation step at
98◦C (3 min), followed by 35 cycles of 98◦C (1 min), 65.8 ◦C
(1 min) and 72◦C (4 min), with a final extension of 15 min
at 72◦C. PCR products were digested with DpnI at 37◦C for
3 h to eliminate the template and then dialyzed on Milli-
pore MF-membrane filters (0.05 �m) against distilled wa-
ter for 20 min. Five microliters of the dialyzed plasmid were
used to transform 50 �l of electro-competent BL-21 (DE3)-
pRIL cells. The transformation mixture was spread onto
LB agar plates containing ampicillin (100 �g/ml) and chlo-
ramphenicol (17 �g/ml). Codon degeneracy of each library
was evaluated by scraping colonies from the corresponding
plates (≥100 colonies) into 2 ml of LB medium as previ-
ously described (38). The plasmid pools were extracted by
miniprep and sequenced to assess the quality of the degen-
eration.

Fluorescent assay for HsPrimPol primase-polymerase activ-
ity

Primase-polymerase activity was determined as the increase
in fluorescence emitted by the SYBR® green I after bind-
ing to dsDNA, which is obtained during the replication of
an ssDNA template by HsPrimPol triggered by its DNA
primase activity. To optimize fluorescence detection, puri-
fied HsPrimPol protein (1 �l from a ±1 �g/�l sample con-
centration; depending on the particular preparation) was
added to 96-well black flat bottom reaction plates contain-
ing different volumes (50–200 �l total volume per well)
of various reaction buffers [50 mM Tris–HCl (pH 7.5), 1
mM MnCl2 or 1–10 mM MgCl2, 20–100 �M dATP and
dGTP, 0–400 mM NH4AcO, 0.5–2 �M GTCC oligonu-
cleotide used as DNA priming template (Supplementary
Table S1) and 1×, 2×, 4× or 8x SYBR® Green I]. Reaction
plates were incubated in a plate reader (Fluostar Optima,
BMG Labtech) at 30◦C and the fluorescence intensity was
quantified during 1 h using 485 nm (excitation) and 520 nm
(emission) wavelengths. When using either a DNA template
not containing a preferential 5′-dCdCdTdG-3′ priming site
(1), Mg ions or no metal, or when the two required nu-
cleotides (dA and dG) were not provided, the background
fluorescence was indistinguishable from that of a negative
control without HsPrimPol (Figure 1A). Consistent with re-
sults published elsewhere (39), high amounts of cyanine dye
SYBR® Green I in the assay hampered HsPrimPol poly-
merization activity on a duplex template/primer. However,
de novo synthesis in the presence of a ssDNA template was
not impeded until reaching a 8×–10× dye concentration
(results not shown), allowing real time fluorescent measure-
ment at lower SYBR® Green I concentration during the
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Figure 1. Fluorometric assay to detect RNA-dependent HsPrimPol DNA primase/polymerase activity. (A) Fluorescence kinetics as a measure of de novo
DNA synthesis by purified HsPrimPol (450 nM), in combination with different components as indicated. An increase in fluorescence as a function of time
occurred only when dATP and dGTP (100 �M each), the GTCC template (1 �M; see Supplementary Table S1), and MnCl2 (1 mM) were added. The
use of the ATCC template (1 �M; Supplementary Table S1), or MgCl2 as metal donor, did not render a measurable fluorescence signal. (B) Fluorescence
kinetics using the optimal conditions described in A, but comparing GTCC and GUCC templates (see Supplementary Table S1). A negative control assay
using GTCC template in the absence of dNTPs is represented as a comparison. Note that the scale of arbitrary units in the y-axis is different with respect
to A. (C) Representative electropherogram of a priming experiment carried out with purified HsPrimPol (450 nM) and 16 nM [� -32P]ATP, 100 �M dGTP
and either GTCC or GUCC as template. The position of the labeled ‘5′-AdG-3′ dimer is indicated. Detailed experimental conditions, as well as templates
sequences are described in Materials and Methods.

whole reaction time period. Conditions producing the high-
est fluorescence graph slope were used for further activity
analysis of mutant purified HsPrimPol protein and PRIM-
POL mutant libraries.

PRIMPOL gene library platform: pilot experiments

Colonies grown under selection expressing the wild-type
(WT) PRIMPOL/CCDC111 gene were picked and inocu-
lated into a 96 deep well plate containing 1000 �l of LB
medium supplemented with antibiotics, and sealed with a
gas permeable seal. Cultures were grown overnight at 37◦C
with gentle agitation. After incubation, aliquots of different
volumes (10–1000 �l) were transferred to new 96 deep-well
plates containing different volumes of LB (0–990 �l) with
corresponding antibiotics in the presence of different con-
centrations of IPTG (0, 0.25, 0.5 or 1 mM) and sealed as be-
fore. Cultures were grown for different time periods (2–16 h)
at 30◦C with vigorous agitation for protein overexpression.
Plates were centrifuged at 3000 rpm at 4◦C for 30 min to
collect the cells. Cell pellets were subjected to two cycles of
freezing-thawing and then resuspended in 100 �l of differ-

ent lysis buffers containing 50 mM Tris–HCl (pH 7.0 to 8.0),
14 mg/ml lysozyme, increasing amounts of NH4AcO (0–
400 mM) and increasing amounts of NaCl (0–1000 mM)].
An aliquot of each sample was analyzed by SDS-PAGE
to assess HsPrimPol expression. Aliquots from the resus-
pended pellets (5–30 �l) were added to 96-well black flat-
bottom reaction plate wells containing 50 �l of reaction
buffer, and the samples assayed varying the afore mentioned
parameters. The combination of conditions that provided
the best assay performance was used for further screening
of mutant libraries.

PRIMPOL gene libraries first activity screening

Individual colonies containing a PRIMPOL/CCDC111
gene variant were randomly picked and inoculated as be-
fore into 96 deep well plates containing 800 �l of LB
medium supplemented with antibiotics. The first well of
each plate was inoculated with a colony harbouring wild
type pET16::HISCCDC111 plasmid as a control. Cultures
were grown overnight at 37◦C with gentle agitation. Sub-
sequently, samples of 40 �l from this preculture were trans-
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ferred to new 96 deep-well plates as before containing 360 �l
of LB with the corresponding antibiotics and 1 mM IPTG.
Cultures were grown for 5 h at 30◦C with vigorous agita-
tion for protein overexpression. Additionally, glycerol stock
cultures were prepared from 150 of preculture and stored
in sterile 96-well microtiter plates at –80◦C. After protein
overexpression, plates were centrifuged as before to harvest
cells. Cell pellets were subjected to two cycles of freezing-
thawing and then resuspended in 100 �l of lysis buffer [50
mM Tris–HCl (pH 7.5), 14 mg/ml lysozyme and 150 mM
NaCl] and incubated for 45 min at 37◦C with vigorous agi-
tation. Plates were centrifuged again at 3000 rpm at 4◦C for
30 min to pellet the cellular debris and then 700 �l of lysis
buffer was carefully added to each well. From each sample,
15 �l was transferred to a 96-well black flat bottom reac-
tion plate containing 35 �l of reaction buffer [50 mM Tris–
HCl (pH 7.5), 1 mM MnCl2, 100 �M dATP and dGTP, 1
�M GUCC oligonucleotide (Supplementary Table S1) and
4× SYBR® Green I] per well. Plates were incubated in a
plate reader at 30◦C. Fluorescence intensity was quantified
during 1 h as described above. Plasmid DNA from samples
showing kinetic slopes greater than those of the control was
extracted and sequenced for further analysis.

Expression and purification of HsPrimPol

pET16::HISCCDC111 vectors containing either WT or
mutant PrimPol variants obtained after PRIMPOL gene li-
brary screening were transformed and plated as before, and
a single colony was inoculated into 10 mL of LB supple-
mented with both antibiotics and grown overnight at 37◦C.
This preinoculum was added to 200 ml of LB supplemented
with antibiotics and cultured at 37◦C until an O.D. of 0.8–1
at 600 nm was reached, after which IPTG was added to 1
mM and the culture was incubated for further 3 h at 30◦C
for HsPrimPol overexpression. Cells were then pelleted by
centrifugation at 4000 rpm for 20 min at 4◦C, and the pellets
frozen at –20◦C until further use. Pellets were resuspended
in 20 ml of lysis buffer (50 mM Tris–HCl pH 8.0, 1 M NaCl,
10% glycerol, 1 mM PMSF, 2 mM �-mercaptoethanol, 10
mM imidazole and 400 mM NH4AcO) and disrupted by
sonication (5 cycles of 30 s). HsPrimPol was purified on a
Ni-NTA agarose column as previously described (1). Pro-
tein was eluted with 2 ml of elution buffer (50 mM Tris–HCl
pH 8.0, 50 mM NaCl, 10% glycerol and 400 mM imidazole).
Eluted samples were loaded onto a Heparin–Sepharose col-
umn previously equilibrated with 50 mM Tris–HCl pH 8.0,
50 mM NaCl, 10% glycerol buffer. Samples were washed,
and purified following the protocol described elsewhere. (1)
Finally, 500 �l of purified protein were dialyzed against
dialysis buffer (50 mM Tris–HCl pH 8, 50% glycerol, 500
mM NaCl and 1 mM DTT) and stored at –20◦C for further
biochemical characterization.

Primase assays on GTCC and GUCC oligonucleotide tem-
plates

Priming assays using HsPrimPol with GTCC and GUCC
oligonucleotides were performed using radiolabeled [� -
32P]ATP (16 nM), 1 mM MnCl2, 1 �M template and 450
nM HsPrimPol. Reactions were carried out at 30◦C for 30

min, and terminated with stop buffer [10 mM EDTA, 95%
(v/v) formamide, 0.03% (w/v), xylene–cyanol]. Radioactive
reaction products were separated in acrylamide gels as pre-
viously described (1) and analyzed using a Phosphorimager
(BAS 1500, Fuji). The specific oligonucleotide used as tem-
plate (Supplementary Table S1), as well as the concentra-
tions of additional dGTP used in each assay, are indicated
in the corresponding figure legends.

Elongation assays using a template–primer DNA complex

Five picomoles Sp1C primer (Supplementary Table S1) was
5′[� -32P]-labeled using [� -32P]ATP and PNK as described
elsewhere (1) and purified by G50 Sephadex chromatogra-
phy. This labelled primer was hybridized to 10 pmol of a 28-
mer ssDNA or ssRNA oligonucleotide template (T13T or
T13U, respectively; Supplementary Table S1). Polymerase
assays were carried out in reaction buffer [50 mM Tris–HCl
pH 7.5, 75 mM NaCl, 2.5% (w/v) glycerol, 1 mM DTT, 0.1
mg/ml BSA, 1 mM MnCl2], different dNTPs mixes (100
�M each), 2.5 mM template/primer complex and 400 nM
of PrimPol. Assays were performed at 30◦C for 20 min. Re-
actions were stopped as before, and elongation products
were separated by electrophoresis at 30 W, for 120 min, us-
ing 8 M urea-containing 20% polyacrylamide gels in TBE
buffer.

Determination of the kinetic parameters (KM and kcat) for
PrimPol-catalyzed nucleotide incorporation

The Sp1C primer was labeled and hybridized with the T13T
template as described above. Kinetic parameters were de-
termined in a standard polymerization assay buffer as de-
scribed above using 200 nM template/primer complex and
40 nM PrimPol. After 10 min incubation at 37◦C, reaction
was started by adding different concentrations of dATP (1,
1.5, 2, 4, 5, 7.5, 10, 12.5, 15, 20, 25 and 50 �M). Samples
were allowed to react for 4 min (linear polymerization), af-
ter which they were and then quenched with stop buffer (see
above). Reactions were solved and the relative dATP incor-
poration with respect to non-elongated primer was quanti-
fied using a Phosphorimager (BAS 1500, Fuji). Data were
plotted (percentage of elongated primer as a function of
dATP concentration) and fitted by nonlinear regression us-
ing the SigmaPlot 11.0 software (Systal Software). Kinetic
parameters values and their corresponding standard devia-
tions were deducted from the obtained graph equation.

Gel mobility-shift assay for enzyme:ss-template binary com-
plex

A binary complex between PrimPol and ssDNA (GTCC or
GUCC templates, end-labeled and purified as described ear-
lier) was determined by electrophoretic shift assay (EMSA).
Briefly, the DNA-binding mixture included 2 nM [� -32P]-
labeled oligonucleotide template, 50 mM Tris–HCl pH 7.5,
25 mM NaCl, 2.5% (w/v) glycerol, 1 mM DTT, 2.5%
(w/v) PEG-4000, 0.1 mg/ml BSA and increasing concen-
trations (0–100 nM) of either WT or Y89R HsPrimPol.
The mixtures (20 �l final volume) were incubated for 15
min at 30◦C and directly loaded onto a non-denaturing
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6% polyacrylamide–acrylamide gel and subjected to elec-
trophoresis at 150 V and 4◦C for 120 min, in Tris-glycine pH
8.3 buffer. After electrophoresis the gel was dried for 1 h at
80◦C in a vacuum gel dryer. The radioactivity correspond-
ing to the enzyme:ss-template complex relative to the free
template was quantified by phosphorimaging from three
independent replicates, adwas used as an estimate of the
enzyme:template affinity. Binary complex formation was
quantified as the percentage of retarded template with the
standard deviation of the means.

Gel mobility-shift assay for enzyme:ss-template:dNTP
preternary complex

Preternary complex characterization was carried out using
either 1 �M GTCC or GUCC templates (Supplementary
Table S1) with 16 nM [�-32P]dGTP, 500 nM PrimPol (WT
or Y89R variant), 50 mM Tris–HCl pH 7.5, 25 mM NaCl,
2.5% (w/v) glycerol, 1.25% (w/v) PEG-4000, 1 mM MnCl2,
1 mM DTT and 0.1 mg/ml BSA. Reactions (20 �l final vol-
ume) were incubated for 30 min at 30◦C and directly loaded
onto a non-denaturing 6% polyacrylamide–acrylamide gel.
Electrophoresis and gel drying were carried out as de-
scribed before. The radioactive band corresponding to the
enzyme:ss-template:[�-32P]dGTP preternary complex from
five independent replicates was quantified (in arbitrary
units) by phosphorimaging, subtracting background val-
ues from an control assay containing all aforementioned
reagents except the template molecule. The relative effi-
ciency (WT versus Y89R mutant PrimPol) of preternary
complex formation was calculated as an average ratio quan-
tified as the percentage of retarded template, with the stan-
dard deviation of the means.

PrimPol-primed reverse transcription (PP-RT) PCR cou-
pling

This method relies on three consecutive reaction steps.
First, a HsPrimPol-mediated priming reaction (PP) was car-
ried out in 10 �l containing reaction buffer [50 mM Tris–
HCl pH 7.5, 50 mM NaCl, 5% (w/v) glycerol, 1 mM DTT,
0.1 mg/ml BSA, 1 mM MnCl2], 100 nM dNTPs, six units
of RNAsin® and different concentrations of purified RNA
from hepatitis C virus (HCV) (see Figure 6), kindly pro-
vided by Prof. Esteban Domingo (CBMSO, Madrid). Re-
actions were started ading of either 500 nM Y89R or WT
HsPrimPol, followed by incubation at 37◦C for 2 min and
rapid cooling at 4◦C. Next, one half of the PP reaction mix-
ture (5 �l) was used as a template for an RT reaction con-
taining 1× AMV-RT reaction buffer, 1 mM dNTPs and 1.5
units of AMV-RT (20 �l final volume); samples were incu-
bated at 42◦C for 45 min and then heated at 90◦C for 5 min
for protein inactivation. Finally, a 5 �l sample of this PP-
RT reaction was added to 45 �l of a PCR reaction mixture
containing 1× Go taq® polymerase buffer, 2.5 mM MgCl2,
200 �M dNTPs, 0.75 Units of Go taq® polymerase and 200
nM of specific NS5A-F2 and NS5R3 primers (Supplemen-
tary Table S1). PCR: 98◦C (3 min), 30 cycles of 98◦C (30 s),
51◦C (30 s) and 72◦C (1 min) and 10 min at 72◦C. The PP-
RT/PCR products were visualized in agarose gels stained
with ethidium bromide. As a positive control, an RT reac-
tion was performed using different amounts of HCV RNA

(see Figure 6) with RNAsin® (6 units), NS5R3 reverse (150
nM) or random decamer (50 �M) primers (RP-RT; see Re-
sults section), 1× AMV-RT reaction buffer, 1 mM dNTPs
and 1.5 units of AMV-RT. Samples were incubated at 37◦C
for 45 min and then heated at 90◦C 5 min for protein in-
activation. As a negative control, a similar reaction in the
absence of the NS5R3 reverse primer was performed. After
RP-RT, both reactions were subjected to PCR as described
above.

PP-RT quantitative PCR coupling

In a first reaction, total RNA from mouse spleen (puri-
fied by TRIzol®) was used as template for a PP reaction
in a final volume of 20 �l. The reaction mixture contained
500 nM WT or Y89R HsPrimPol variant, 50 mM Tris–HCl
pH 7.5, 1 mM DTT, 0.1 mg/ml BSA, 25 mM NaCl, 2.5%
(w/v) glycerol, 0.1 mg/ml BSA, 1 mM MnCl2, 6 units of
RNAsin®, 10 �l dNTPs and 400 ng of RNA; reactions
were incubated at 37◦C for 5 min and then rapidly cooled
on ice. Five independent PP reactions performed with each
HsPrimPol variant were pooled into a single tube, and fur-
ther distributed in five independent RT reactions carried out
in a 20 �l volume, which contained 1× AMV-RT reaction
buffer, 1 mM dNTPs, 1.5 units of AMV-RT and 5 �l (100 ng
RNA from the original PP reaction) from the correspond-
ing WT or Y89R HsPrimPol pooled tube. Samples were in-
cubated at 37◦C for 60 min and then heated at 90◦C for 5
min for protein denaturation. Finally, the five reactions were
pooled into a single tube and stored at –20◦C for further use.
As a positive control, five independent RT reactions were
performed with 100 ng total RNA from mouse spleen pu-
rified as above, 6 units of RNAsin®, and 50 �M random
hexamer primers (RP-RT). As a negative control, five inde-
pendent RT reactions were performed as described above
but in the absence of random hexamers. Positive and neg-
ative reaction tubes were respectively pooled and stored at
–20◦C for further use. cDNA amplification was validated
by a standard PCR protocol as described in the previous
section, using as template 5 �l from either WT HsPrimPol,
Y89R variant, or positive or negative experimental con-
trol pools, and as primers either TFAM-Fw and TFAM-rv,
or Pol� -Fw and Pol� -rv pairs (that specifically amplify a
cDNA fragment from the mitochondrial transcription fac-
tor A or polymerase � genes, respectively; Supplementary
Table S1). Amplification using both primers pairs was ob-
served in all samples apart from the negative control, indi-
cating no DNA contamination in the original RNA sam-
ples. An additional control to assess the specificity of the
RNA-dependent priming reaction by HsPrimPol was car-
ried out. Briefly, 5 �l from a PP reaction performed with
WT HsPrimPol, but in the absence of RNA, was used to
drive an RT reaction as described above. Then, 5 �l of the
RT reaction mixture was subjected to PCR as described
in the previous section using the TFAM-Fw and TFAM-
rv as primer pair (Supplementary Table S1). No amplifi-
cation was observed here (not shown), demonstrating total
template-dependence of HsPrimPol during the PP-RT reac-
tions.

Five independent sets of reactions, using two different
PrimPol and RNA batches, encompassing pooled samples
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from either WT HsPrimPol, Y89R variant or positive ex-
perimental control, obtained as described above, were then
subjected to quantitative PCR (qPCR) to estimate the rela-
tive RT yield by amplification of the following six different
medium-high expression housekeeping genes: glyceralde-
hyde 3-phosphate dehydrogenase, 18S rRNA, �-actin, pep-
tidylprolyl isomerase A, hypoxanthine-guanine phospho-
ribosyltransferase 1 and acidic ribosomal phosphoprotein
(GDPH, 18S, ACTB, PPIA, HPRT1 and ARBP, respec-
tively). RNA (2 �l, 10 ng) was mixed with 6 �l of a reaction
buffer containing the corresponding pair of specific primers
(5 nM) and 5 �l of SsoFast™ EvaGreen® Supermix (Bio-
Rad). Reactions were carried out in a CFX 384 qPCR appa-
ratus (Bio-Rad) using the following program: 95◦C (5 s), 40
cycles (95◦C, 5 s; 60◦C, 5 s), 60◦C (5 s) and 95◦C 5 s. Fluores-
cence acquisition was performed at the end of each elonga-
tion step during the entire amplification period. Amplifica-
tion specificity was evaluated in an additional denaturation
step (from 60 to 95◦C) of the amplified product. Only one
melting peak was observed in all the cases. An additional
negative control in the absence of RNA was performed and
no amplification was observed. All qPCR experiments were
carried out and assessed by the Genomics and Massive Se-
quencing Service (at CBMSO, Madrid, Spain). Two sam-
ples were considered different if the DNA amount of their
corresponding quantification cycles (Cq) differed by at least
a half-cycle. All results analyzed are averages of three inde-
pendent technical replicates.

RESULTS

A fluorometric assay to measure HsPrimPol activity

To enhance and facilitate in vitro detection of the
HsPrimPol primase-polymerase activity, we have estab-
lished a new method derived from previous studies car-
ried out by the group of Prof. Andreas Marx, that is cen-
tered on an enhanced fluorescence emission by the chro-
mophore SYBR® Green I upon interaction with dsDNA
(23,31). At the start of the assay, SYBR® Green emits a low
background fluorescence due to the presence of the unrepli-
cated ssDNA; however, as the reaction proceeds, HsPrimPol
primase-polymerase activity will produce dsDNA, optimal
for dye intercalation, thus increasing the fluorescence of
SYBR® green I brightness (40,41), which can be recorded
in real-time using a fluorimeter. Validation of this method
using purified HsPrimPol protein confirmed that PrimPol
activity is evident when using specific DNA template se-
quences containing a favored priming site (i.e. containing
the preferential 5′-dCdCdTdG-3′ priming site flanked by
two homopolymeric thymine tract referred to as ‘GTCC’
template). In agreement with previous results (1), fluores-
cence was detectable when using manganese as metal and
dNTPs as incoming nucleotides (Figure 1A). Importantly,
the ability of HsPrimPol to perform de novo DNA synthesis
directed by a ssDNA template was not inhibited by the large
concentrations of SYBR® Green I, unlike the inhibitory ef-
fect reported for other enzymes using similar dyes (39), thus
increasing the sensitivity of the screening method. Such an
improvement in sensitivity allowed us to perform primase-
polymerase experiments using a DNA template contain-
ing an ‘RNA-version’ of the preferential priming site (5′-

rCrCrUrG-3′; ‘GUCC’ template). As shown in Figure 1B,
purified HsPrimPol displayed a residual but measurable ac-
tivity. We also ran priming experiments in the presence of
[� -32P]ATP and using denaturing PAGE to confirm the re-
sults of our fluorescent assay (Figure 1C; see Materials and
Methods). Thus, a first conclusion is that HsPrimPol ex-
hibits an RdDP activity.

Randomization and screening of HsPrimPol to enhance prim-
ing activity on RNA

In order to boost the RdDP activity, we subjected the hu-
man PRIMPOL gene to random site-directed mutagenesis,
and selection of improved variants by a selective pressure
screening, a powerful strategy successfully implemented for
the catalytic improvement of several DNA and RNA poly-
merases (30,42,43). Recently, we have determined the criti-
cal role of 87WFYY90 motif in HsPrimPol for both priming
and polymerization reactions, contributing to the stabiliza-
tion of the 3′ incoming nucleotide (Calvo et al., manuscript
in preparation). With the aim of increasing the priming po-
tential of HsPrimPol when facing an ‘unfavorable RNA
template, we followed a semi-rational randomization ap-
proach of the less conserved residues in the 87WFYY90 mo-
tif of HsPrimPol (i.e. Phe88 and Tyr89), since our previous
results indicated that altering the invariant Trp87 or Tyr90

caused a strong loss of HsPrimPol activities with a criti-
cal defect in binding the incoming 3′ nucleotide (Calvo et
al., manuscript in preparation). Interestingly, a mutation of
Tyr89 to aspartate has been related to magna myopia (33–
35).

To minimize the oversampling and facilitate the full li-
brary coverage (44), we performed site-directed mutagen-
esis of positions Phe88 and Tyr89, using a pair of primers
with degenerated codons for these specific amino acid posi-
tions, thus rendering a reduced amino acid repertoire de-
fined by NBC (N: adenine/cytosine/guanine/thymine, B:
cytosine/guanine/thymine, C: cytosine, which encodes for
A, R, C, G, I, L, F, P, S, T, V) for position Phe88, and
NDT (D: adenine/guanine/thymine, T: thymine, which en-
codes for R, N, D, C, G, H, I, L, F, S, Y, V) for position
Tyr89 (Supplementary Table S1). This randomization design
only required the screening of 430 colonies to ensure a the-
oretical non-biased 95% library coverage (44,45). Mutants
with improved RdDP activity were screened using a 96-well
format version of the SYBR® Green I fluorescence assay,
but testing crude cell extracts supernatants overexpressing
HsPrimPol. After pilot experiments demonstrated the suit-
ability of the system to support screenings of crude extracts
samples (Supplementary Figure S1), 480 transformants
were tested for an enhanced DNA primase-polymerase on
the GUCC template, and 18 PrimPol variants showing in-
creased activities were shortlisted (Supplementary Figure
S1; Supplementary Table S2). These selected variants were
overexpressed in E. coli BL21(DE3)-pRIL cells, purified
and further evaluated to confirm the RdDP improvement.
Primase experiments comparing GTCC and GUCC tem-
plates confirmed an enhanced RdDP activity for 9 variants
(Supplementary Table S2). The variant showing the greatest
increase in RdDP (RNA as template) was the Y89R mutant
(Figure 2). The similar activity observed in lanes 13 versus
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Figure 2. RNA-dependent DNA primase activity shown by WT and Y89R variant. DNA primase activity of purified WT HsPrimPol (left panel) and
Y89R variant (right panel) was determined using the GTCC or GUCC templates and the indicated concentration (1, 10 or 100 �M) of dGTP. The position
of the labeled 5′-AdA-3′ and 5′-AdGdG-3′ products are indicated. Vertical lines separate non-contiguous lanes.

lane 5, and lanes 14 versus lane 6, corresponding to a 10-
fold difference in dGTP provided, we can estimate that the
Y89R mutant displays at least 10-fold higher activity than
WT HsPrimPol.

At this point, we deemed that the increased RdDP
activity displayed by the Y89R variant may be related
to three non-exclusive concepts: (i) increased template-
directed affinity for incoming nucleotides after primer for-
mation, thus rendering a much higher amount of elongated
product after several catalytic cycles; (ii) increased RNA
template binding activity; (iii) enhanced de novo DNA syn-
thesis opposite RNA, as a consequence of a more stable
binding of the 3′ nucleotide preceding dimer formation (2).

RNA-directed DNA polymerization by HsPrimPol

To assess any increased affinity for the incoming nu-
cleotide during elongation, we measured the incorpora-
tion of dNTPs directed by DNA or RNA in polymeriza-
tion reactions using heteropolymeric template/primer com-
plexes (Figure 3A). Upon addition of different mixes of
dNTPs (Figure 3B), WT HsPrimPol and mutant Y89R
showed similar patterns of incorporation in the presence
of both templates, with preferential accumulation of elon-
gated products whose size corresponds to both DNA and
RNA template-directed incorporation. Reverse transcrip-
tion, that is, DNA polymerization activity using RNA as
a template, was observed for both enzymes, but was less ef-
ficient than polymerization using a DNA template. At the
dNTP concentration used in this experiment, performed
in multiple turnover conditions, the Y89R variant synthe-
sized a slightly larger amount of products than the WT
HsPrimPol, either using DNA or RNA as template.

To quantify any general improvement in binding
the incoming nucleotide due to the Y89R substitution,
stationary-state kinetics analysis was performed with
WT and mutant proteins, using a DNA template/primer
complex. In agreement with earlier results (Table 1), the
Y89R substitution scarcely affected the catalytic efficiency
of PrimPol (Y89R/WT catalytic efficiency ratio was 1.4),
mainly due to a modest decrease of the KM (3.6 and 2.5 �M
for WT and Y89R variant, respectively). We were not able
to obtain any elongated product when RNA was used as
template, either with WT or mutant protein, in the limiting
conditions required for steady-state kinetic analysis. Thus,
these results suggest that the Y89R mutation modestly
improves the affinity for dNTPs during primer extension,
at least when copying a DNA template.

PrimPol variant Y89R can form a preternary complex on
RNA

To evaluate the competence of Y89R for template bind-
ing, we performed EMSA assays with radiolabeled GTCC
and GUCC ssDNA templates and WT or Y89R PrimPols
(Figure 4). Both proteins produced a similar retarded band
(Figure 4), representing an enzyme:ssDNA binary complex,
but the WT enzyme was more efficient at low protein con-
centration (10 nM) as compared with the Y89R protein
(43.7 ± 3.5% and 30.5 ± 5.8% of retarded product using
WT or Y89R, respectively); however, at the highest protein
concentration tested (40 nM) both proteins retard most of
the ssDNA molecules containing the GTCC sequence (94.0
± 3.7% and 86.7 ± 11.2% of retarded product using WT
or Y89R, respectively). In agreement with the RdDP ac-
tivity described earlier, both enzymes also bound the ss-
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Figure 3. RNA-dependent DNA polymerase activity shown by WT HsPrimPol and Y89R variant. (A) Names and sequences of oligonucleotides used
as template/primer hybrids to measure primer-dependent dNTP incorporation by HsPrimPol; RNA sequences are indicated in italics; ‘*’ indicates the
radiolabeled oligonucleotide used as primer. (B) Polymerization reactions by WT or Y89R variant HsPrimPol was evaluated using the indicated combi-
nations of dNTPs (100 �M each) and either DNA (T13T/Spc1) or RNA (T13U/Spc1) templates. As shown by electrophoretic analysis, primers (15-mer)
elongated in 2, 4, 6 or 13 residues represent the expected products in the presence of either dATP, dATP+dGTP, dATP+dGTP+dTTP, or the four dNTPs,
respectively.

Table 1. Kinetic constants for dATP incorporation by WT and Y89R PrimPola

PrimPol KM (�M) kcat (min−1) kcat/KM (�M−1 min−1)

WT 3.59±0.41 0.23±0.01 0.07±0.01
Y89R 2.49±0.52 0.22±0.01 0.09±0.02

aExperiments were carried out as described in Materials and Methods. R2 values of the nonlinear regression analysis from data obtained in kinetic assays
using the WT HsPrimPol and Y89R were 0.985 and 0.964, respectively.

DNA molecules containing the ribo-tetramer GUCC less
efficiently than the deoxyribo-tetramer GTCC, but main-
tained their relative binding enzyme:template affinity (18.0
± 0.4.6% and 8.3 ± 1.0% of retarded product using either
WT or Y89R at 10 nM, respectively). These small differ-
ences in the formation of the binary complex observed by
EMSA cannot explain the enhanced priming activity on
RNA observed in Figure 2 for Y89R. Indeed, at the higher
protein concentration used in the primase assay (450 nM), a
similar efficiency in binding the GUCC template can be in-
ferred for both WT and mutant Y89R in view of the EMSA
results.

Before catalysis, some specialized polymerases and pri-
mases form an enzyme:template complex that recruits
and stabilizes and incoming nucleotide at the elongation
site, thus forming the so-called preternary complex, as
an intermediate step preceding primer binding (46). For
HsPrimPol, this preternary complex can be assayed by a
modified EMSA in the presence of [�-32P]dGTP, able to
detect the preternary complex as a labeled retarded band,
and an ori sequence (3′[dGdTdC]5′) at the ssDNA template

in which the dC promotes the template-directed stabiliza-
tion of dGTP (see Figure 5). When the template contains
an RNA equivalent of the ori sequence (3′[rGrUrC]5′), WT
PrimPol did not stabilize the preternary complex (Figure 5,
right panel). To explore the possibility that the Y89R mu-
tation promotes an improvement in the formation of the
preternary complex on both DNA and RNA templates, we
performed EMSA in the presence of [�-32P]dGTP and ei-
ther GTCC or GUCC templates, using similar experimental
conditions to those in Figure 2 for the primase assay. Under
these conditions, the Y89R variant showed a slight improve-
ment in the preternary complex formation when using the
GTCC template (1.4-fold over the WT; Figure 5, left panel).
Strikingly, the Y89R variant was able to form a measurable
preternary complex when using the GUCC template (Fig-
ure 5, right panel). These results support the notion that
the increased RdDP activity of Y89R is the consequence
of an enhanced capacity to form a preternary complex on
ssRNA.
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Figure 4. WT PrimPol and Y89R can form binary complexes with DNA
and RNA. Radiolabeled GTCC (A) or GUCC (B) oligonucleotides were
incubated with increasing amounts (10, 20 and 40 nM) of either WT or
Y89R variant HsPrimPol, and binary complexes were analyzed by EMSA.

Y89R PrimPol as a DNA primer maker in RT reactions

We next explored whether the gain in priming activity of
Y89R could be demonstrated in heteropolymeric templates
exclusively made of RNA. To initially test this hypothe-
sis, we performed additional primase assays using a dNTP
mixture containing [�-32P]dGTP and with both synthetic
and natural heteropolymeric ssRNAs as templates. Results
confirmed the higher activity of the Y89R variant when
compared with WT HsPrimPol (Supplementary Figure S2).
These results encouraged us to use the Y89R variant as a
RNA-directed primase to synthesize DNA primers that can
be directly used by a reverse transcriptase in a reverse tran-
scription (RT) reaction. To explore this possibility, we de-
signed an experiment in which HsPrimPol, AMV-RT and
Taq polymerase, were sequentially used (see Figure 6A). In
this set-up, in which no synthetic DNA primers are provided
during the RT step, the final amount of specific dsDNA ob-
tained by RT-PCR will depend upon the DNA primase re-
action performed by PrimPol on RNA. To this end, priming
reactions either with WT or Y89R HsPrimPols were car-
ried out with different concentrations of HCV RNA (previ-
ously shown to be a valid template; Supplementary Figure
S2). Next, one half of the reaction volume was used as sub-
strate in a two-step RT-PCR reaction for NS5A HCV gene
amplification (see Material and Methods for additional de-
tails). The reaction primed by Y89R PrimPol rendered a
≥10-fold larger amount of dsDNA product after the final
PCR step than those reactions primed by WT HsPrimPol

Figure 5. Y89R can form a preternary complex on ssRNA. EMSA anal-
ysis and mobility of the preternary complex. WT and Y89R proteins (450
nM) were incubated with either GTCC or GUCC templates (1 �M) and la-
beled dGTP to form a preternary complex. Cartoons represent preternary
complex formation between HsPrimPol (gray), a DNA template (GTCC)
or an RNA template (GUCC), and dGTP, which occupies the 3´ elongation
site (white circle) in HsPrimPol.

(Figure 6B), establishing the biotechnological potential of
HsPrimPol intrinsic RdDP activity. In a follow-up exper-
iment, we compared the efficiency of RT-PCR amplifica-
tion of the NS3 HCV gene using HsPrimPol versus ran-
dom decamers to prime RT. DNA amplification yield ob-
tained with WT HsPrimPol was similar to that obtained
when using the random decamer primers whereas mutant
Y89R yielded a much greater DNA amplification (Figure
6C).

To further explore the potential biotechnological value
of our findings RT-quantitative PCR (RT-qPCR) was used
to assess the superiority of the Y89R variant to gener-
ate primers on RNA. Total RNA (400 ng) from mouse
spleen was used as a template for priming by either WT
or Y89R PrimPol, subsequently,100 ng from this reaction
was used as a substrate for RT, and only 10 ng from the lat-
ter reaction was used to amplify six different housekeeping
genes by qPCR. The average (6 genes) enhancement of RT-
PCR using Y89R versus WT HsPrimPol was 4-fold (Figure
6D). RT-qPCR control experiments using random hexamer
primers added during the RT step were also performed in
parallel to detect the same set of genes. As shown in Figure
6D, the DNA amplification yield was higher when using the
Y89R variant (on average, 8-fold higher than using random
hexamers).

Collectively, these results show the great biotechnologi-
cal potential of HsPrimPol, and particularly mutant Y89R,
to prime reverse transcription of heterogeneous or even un-
known RNA sequences.
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Figure 6. RT-PCR of RNA primed by HsPrimPol. (A) Scheme of the RT-PCR reaction carried out with HsPrimPol. Red lines are RNA, blue lines are
ssDNA, black lines are dsDNA. a: binding of HsPrimPol to the RNA, b: synthesis of DNA primers. c & d: synthesis of ssDNA by AMV-RT. e: PCR reaction
with specific primers and synthesis of the dsDNA amplicon. (B) RT-PCR amplification of NS5A HCV gene using WT HsPrimPol or Y89R variant to
produce primers during the first reaction step. The amount of RNA template is indicated above. Positive RT-PCR control (C+) using the corresponding
reverse primer during the RT process, and negative RT-PCR controls in the presence. (C-1) or absence (C-2) of RNA, are indicated. Molecular size markers
and the corresponding sizes (base pairs) are indicated on the left. Size of the expected amplicon is 1051 nt. (C) RT-PCR amplifications of NS3 HCV gene
using HsPrimPol or Y89R HsPrimPol to produce primers during the first reaction step. Amount of RNA templates is indicated. Positive RT-PCR control
(C+) using random decamers to prime the RT, and negative controls (C-1 and ‘C-2, as in B), are indicated. Size of the expected amplicon is 937 nt. (D) Y89R
mutant renders higher RT-qPCR efficiency. The efficiency of DNA synthesis in RT-qPCR reactions primed with either WT (white), or Y89R HsPrimPol
(gray), for six different housekeeping genes (see Materials and Methods), is calculated from the Cq values and compared to RT-qPCR primed with random
hexamers normalized to 1 (‘RH’; black). For the indicated genes, the ratio of DNA produced in the RT-qPCR primed with Y89R variant respect to that
primed with WT HsPrimPol or RH is shown. Averages for each set of ratios, with the standard errors, are shown.
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DISCUSSION

HsPrimPol is a single polypeptide displaying DNA-
dependent DNA and RNA primase activities, and also be-
haves as primer-dependent DNA and RNA polymerase
with strand-displacement and TLS capabilities (1,3,6).
Here, we have developed a direct fluorimetric assay to mea-
sure de novo DNA synthesis by HsPrimPol. The standard
assay exploits the HsPrimPol hallmark reaction, DNA-
dependent DNA priming, using as template a ssDNA con-
taining an HsPrimPol preferred priming site, and is moni-
tored by the increase of SYBR® green I fluorescence emis-
sion by its incorporation into dsDNA. Using a variation
of this assay we demonstrate an inherent RdDP activ-
ity of HsPrimPol in vitro. The physiological role of such
an activity in the nucleus and mitochondria, however, re-
mains unknown, although it could facilitate the bypass,
either by TLS or repriming, of template ribonucleotides
sporadically present in mitochondrial and nuclear DNA
(47,48) thus facilitating replication fork progression. In ad-
dition to these sporadic ribonucleotides, long RNA tracts
of transcriptional origin called RITOLS (Ribonucleotides
are Incorporated ThroughOut the Lagging Strand) (49–51)
are specifically hybridized to the H-strand of mitochondrial
DNA. It has been proposed that this RNA patch can serve
as a back template to bypass unreadable damage in the lead-
ing strand. The reverse transcription ability of HsPrimPol
described here, would be well suited for this task.

We used crude extracts from recombinant E. coli to iden-
tify HsPrimPol variants with increased RdDP activity in a
96-well plate screening platform. A small library of <500
transformants (132 theoretical variants) was designed on a
semi-rational approach basis where randomization occurs
at defined amino acid positions using ‘smart’ libraries (52)
(i.e. containing reduced amino acid alphabet degenerations)
instead of using completely random methods (53). Selection
of mutable positions at motif 87WFYY90 of HsPrimPol was
based on recent findings indicating the critical involvement
of Trp87 and Tyr90 in the initial steps of priming and elon-
gation (Calvo et al., manuscript in preparation). As a con-
sequence, we elected to randomize only amino acids Phe88

and Tyr89, which show greater variability among eukaryotic
and archaeal PrimPols than the most invariant, flanking po-
sitions of the motif. A main conclusion of our study is that
introducing a positively charged amino acid (Arg) instead
of Tyr89 selectively improves the capacity to generate DNA
primers on RNA template sequences. This enhanced RdDP
activity in mutant Y89R is due to an increased stabilization
of the preternary complex (PrimPol:template:nucleotide)
that precedes dimer formation, whereas the mutation only
has a minor effect on template binding and nucleotide in-
corporation further during polymerization.

During the initial screening, 18 variants were selected
with an increased RdDP activity (Supplementary Table S2)
and purified, and 9 of them were confirmed to have an
enhanced RNA-dependent primase activity using the as-
say described in Figure 2. All the variants showed polar
(Asn, Ser and Cys) or basic (Arg and His) changes in Tyr89,
either alone, or in combination with almost any possible
substitutions (except Pro or Cys) at position Phe88. Our
study suggests that the change at Tyr89 is the main re-

sponsible for the RNA-directed activity gain; however, a
second change at Phe88 can modulate this enhancement.
Thus, double mutant F88S-Y89C showed increased RdDP
activity compared with WT HsPrimPol, while single mu-
tant Y89C, or double mutant F88P-Y89R did not (data
not shown). Collectively, these results emphasize the high
degree of functional plasticity shown by this protein, rep-
resented by the number of different structural solutions
to achieve the same goal. The three-dimensional structure
of HsPrimPol catalytic core complexed with a template–
primer and an incoming nucleotide has been recently solved
(54), and suggests that Tyr89 could be indirectly involved in
the template-directed stabilization of the 3´- incoming nu-
cleotide, in agreement with our data.

Selection of Y89R as a PrimPol variant with enhanced
RdDP offered us the opportunity to explore its biotechno-
logical potential to produce DNA primers for a RT reac-
tion. Thus, the expression of 6 standard housekeeping genes
was evaluated by RT of total RNA from mouse spleen,
in a reaction primed either with WT or Y89R PrimPol,
or by providing random hexameric primers, followed by
qPCR analysis. The process primed by Y89R rendered,
on average, a 4-fold greater amount of qPCR-amplified
DNA than that using WT PrimPol for all genes tested, and
yielded up to 17-fold more DNA than the reactions primed
with random hexamers (one of the most common meth-
ods for RT priming). Along this line, PrimPol from Ther-
mus thermophilus (TthPrimPol) has been recently charac-
terized (7), and its capacity for generating DNA primers
has been successfully exploited in a new DNA amplification
method named TruPrime™. Unlike its human orthologue,
a putative RdDP activity has not yet been described for
TthPrimPol. The screening method presented here might be
directly applied to TthPrimPol in order to improve its puta-
tive RNA-dependent priming activity. Indeed, the use of a
thermostable PrimPol in combination with a thermostable
reverse transcriptase might result in a striking benefit in the
field of whole transcriptome amplification (55–57) or RNA
quasispecies deep sequencing analyses (58).

Concluding remarks

We have developed a simple fluorometric assay to specifi-
cally evaluate the primase-polymerase activity of HsPrim-
Pol, allowing the affordable screening of hundreds of
HsPrimPol variants engineered for the improved use of
RNA as template. This study has identified Y89R as a mu-
tation that improves the stabilization of the preternary com-
plex, as an intermediate preceding primer synthesis. The
improved activity of mutant Y89R on RNA templates al-
lowed its use to prime RT reactions, when combined with
a reverse transcriptase. Thus, the present study represents
a proof-of-principle of the potential biotechnological value
of HsPrimPol as a DNA primase, and demonstrates the
power of direct evolution not just to improve or alter its
enzymatic properties, but to unravel its intimate structure-
function details. The high specificity and selectivity of the
assay to detect HsPrimPol primase has a high potential to
evolve and enhance HsPrimPol recognition and the use of
natural and chemically-modified nucleotides as substrates.
Furthermore, slight modifications to this method might ex-
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pand the application of the platform to check HsPrimPol
activity in the presence of antibodies, inhibitors, aptamers
and drugs, and can likely extrapolated to other primases
and polymerases (such as de novo viral RNA-dependent
RNA polymerases). These aforementioned assays may be
germane to develop biotechnological tools, anticancer ther-
apies and high-throughput analyses of de novo RdRP and
DdRP libraries (59).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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