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The proofreading activity of Pfprex 
from Plasmodium falciparum 
can prevent mutagenesis 
of the apicoplast genome 
by oxidized nucleotides
Minakshi Sharma1,2, Naveen Narayanan1,3 & Deepak T. Nair1*

The DNA polymerase module of the Pfprex enzyme (PfpPol) is responsible for duplication of the 
genome of the apicoplast organelle in the malaria parasite. We show that PfpPol can misincorporate 
oxidized nucleotides such as 8oxodGTP opposite dA. This event gives rise to transversion mutations 
that are known to lead to adverse physiological outcomes. The apicoplast genome is particularly 
vulnerable to the harmful effects of 8oxodGTP due to very high AT content (~ 87%). We show that 
the proofreading activity of PfpPol has the unique ability to remove the oxidized nucleotide from 
the primer terminus. Due to this property, the proofreading domain of PfpPol is able to prevent 
mutagenesis of the AT-rich apicoplast genome and neutralize the deleterious genotoxic effects of 
ROS generated in the apicoplast due to normal metabolic processes. The proofreading activity of the 
Pfprex enzyme may, therefore, represent an attractive target for therapeutic intervention. Also, a 
survey of DNA repair pathways shows that the observed property of Pfprex constitutes a novel form 
of dynamic error correction wherein the repair of promutagenic damaged nucleotides is concomitant 
with DNA replication.

Reactive Oxygen Species (ROS) arise in the cell due to impaired respiration or as natural byproducts of meta-
bolic pathways. ROS reacts with different biomolecules and can impair their function and thus have an adverse 
effect on cellular physiology. ROS are known to oxidize the nucleotide pool. Among the dNTPs, dGTP is espe-
cially vulnerable to oxidation and 8-Oxo-2′-deoxyguanosine-5′-triphosphate (8oxodGTP) represents the most 
frequently occurring damaged nucleotide1,2. 8oxodGTP is frequently misincorporated opposite template dA 
in genomic DNA during replication and this event can lead to deleterious transversion mutations. 8oxodGTP 
misincorporation is known to be responsible for adverse physiological outcomes such as age-related degenerative 
disorders, cell death, or cancer3–6. To avoid the transversion mutations, 8oxodGMP present in DNA is repaired 
by multiple redundant pathways7,8.

ROS are naturally generated in organelles that are sites of metabolic processes such as the apicoplast in 
Plasmodium falciparum9,10. The apicoplast is an unusual plastid-like organelle essential for the survival of the 
malaria parasite. This organelle is the site of many important metabolic processes such as fatty acid synthesis, 
iron-sulfur cluster, isoprenoid and haem biosynthesis9,10. The apicoplast harbors a circular genome (~ 35 kb), 
which is replicated by the enzyme named Pfprex (Plasmodium falciparum plastidic replication/repair enzyme 
complex). Pfprex polypeptide harbors polymerase, primase and helicase activities and is centrally involved in 
the replication of the apicoplast genome by a bidirectional theta mechanism11–15. The pfprex gene is encoded in 
the nucleus, and the polypeptide is transported into the apicoplast due to a bipartite leader sequence (BLS) at 
the N-terminus12,13. Within the apicoplast, the Pfprex polypeptide fragments and the polymerase module sepa-
rates from the primase-helicase activities13,14. The DNA polymerase activity of Pfprex is the primary enzyme 
responsible for duplication of the genome of this organelle14,15. Pfprex plays an important role in the survival of 
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the parasite as any defect in the replication of the apicoplast genome results in the death of the organism14,16,17. 
Also, since Pfprex is of bacterial origin having no known orthologues in humans, this enzyme is an attractive 
target for the generation of novel antimalarial therapeutics11,14.

The polymerase module of Pfprex (named PfpPol) belongs to the A-family of polymerases and possesses 
5′-3′ polymerase and 3′-5′ exonuclease or proofreading activity14,15,18. The PfpPol enzyme exhibits high fidelity 
of DNA synthesis14 with reported error rates ranging from 10−4 to < 10−6. It is the only known DNA polymerase 
in the apicoplast15,18 and, therefore, is more likely to encounter 8oxodGTP in the ROS-rich environment of the 
apicoplast, which can adversely affect replication. The majority of the A-family polymerases prefer to insert 
incoming 8oxodGTP opposite template dA except DNA polymerase I (E. coli), which incorporates the oxidized 
nucleotide opposite both dA and dC19–23. The oxidized base of 8oxodGTP tends to adopt a syn conformation 
to prevent steric repulsion between the oxygen atom at the 8 position and the triphosphate moiety. As a result, 
it prefers to form an 8oxodGTP(syn): dA(anti) Hoogsteen base pair, which has the same C1′-C1′ distance as 
a canonical dTTP: dA Watson–Crick base pair24–29. Consequently, the 8oxodGTP(syn): dA(anti) Hoogsteen 
base pair can be accommodated in the active site of DNA polymerases (dPols) without any distortion of DNA 
or enzyme structure and consequently a number of dPols tend to misincorporate 8oxodGTP opposite dA24,30.

There was no information available regarding the activity of PfpPol with respect to oxidized nucleotides 
such as 8oxodGTP. Our studies showed that PfpPol is able to incorporate 8oxodGTP into the growing end of 
the primer and there is no impediment to replication following the insertion of the oxidized nucleotide. Since 
the incorporation is opposite adenine in the template and is not desirable, the exonuclease activity of PfpPol 
was checked to remove the misincorporated 8oxodGTP. The exonuclease activity was successful in removing the 
damaged base and the amino acid residues responsible for this heightened exonuclease activity were identified.

Results
Primer extension assays.  The wild type (wt) PfpPol and a variant lacking exonuclease activity (PfpPolexo−) 
were purified to high homogeneity (Fig. S1B). The identity of the purified proteins was confirmed using peptide 
fingerprinting of Mass Spectrometry. PfpPolexo− was assessed for its ability to incorporate the oxidized nucleo-
tide 8oxodGTP into DNA. Primer extension assays show that PfpPolexo− incorporates 8oxodGTP opposite dA 
and not dC in the template (Fig. 1A). The observed catalytic efficiency of incorporation of 8oxodGTP opposite 
dA is 0.15 μM−1 min−1. In comparison, the catalytic efficiencies for the addition of dGTP opposite dC and dTTP 
opposite dA are 19.54 and 11.61 μM−1 min−1, respectively (Fig. 1B). Therefore, the catalytic efficiency of incor-
poration of 8oxodGTP opposite dA is only 130- and 77-fold lesser than that for dGTP opposite dC and dTTP 
opposite dA, respectively (Fig. 1B). The frequency of incorporation of 8oxodGTP opposite dA in comparison 
to the addition of dTTP opposite dA (0.013) is nearly threefold higher than that for the error-prone DNA poly-
merase IV from E. coli (0.005)24. These experiments show that PfpPol has substantial ability to misincorporate 
8oxodGTP opposite dA and therefore, in the presence of ROS, there is a possibility of one 8oxodGTP incor-
poration opposite every 100 dA nucleotides in the AT-rich genome (35 kb) of the apicoplast of Plasmodium 
falciparum.

Extension post misincorporation of 8oxodGTP.  The human telomerase has been shown to incorpo-
rate 8oxodGTP but cannot efficiently extend the 8oxodGMP terminated primer causing chain termination31. To 
check whether PfpPolexo− stalls or continues replication after adding 8oxodGTP to the growing primer chain, 
we used DNA substrate (dOG) terminating with 8oxodGMP in the primer strand (Table 1). On addition of all 
dNTPs, this primer was fully extended by PfpPolexo− (Fig. 1C). Hence, as seen for Polγ (A-family) from humans, 
Klenow fragment (KF) from DNA polymerase I (A-family) from E. coli and Polα (B-family) from Bos taurus, the 
presence of 8oxodGMP in the primer at the 3′ end does not impede replication by the PfpPol enzyme21,22. Due to 
the high frequency of incorporation of 8oxodGTP opposite dA by the polymerase activity (PfpPolexo−) and its 
ability to extend from 8oxodGMP present opposite dA, the 8oxodGMP: dA mismatches can appear recurrently 
in the apicoplast genome. This raises the possibility that the exonuclease domain may remove such mismatches 
and thus prevent the appearance of transversion mutations that may adversely affect biochemical pathways that 
operate in the apicoplast.

Proofreading activity can remove 8oxodGMP misincorporated opposite template dA.  As an 
A-family dPol, PfpPol in addition to 5′-3′ polymerase activity, has a 3′-5′ exonuclease activity. The polymerase 
incorporates 8oxodGTP opposite dA with high frequency and can extend past this mismatch also. As a result, 
the mismatch can get fixed in the apicoplast genome and lead to transversion mutations after another round of 
replication. It is possible that the proofreading activity removes this error and therefore, the effect of the 3′-5′ 
exonuclease activity on the misincorporated 8oxodGTP was assessed, and it was observed that 8oxodGMP was 
successfully removed by PfpPol (Fig. 2A). KF is one of the best-studied A-family dPols and is also the closest 
structural homolog of PfpPol32 . The ability of the proofreading domain of the KF enzyme to remove 8oxodGMP 
was also evaluated. Even after a long incubation time of 90 min, the exonuclease activity of KF could not remove 
8oxodGMP from the primer end (Fig. 2B). PfpPolexo− was assayed as the control enzyme unable to remove 
8oxodGMP from the primer end. (Fig. 2C). This observation suggests that the ability to remove misincorporated 
8oxodGMP is not a general property of A-family dPols but is a unique attribute of the PfpPol enzyme. The proof-
reading ability, therefore, can reduce the frequency of 8oxodGTP induced transversion mutations in the AT-rich 
apicoplast genome of Plasmodium falciparum.

Identification of residues that aid removal of 8oxodGTP.  To identify the amino acid residues 
responsible for this unique activity of PfpPol, a computational model of the complex of the exonuclease domain 
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8oxodGTP :dA 10.32 ± 0.72 1.51 ± 0.12 0.15 1

dTTP :dA 0.14 ± 0.01 1.69 ± 0.21 11.61 77.4

dGTP: dC 0.17 ± 0.005 3.39 ± 0.35 19.54 130.3

C

A              T              C             G              P* A            T              C              G     
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Time (min)     0               30             60   

PfpPolexo- - +              +
dOG                     +                +              +

Time (min)       0             30           60

PfpPolexo- - +              +
dA                       +               +              + 

Figure 1.   Activity of Pfprex vis-a-vis 8oxodGTP. (A) The ability of PfpPolexo− to incorporate dGTP and 
8oxodGTP opposite all four template nucleotides was compared. 30 nM PfpPolexo− was incubated for 30 min 
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with single-stranded DNA bearing 8oxodGMP at the 3′ end was prepared. For the computational model, the 
structure of the apo-PfpPol (5DKT) and the complex of KF with DNA (1KSP) were utilized. The model of the 
complex is composed of the exonuclease domain of PfpPol and a trinucleotide with 8oxodGMP present at the 
3′ end (Fig. 3A). The energy of the complex converged to a minimum of − 14,515.3 kJ/mol after 3,000 steps of 
minimization. The energy-minimized model was analyzed to identify residues of the exonuclease domain that 
interact with 8oxodG residue at the 3′ end of the substrate DNA. The phosphodiester bond between 8oxodGMP 
at the 3′ end and the next nucleotide is located close to the catalytic residues. The model showed that the resi-
dues of the stretch 1582QQNS1585 in PfpPol interact with base moiety of 8oxodGMP to stabilize the damaged 
nucleotide in the exonuclease active site (Fig. 3A,B). Since these residues are unique to PfpPol, they might be 
responsible for the heightened exonuclease activity exhibited by PfpPol against 8oxodGMP. To test this hypoth-
esis, the residues Q1582, 1582QQN1584, and S1585 were mutated to alanine by site-directed mutagenesis, and the 
corresponding proteins were purified to high homogeneity.

Enhanced exonuclease activity of PfpPol enables excision of 8oxodGMP from primer ter-
minus.  The proteins PfpPol, KF, QQN-3A, Q1582A and S1585A were checked for their ability to remove 
8oxodGMP from the primer end (Fig. 4A). The triple mutant QQN-3A showed a substantial decrease in the 
ability to remove 8oxodGMP from the 3′ end of the primer, and this observation highlights the importance of 
these unique residues of PfpPol (Fig. 4B). In the model, S1585 forms interactions with the 3′ –OH of the terminal 
primer nucleotide and therefore, may stabilize the terminal nucleotide in the correct orientation for produc-
tive catalysis (Fig. 3B). In line with this observation, the mutant protein S1585A showed more than a threefold 
reduction in excision activity as compared to wt-enzyme (Fig. 4C,D). Q1582 residue interacts with the oxidized 
base, but the mutant protein Q1582A exhibited only about 20% reduction in activity as the wt-enzyme (Figs. 3B, 
4D). This may be because the flexibility in the unstructured polypeptide backbone in this region allows Q1583 

with 100 nM of 5′ FAM labeled DNA and 5 µM of either dGTP or 8oxodGTP. P* represents only DNA. A, 
T, C and G denote templates dA, dT, dC and dG, respectively. It was observed that PfpPolexo− incorporates 
8oxodGTP opposite dA and not dC. (B) Kinetics parameters are displayed for the incorporation of 8oxodGTP 
opposite dA, dTTP opposite dA and dGTP opposite dC by PfpPolexo−. (C) PfpPolexo− can extend from 
8oxodGMP present at the primer terminus to the same extent as from dA and, therefore, the presence of the 
oxidized nucleotide at the primer terminus does not impede DNA synthesis.

Table 1.   List of DNA substrates. The template (1–4) and primer (5–7) oligonucleotides used and their 
corresponding DNA duplexes (8–13) are displayed. "s" denotes the phosphorothioate linkage between the 
nucleotides. For each of the template-primer duplexes, the templating nucleotides are underlined. In the case 
of the DNA duplexes utilized to asses exonuclease activity, the nucleotide present at the 3′ end is highlighted in 
italics and the corresponding nucleotide on the template strand is show in bold.

Templates

1 AT: 5′ TCC​TAC​CGT​GCC​TAC​CTG​AAC​AGC​TGG​TCT​CGCT​AATG​CCT​ACG​AGT​ACG 3′

2 TT: 5′ TCC​TAC​CGT​GCC​TAC​CTG​AAC​AGC​TGG​TCA​CACA​TATG​CCT​ACG​AGT​ACG 3′

3 CT: 5′ TCC​TAC​CGT​GCC​TAC​CTG​AAC​AGC​TGG​TCA​TAGT​CATG​CCT​ACG​AGT​ACG 3′

4 GT: 5′ TCC​TAC​CGT​GCC​TAC​CTG​AAC​AGC​TGG​TCA​CATA​GATG​CCT​ACG​AGT​ACG 3′

Primers

5 P15: FAM 5′ CGT​ACT​CGT​AGG​CAT 3′

6 POG: FAM 5′ CGT​ACT​CGT​AGG​CsAsTX 3′ X = 8oxodGMP

7 PG’: FAM 5′ CGT​ACT​CGT​AGG​CsAsTG 3′

Template- primer DNA substrates:

8
dG: 5′ TCC​TAC​CGT​GCC​TAC​CTG​AAC​AGC​TGG​TCA​CATA​GATG​CCT​ACG​AGT​ACG 3′

3′ TAC​GGA​TGC​TCA​TGC 5′

9
dT: 5′ TCC​TAC​CGT​GCC​TAC​CTG​AAC​AGC​TGG​TCA​CACA​TATG​CCT​ACG​AGT​ACG 3′

3′ TAC​GGA​TGC​TCA​TGC 5′

10
dC: 5′ TCC​TAC​CGT​GCC​TAC​CTG​AAC​AGC​TGG​TCA​TAGT​CATG​CCT​ACG​AGT​ACG 3′

3′ TAC​GGA​TGC​TCA​TGC 5′

11
dA: 5′ TCC​TAC​CGT​GCC​TAC​CTG​AAC​AGC​TGG​TCT​CGCT​AATG​CCT​ACG​AGT​ACG 3′

3′ TAC​GGA​TGC​TCA​TGC 5′

12
dG′: 5′ TCC​TAC​CGT​GCC​TAC​CTG​AAC​AGC​TGG​TCT​CGCT​AA T GCC​TAC​GAG​TAC​G 3′

3′ GTsAsCGG​ATG​CTC​ATG​C 5′

13
dOG: 5′ TCC​TAC​CGT​GCC​TAC​CTG​AAC​AGC​TGG​TCT​CGCT​AA T GCC​TAC​GAG​TAC​G 3′

3′XTsAsCGG​ATG​CTC​ATG​C 5′

X = 8oxodGMP
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dOG:             5’ TCCTACCGTGCCTACCTGAACAGCTGGTCTCGCTAATGCCTACGAGTACG 3’
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Figure 2.   Excision activity on substrate bearing 8oxodGMP at the 3′ end. (A) 10 nM of PfpPol was incubated 
with 100 nM of dOG DNA substrate without dNTPs for different time points (0 to 90 min).The exonuclease 
activity of PfpPol can excise out 8oxodGMP present at the 3′ end of the primer opposite template dA. (B) 10 nM 
of KF was incubated with 100 nM of dOG DNA substrate without dNTPs for different time points (0 to 90 min). 
Unlike PfpPol, the KF enzyme is unable to excise the oxidized nucleotide present at the 3′ end of the primer. 
LC and dOG denote loading control and the DNA substrate with 8oxodGMP at the 3′ end, respectively. (C) 
PfpPolexo− was used as a control, and as expected the exonuclease deficient version does not excise 8oxodGMP 
present at the 3′ end.
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to substitute for Q1582 (Fig. 3B). Overall, the analysis shows that the triple mutant and S1585A exhibit a twofold 
and threefold reduction in the ability to excise out 8oxodGMP while that of Q1582A mutant decreases by about 
20% compared to wt- enzyme (Fig. 4C,D).

The exonuclease activity of the wt- and mutant PfpPol along with KF was also checked on mismatched 
DNA template primer duplex (dG’) with a dA: dG mismatch at the primer 3′ terminus (Table 1). The ability of 
wt- and mutant versions of PfpPol to excise out dGMP from the primer terminus was assessed (Fig. 5A,B ). A 

Q1582

Q1583

N1584

S1585

8oxodGMP

Q72
N70

5’

3’

A

B
Q1582

S1585

8oxodGMP

Q1583

N1584

Q1472 N1470

Figure 3.   Model of the PfpPol exonuclease domain in complex with 8oxodGMP terminated single stranded 
DNA. (A) A computational model of PfpPol exonuclease domain in complex with DNA is displayed. The 
secondary structure elements and the residues are shown in cartoon and stick representation, respectively. 
The residues of the stretch 1582QQNS1585 were found close to 8oxodGMP. N1470 and Q1472 represent mutant 
versions of the catalytic residues, which are present close to the target phosphodiester bond. (B) The possible 
hydrogen bonds formed between S1585 and Q1582 with the 3′ end of the primer and the oxidized base, 
respectively, are displayed as dotted lines.
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dOG:             5’ TCCTACCGTGCCTACCTGAACAGCTGGTCTCGCTAATGCCTACGAGTACG 3’
X=8oxodGMP 3’XTsAsCGGATGCTCATGC 5’

Q1582A

PfpPol

Figure 4.   Proofreading activity of PfpPol and the mutant enzymes on dOG DNA substrate. (A) 10 nM of 
protein was incubated with 100 nM DNA (dOG) substrate without dNTPs for 1 h at 37 °C. PfpPol is able to 
remove 8oxodGMP from the primer end, in comparison the KF shows no excision activity. The PfpPolexo− 
enzyme was used as a negative control. (B) Denaturing PAGE gels showing excision of 8oxodGMP from 0 to 
90 min. LC and dOG denote loading control and the DNA substrate with 8oxodGMP at the 3′ end, respectively. 
Protein to DNA ratio was maintained at 1:10. S1585A and QQN-3A show reduction in their exonuclease activity 
as compared to PfpPol. (C) Percentage of the substrate (dOG) remaining plotted against time of incubation (0′ 
to 90′) for PfpPol, KF, QQN-3A, Q1582A and S1585A.The error bars denote standard deviation values (n = 3). 
(D) The rate of excision of 8oxodGMP was determined by incubating each of the proteins (10 nM) with DNA 
(100 nM) for 0 min and 15 min. In comparison to PfpPol, QQN-3A and S1585A showed two and three-fold 
reduction in excision activity, respectively.
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Figure 5.   Proofreading activity of PfpPol and the mutant enzymes on dG′ DNA substrate. (A) 10 nM of each 
of the protein was incubated with 100 nM DNA (dG′) substrate without dNTPs for 1 h at 37 °C. S1585A and 
QQN-3A show reduction in their exonuclease activity on dGMP terminated primers as compared to PfpPol. 
PfpPolexo− enzyme was used as a negative control. (B) Denaturing PAGE gels showing excision of dGMP from 
0 to 90 min. LC and dG’ denote loading control and the DNA substrate with dGMP at the 3′ end, respectively. 
Protein to DNA ratio was maintained at 1:10. (C) Percentage of the substrate (dG′) remaining plotted against 
time of incubation (0′ to 90′) for PfpPol, KF, QQN-3A, Q1582A and S1585A.The error bars denote standard 
deviation values (n = 3). (D) Exonuclease rate of excision of dGMP was determined by incubating each of the 
protein (10 nM) with DNA (100 nM) for 0 min and 10 min. In comparison to PfpPol, QQN-3A and S1585A 
showed two and three-fold reduction in excision activity, respectively.
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comparison of the rate of reaction showed that there was a reduction in the activity of S1585A (~ threefold) and 
QQN3A mutant (twofold) as compared to PfpPol (Fig. 5C,D). The Q1582A mutant also showed a 27% reduc-
tion in excision activity.

A comparison between PfpPol and KF regarding the ability to process mismatched termini showed the activ-
ity of PfpPol is nearly double that of KF (Fig. 5D). These results suggest that the proofreading domain of the 
PfpPol enzyme is endowed with heightened exonuclease activity. As a result, the PfpPol enzyme has the unique 
ability to excise out oxidized nucleotides that have been misincorporated into the primer and thus prevent the 
appearance of ROS-induced transversion mutations.

To check whether the polymerization ability of all the mutants (Q1582A, QQN-3A, and S1585A ) was intact, 
these proteins were incubated with substrate DNA (dA) and 5 µM of dNTPs. It was observed that all three 
mutant proteins (Q1582A, QQN-3A, and S1585A) were able to carry out 5′ to 3′ polymerase activity similar to 
wt-PfpPol (Fig. 6). The mutations in the exonuclease domain do not have any effect on the DNA polymerase 
activity of PfpPol.

dA:    5’ TCCTACCGTGCCTACCTGAACAGCTGGTCTCGCTAATGCCTACGAGTACG 3’
3’ TACGGATGCTCATGC 5’

P             PfpPol        S1585A        QQN-3A       Q1582A

Figure 6.   Primer extension activity. The DNA polymerase activity of S1585A, QQN-3A, and Q1582A were 
compared to that of PfpPol using primer extension assay. 20 nM of each of the protein was incubated with 
100 nM of dA DNA substrate and 5 µM of dNTPs for 2 h at 37 °C and resolved on denaturing urea PAGE gel. 
S1585A, QQN-3A, and Q1582A were able to extend the primer to the same extent as PfpPol. P represents the 
DNA substrate alone. dA denotes the DNA substrate used in the experiment.
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Discussion
The A-family polymerases such as human Polymerase γ and T7 Polymerase exhibit inefficient excision of 
8oxodGMP21,33 . T7 polymerase poorly excises out 8oxodGMP base-paired to template dA; however, it is efficient 
in removing dG incorrectly paired to dA33. Polymerase γ has also been shown to be more effective in extending 
the incorporated 8oxodGMP base-paired to dA rather than excising the mispair3,21. In our study, 8oxodGMP 
terminated primers were successfully excised by PfpPol and not by KF of DNA polymerase I (E. coli), another 
A-family polymerase with 3′-5′ exonuclease activity. The amino acid residues responsible for the exonuclease 
activity, Asp and Glu, are conserved in PfpPol and KF32,34. PfpPol possesses a unique stretch of amino acids in the 
exonuclease domain (QQNS) that substantially increases the proofreading ability of the exonuclease domain and 
this enhancement enables the enzyme to excise out oxidized nucleotides misincorporated into the primer. This 
stretch of residues is conserved in orthologues present in other members of the Plasmodium genera (Fig. 7). The 
second Q and the serine residue are conserved in many apicomplexans and therefore, the enhanced proofreading 
capacity and the ability to remove oxidized nucleotides may be a general feature of the plastidic dPol present in 
these organisms. Also, the polymerase activity of the PfpPol enzyme has the ability to prevent the incorporation 
of 8oxodGTP opposite dC. Therefore, the polymerase and proofreading activities of the enzyme act in concert 
to ensure that the damaged nucleotide is not added to the genome, neither opposite dC nor dA.

The nucleotide pool in the apicoplast is under constant oxidative stress as it is exposed to reactive oxygen 
species (ROS) produced during various metabolic processes that occur in this unique organelle14,35,36. The pres-
ence of ROS will lead to the generation of oxidized nucleotides such as 8oxodGTP that can lead to transversion 
mutations in the apicoplast genome24,35–37. In the mitochondria, even trace amounts of 8oxodGTP can substan-
tially reduce the fidelity of replication of the mitochondrial genome3. Since the apicoplast genome of P. falcipa-
rum is highly AT-rich (~ 87%), the probability and frequency of 8oxodGTP: dA misincorporations will be high 
and therefore, the apicoplast genome is particularly vulnerable to mutagenesis by 8oxodGTP38. The apicoplast 
genome is known to code for about 30 genes and mutations in the apicoplast genome will lead to the altered 
proteins and RNA that cannot function properly and also lead to dysregulation of gene expression39. Overall, 
due to persistent oxidative stress, the AT-rich genome in the apicoplast is under constant threat and the unique 
attributes of the exonuclease domain of Pfprex may play an important role in protecting the apicoplast genome 
from the deleterious effects of ROS.

Previously, it has been shown that the Base excision repair, Mismatch repair, and Nucleotide excision repair 
pathways can detect and remove 8oxodGMP40–44. The present study shows that in the apicoplast, misincorporated 
8oxodGMP present opposite template dA may be removed primarily by the proofreading activity of the replica-
tive DNA polymerase. This property represents a new form of DNA repair wherein the proofreading activity 
resident in the DNA polymerase is the first enzyme to excise out promutagenic damaged nucleotides from the 
primer strand. The removal of damaged nucleotides is generally post-DNA synthesis45 and involves unloading of 
the DNA polymerase from the primer-template junction site. The observed activity of the exonuclease domain 
of Pfprex represents the first example of real-time dynamic error correction of damaged nucleotides wherein 
repair is concomittant with replication.

Figure 7.   Sequence alignment of DNA Polymerases from different members of apicomplexa. The stretch 
1582QQNS1585 is highlighted in cyan and the residues marked with an asterisk are conserved across different 
members of the apicomplexans. The QQNS motif is conserved across different members of the Plasmodium 
genera. The second Q and the S residues are conserved in many apicomplexans.
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The perturbation of metabolic activities in the apicoplast has been shown to lead to a delayed death phenotype 
in apicomplexans such as Plasmodium and Toxoplasma10,16,46,47. These organisms are responsible for diseases 
in humans and the former is responsible for malaria, which causes a large number of fatalities in the tropical 
regions of the world48. According to WHO, there were approximately 4,05,000 deaths worldwide due to malaria 
in 2018, with nearly 85% of the fatal cases reported from 20 countries belonging to African and Indian region49. 
Despite the number of efforts to eradicate the disease, the mortality rate has not declined as expected, with 
nearly 435,000 deaths in 2017 and 451,000 in 201650. This is partly because of the increased resistance to avail-
able drugs, including the present frontline artemisinin-based combination therapy51–54. This calls for an urgent 
need to devise better strategies and find new targets for drug development. The inhibition of the exonuclease 
activity of Pfprex may lead to deleterious transversion mutations in the apicoplast genome, which will decrease 
the overall viability of the parasite. The proofreading domain of Pfprex bears low homology to that of the only 
A-family dPols in humans with a functional proofreading activity such as Polγ. Hence, the exonuclease activity 
of Pfprex represents an attractive target for therapeutic intervention. The inhibitors of the proofreading activity 
may serve as effective adjuvants that potentiate the antimalarial activity of available therapeutics.

Materials and methods
Cloning, expression, and purification.  The codon-optimized gene construct corresponding to Pfprex 
(Uniprot ID: Q8ILY1_PLAF7) was obtained from Genscript Inc and the gene segment corresponding to Pfp-
Pol (1,361–2016 aa residues, supplementary figure S1A) was cloned into the pGEX-6P-1 vector. The gene con-
struct corresponding to the Klenow fragment of DNA polymerase I ((Uniprot ID: DPO1_ECOLI) was amplified 
from E. coli genomic DNA and cloned into the pGEX-6P-1 vector. All the mutants, namely D1470N + E1472Q 
(PfpPolexo−)14, Q1582A, S1585A and triple mutant QQN-3A(Q1582A + Q1583A + N1584A) were generated 
using QuikChange Lightning Site-Directed Mutagenesis Kit from Agilent. The cloned genes and the mutants 
were transformed into freshly prepared competent cells of the C41(DE3) strain of E. coli.

The cells were grown in LB media containing 100 µg/ml of ampicillin at 37 °C and continuous shaking at 
180 rpm till OD600 was 0.7. Induction was done with 0.3 mM IPTG and cells were further grown for 16 h at 18 °C. 
The cells were pelleted down by centrifugation and resuspended in lysis buffer (500 mM NaCl, 5% Glycerol, 
100 mM phosphate buffer (pH-7.5), 5 mM β-Mercaptoethanol, 0.01% IGEPAL and 1 mM phenylmethylsulfonyl 
fluoride). The cell lysate was sonicated and centrifuged at 17,800g for 50 min to obtain clear supernatant, which 
was subjected to purification by GST affinity chromatography. Briefly, the GST-sepharose beads (GE Healthcare 
Inc.) were equilibrated with buffer A (500 mM NaCl, 5% glycerol, 50 mM phosphate buffer (pH-7.5), 2 mM 
dithiothreitol (DTT), and 0.01% IGEPAL). The supernatant was then loaded on to the column and washed with 
buffer A, followed by buffer B (1 M NaCl, 5% glycerol, 50 mM phosphate buffer (pH-7.5), 2 mM DTT, and 0.01% 
IGEPAL). Protein was eluted after on-column cleavage with PreScission protease, which cleaves the GST tag of 
the protein. The eluted protein was concentrated and further purified by gel filtration chromatography using a 
Superdex-200 column (GE Healthcare Inc.). The protein was finally eluted in buffer containing 25 mM HEPES 
(pH 7.5), 500 mM NaCl, 5% glycerol and 2 mM DTT, concentrated and flash frozen.

Primer extension assays.  Primer extension assays were performed by annealing 5′ 6-FAM labeled primer 
P15 with four different templates AT, TT, CT and GT giving rise to DNA substrates dA, dT, dC and dG having 
dA, dT, dC and dG respectively at the templating position (Table 1). 30 nM PfpPolexo− and 5 µM of either 
8oxodGTP or dGTP were added to the reaction mixture consisting of 100 nM DNA substrate (Table 1) with 
25 mM Tris–HCl (pH-7.5), 0.1 mM (NH4)2SO4, 0.1 mg/ml BSA, 10 mM MgCl2, and 1 mM DTT. The reaction 
was carried out for 30 min at 37 °C and terminated with stop solution consisting of 80% formamide, 1 mg/mL 
Xylene C, 1 mg/mL bromophenol blue, and 20 mM EDTA. This was followed by incubation at 95 °C for 4 min 
and quickly transferring to ice for 10 min. The mixture was loaded onto a 20% polyacrylamide gel containing 
8 M urea and 1× TBE. Visualization of the products was carried out by excitation of the 5′ 6-FAM label at 488 nM 
using Typhoon scanner (GE healthcare). The amount of primer extended was calculated using the equation55:

where IE is the intensity of the extended band (n + 1) and IU is the intensity of the unextended band (n) in 
the same lane.

For steady-state enzyme kinetics, 5 nM of PfpPolexo− and 1 µM of DNA substrate were used for reactions. 
The time point at which 20% of the primer has been extended was chosen and increasing concentrations of either 
8oxodGTP, dGTP, or dTTP were used to carry out reactions. Using Lineweaver-Burke plot, apparent Km, Vmax 
and the catalytic efficiencies were calculated (Fig. 1B) with the help of standard protocols24,56,57.

To check complete polymerization of DNA by PfpPol and the mutants (Q1582A, S1585A and QQN-3A), 
100 nM of DNA substrate, dA (Table 1) was used along with 5 µM of all dNTPs in a reaction mix consisting 
of 25 mM Tris–HCl (pH-7.5), 0.1 mM (NH4)2SO4, 0.1 mg/ml BSA, 10 mM MgCl2, and 1 mM DTT. 20 nM of 
each of the protein was added and the reaction was stopped after 2 h at 37˚C by the method described above.

Extension post misincorporation of 8oxodGTP.  Primer extension after incorporation of 8oxodGTP 
at the 3′ primer terminus was checked by polymerization reactions on the dOG DNA substrate. dOG was made 
by annealing template AT with primer POG; POG has 8oxodGMP at the 3′ terminus (Table 1). For comparison, 
polymerization was also checked on dA DNA substrate that was made by annealing P15 to template AT. P15 has 
dTMP at the 3′ terminus. 10 nM of PfpPolexo− and 100 nM of DNA substrate (dOG) were used in reaction mix 

Percentage of primer extended =
IE

IE + IU
× 100
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containing 5 µM of all dNTPs, 0.1 mM Ammonium sulfate, 0.1 mg/ml BSA, 10 mM MgCl2 , 1× of 5× assay buffer 
consisting of 125 mM Tris–HCl (pH-7.5) and 5 mM DTT. After 30 min and 1 h, the reaction was stopped as 
described above and extended bands visualized by excitation at 488 nM on Typhoon scanner (GE healthcare).

Proofreading activity.  3′ to 5′ exonuclease activity of PfpPol, KF, Q1582A, S1585A and QQN-3A was 
checked on dOG DNA substrate. The dOG substrate has 8oxodGMP already present at the 3′ primer terminus 
with non-hydrolyzable phosphorothioate linkages instead of phosphodiester linkages present at the penultimate 
and antepenultimate bonds linkages. Phosphorothioate linkages, which have sulfur in place of one of the oxy-
gen atoms of a phosphate, prevented the exonuclease activity from degrading the DNA base pairs following the 
misincorporated oxidized base owing to long incubation times with the protein. The reaction mixture contained 
10 nM of the proteins, 100 nM of DNA substrate, 0.1 mM Ammonium sulfate, 0.1 mg/ml BSA, 10 mM MgCl2, 
25  mM Tris–HCl (pH-7.5) and 1  mM DTT. The reaction was stopped after an incubation of 1  h. Similarly, 
exonuclease activity was checked on dG’ substrate that has dGMP at the 3′ primer terminus. For quantitative 
analysis, the reaction mix was incubated for different time points till 90 min to generate curves with the percent-
age of substrate remaining plotted against time. Two time points; 0 and 10 min and 0 and 15 min were chosen 
to estimate reaction rates for excision of dGMP and 8oxodGMP, respectively, as has been described previously14. 
To avoid errors due to loading, 100 nM of loading control was used in the reaction.

The percentage of substrate remaining was calculated using the equation:

where Si = ISRi/ILCi; ISRi is the intensity of the undigested primer band at time point i and ILCi is the intensity 
of the loading control band at time point i with i ranging from time point 0 min to 90 min. S0 = ISR0/ILC0; ISR0 is 
the intensity of the undigested primer at time point 0 min and ILC0 is the intensity of the loading control at time 
point 0 min.

Modeling studies.  The structure of the exonuclease domain of KF bound to DNA (1KSP)58 was processed 
to isolate the exonuclease domain bound to three nucleotides. The complex of the KF exonuclease domain in 
complex with DNA and the apo structure of the exonuclease domain of PfpPol (5DKT)32,58 were superimposed 
onto each other. The DNA substrate was transferred from KF to PfpPol and the terminal nucleotide at the 3′ 
end was changed to 8oxodGMP. The model generated in this manner was subjected to energy minimization 
in Discovery Studio (Discngine SAS) using CHARMM force field59–61. The modeled structure of the PfpPol-
exonuclease domain: DNA complex was analyzed using the CONTACT program of the CCP4 suite62 and all 
figures were prepared using the PyMOL program (Schrodinger Inc.).

Sequence analysis.  The fasta sequences of orthologs of Pfprex from different apicomplexans were 
obtained from NCBI website63. The sequences corresponding to the following organisms were used: P. vivax 
(SCO69476.1), P. reichenowi (XP_012765178.2), P. malariae (SBT72451.1), P. ovale (SCP06297.1), P. knowlesi 
(XP_002260883.1), P. yoelii (ETB59497.1), P. berghei (XP_022714368.1), P. chabaudi (SCM11163.1), B. ovata 
(XP_028865888.1), T. gondii (ACN59873.1), C. cayetanensis (OEH77393.1), C. suis (PHJ24259.1), T. annulata 
(XP_954352.1) and N. caninum (CEL66763.1). All the obtained sequences were then aligned with the exonu-
clease domain of Pfprex using the multiple sequence alignment tool, Clustal Omega, available at the EMBL-EBI 
website64.

Accession numbers.  UNIPROT: Q8ILY1_PLAF7 (Pfprex) and DPO1_ECOLI (DNA polymerase I) PDB: 
1KSP (DNA polymerase I) and 5DKT (Pfprex) were used to model DNA in the exonuclease domain of PfpPol.

Received: 4 March 2020; Accepted: 11 June 2020

References
	 1.	 Haghdoost, S., Sjölander, L., Czene, S. & Harms-Ringdahl, M. The nucleotide pool is a significant target for oxidative stress. Free 

Radic. Biol. Med. https​://doi.org/10.1016/j.freer​adbio​med.2006.05.003 (2006).
	 2.	 Neeley, W. L. & Essigmann, J. M. Mechanisms of formation, genotoxicity, and mutation of guanine oxidation products. Chem. Res. 

Toxicol. 19, 491–505 (2006).
	 3.	 Pursell, Z. F., McDonald, J. T., Mathews, C. K. & Kunkel, T. A. Trace amounts of 8-oxo-dGTP in mitochondrial dNTP pools reduce 

DNA polymerase γ replication fidelity. Nucleic Acids Res. https​://doi.org/10.1093/nar/gkn06​2 (2008).
	 4.	 Ames, B. N., Shigenaga, M. K. & Hagen, T. M. Oxidants, antioxidants, and the degenerative diseases of aging. Proc. Natl. Acad. Sci. 

https​://doi.org/10.1073/pnas.90.17.7915 (1993).
	 5.	 Suzuki, T. & Kamiya, H. Mutations induced by 8-hydroxyguanine (8-oxo-7,8-dihydroguanine), a representative oxidized base, in 

mammalian cells. Genes Environ. https​://doi.org/10.1186/s4102​1-016-0051-y (2017).
	 6.	 Nakabeppu, Y. et al. Mutagenesis and carcinogenesis caused by the oxidation of nucleic acids. Biol. Chem. https​://doi.org/10.1515/

BC.2006.050 (2006).
	 7.	 Watson, J. D. et al. Molecular Biology of the Gene 7th edn. (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 2015).
	 8.	 Kamiya, H. Mutagenicity of oxidized DNA precursors in living cells: Roles of nucleotide pool sanitization and DNA repair enzymes, 

and translesion synthesis DNA polymerases. Mutat. Res. Genet. Toxicol. Environ. Mutagenesis https​://doi.org/10.1016/j.mrgen​
tox.2010.06.003 (2010).

	 9.	 Seeber, F. & Soldati-Favre, D. Metabolic pathways in the apicoplast of apicomplexa. Int. Rev. Cell Mol. Biol. https​://doi.org/10.1016/
S1937​-6448(10)81005​-6 (2010).

	10.	 Goodman, C. D. & McFadden, G. I. Targeting apicoplasts in malaria parasites. Expert Opin. Ther. Targets https​://doi.
org/10.1517/14728​222.2013.73915​8 (2013).

Percentage of substrate remaining =
(

Si
/

S0
)

∗ 100

https://doi.org/10.1016/j.freeradbiomed.2006.05.003
https://doi.org/10.1093/nar/gkn062
https://doi.org/10.1073/pnas.90.17.7915
https://doi.org/10.1186/s41021-016-0051-y
https://doi.org/10.1515/BC.2006.050
https://doi.org/10.1515/BC.2006.050
https://doi.org/10.1016/j.mrgentox.2010.06.003
https://doi.org/10.1016/j.mrgentox.2010.06.003
https://doi.org/10.1016/S1937-6448(10)81005-6
https://doi.org/10.1016/S1937-6448(10)81005-6
https://doi.org/10.1517/14728222.2013.739158
https://doi.org/10.1517/14728222.2013.739158


13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:11157  | https://doi.org/10.1038/s41598-020-67853-2

www.nature.com/scientificreports/

	11.	 Seow, F. et al. The plastidic DNA replication enzyme complex of Plasmodium falciparum. Mol. Biochem. Parasitol. https​://doi.
org/10.1016/j.molbi​opara​.2005.02.002 (2005).

	12.	 Lindner, S. E., Llinás, M., Keck, J. L. & Kappe, S. H. I. The primase domain of PfPrex is a proteolytically matured, essential enzyme 
of the apicoplast. Mol. Biochem. Parasitol. https​://doi.org/10.1016/j.molbi​opara​.2011.08.002 (2011).

	13.	 Bhowmick, K. & Dhar, S. K. Plasmodium falciparum single-stranded DNA-binding protein (PfSSB) interacts with PfPrex helicase 
and modulates its activity. FEMS Microbiol. Lett. https​://doi.org/10.1111/1574-6968.12343​ (2014).

	14.	 Wingert, B. M., Parrott, E. E. & Nelson, S. W. Fidelity, mismatch extension, and proofreading activity of the Plasmodium falciparum 
apicoplast DNA polymerase. Biochemistry https​://doi.org/10.1021/bi400​708m (2013).

	15.	 Kennedy, S. R., Chen, C. Y., Schmitt, M. W., Bower, C. N. & Loeb, L. A. The biochemistry and fidelity of synthesis by the api-
coplast genome replication DNA polymerase Pfprex from the malaria parasite Plasmodium falciparum. J. Mol. Biol. https​://doi.
org/10.1016/j.jmb.2011.04.071 (2011).

	16.	 Yeh, E. & DeRisi, J. L. Chemical rescue of malaria parasites lacking an apicoplast defines organelle function in blood-stage Plas-
modium falciparum. PLoS Biol. https​://doi.org/10.1371/journ​al.pbio.10011​38 (2011).

	17.	 Lim, L. & McFadden, G. I. The evolution, metabolism and functions of the apicoplast. Philos. Trans. R. Soc. B Biol. Sci. https​://doi.
org/10.1098/rstb.2009.0273 (2010).

	18.	 Milton, M. E. & Nelson, S. W. Replication and maintenance of the Plasmodium falciparum apicoplast genome. Mol. Biochem. 
Parasitol. https​://doi.org/10.1016/j.molbi​opara​.2016.06.006 (2016).

	19.	 Einolf, H. J., Schnetz-Boutaud, N. & Guengerich, F. P. Steady-state and pre-steady-state kinetic analysis of 8-oxo-7,8- dihydroguano-
sine triphosphate incorporation and extension by replicative and repair DNA polymerases. Biochemistry https​://doi.org/10.1021/
bi981​346d (1998).

	20.	 Patro, J. N., Urban, M. & Kuchta, R. D. Interaction of human DNA polymerase α and DNA polymerase I from Bacillus stearother-
mophilus with hypoxanthine and 8-oxoguanine nucleotides. Biochemistry https​://doi.org/10.1021/bi900​777s (2009).

	21.	 Hanes, J. W., Thal, D. M. & Johnson, K. A. Incorporation and replication of 8-oxo-deoxyguanosine by the human mitochondrial 
DNA polymerase. J. Biol. Chem. https​://doi.org/10.1074/jbc.M6079​65200​ (2006).

	22.	 Macpherson, P. et al. 8-Oxoguanine incorporation into DNA repeats vitro and mismatch recognition by MutSα. Nucleic Acids Res. 
https​://doi.org/10.1093/nar/gki81​3 (2005).

	23.	 Huang, J., Yennie, C. J. & Delaney, S. Klenow fragment discriminates against the incorporation of the hyperoxidized dGTP lesion 
spiroiminodihydantoin into DNA. Chem. Res. Toxicol. https​://doi.org/10.1021/acs.chemr​estox​.5b003​30 (2015).

	24.	 Kottur, J. & Nair, D. T. Reactive oxygen species play an important role in the bactericidal activity of quinolone antibiotics. Angew. 
Chemie Int. Ed. https​://doi.org/10.1002/anie.20150​9340 (2016).

	25.	 Vasquez-Del Carpio, R. et al. Structure of human DNA polymerase κ inserting dATP opposite an 8-OxoG DNA lesion. PLoS ONE 
https​://doi.org/10.1371/journ​al.pone.00057​66 (2009).

	26.	 Uesugi, S. & Ikehara, M. Carbon-13 magnetic resonance spectra of 8-substituted purine nucleosides. Characteristic shifts for the 
syn conformation. J. Am. Chem. Soc. https​://doi.org/10.1021/ja004​52a00​8 (1977).

	27.	 Lipscomb, L. A. et al. X-ray structure of a DNA decamer containing 7,8-dihydro-8-oxoguanine. Proc. Natl. Acad. Sci. https​://doi.
org/10.1073/pnas.92.3.719 (1995).

	28.	 Kouchakdjian, M. et al. NMR structural studies of the ionizing radiation adduct 7-hydro-8-oxodeoxyguanosine (8-oxo-7H-dG) 
opposite deoxyadenosine in a DNA duplex. 8-Oxo-7H-dG(syn)•dA(anti) alignment at lesion site. Biochemistry https​://doi.
org/10.1021/bi002​19a03​4 (1991).

	29.	 McAuley-Hecht, K. E. et al. Crystal structure of a DNA duplex containing 8-hydroxydeoxyguanine-adenine base pairs. Biochemistry 
https​://doi.org/10.1021/bi002​00a00​6 (1994).

	30.	 Beard, W. A., Batra, V. K. & Wilson, S. H. DNA polymerase structure-based insight on the mutagenic properties of 8-oxoguanine. 
Mutat. Res. Genet. Toxicol. Environ. Mutagenesis https​://doi.org/10.1016/j.mrgen​tox.2010.07.013 (2010).

	31.	 Aeby, E., Ahmed, W., Redon, S., Simanis, V. & Lingner, J. Peroxiredoxin 1 protects telomeres from oxidative damage and preserves 
telomeric DNA for extension by telomerase. Cell Rep. https​://doi.org/10.1016/j.celre​p.2016.11.071 (2016).

	32.	 Milton, M. E., Choe, J. Y., Honzatko, R. B. & Nelson, S. W. Crystal structure of the apicoplast DNA polymerase from Plasmodium 
falciparum: The first look at a plastidic A-family DNA polymerase. J. Mol. Biol. https​://doi.org/10.1016/j.jmb.2016.07.016 (2016).

	33.	 Yamada, M. et al. Escherichia coli DNA polymerase III is responsible for the high level of spontaneous mutations in mutT strains. 
Mol. Microbiol. https​://doi.org/10.1111/mmi.12061​ (2012).

	34.	 Derbyshire, V. et al. Genetic and crystallographic studies of the 3′,5′-exonucleolytic site of DNA polymerase I. Science 240, 199–201. 
https​://doi.org/10.1126/scien​ce.28329​46 (1988).

	35.	 Percário, S. et al. Oxidative stress in malaria. Int. J. Mol. Sci. https​://doi.org/10.3390/ijms1​31216​346 (2012).
	36.	 Pino, P. et al. Dual targeting of antioxidant and metabolic enzymes to the mitochondrion and the apicoplast of Toxoplasma gondii. 

PLoS Pathog. https​://doi.org/10.1371/journ​al.ppat.00301​15 (2007).
	37.	 Markkanen, E. Not breathing is not an option: How to deal with oxidative DNA damage. DNA Repair https​://doi.org/10.1016/j.

dnare​p.2017.09.007 (2017).
	38.	 Wilson, R. J. M. et al. Complete gene map of the plastid-like DNA of the malaria parasite Plasmodium falciparum. J. Mol. Biol. 

261, 155–172. https​://doi.org/10.1006/jmbi.1996.0449 (1996).
	39.	 Arisue, N. et al. The plasmodium apicoplast genome: Conserved structure and close relationship of P. ovale to rodent malaria 

parasites. Mol. Biol. Evol. https​://doi.org/10.1093/molbe​v/mss08​2 (2012).
	40.	 Zlatanou, A. et al. The hMsh2-hMsh6 complex acts in concert with monoubiquitinated PCNA and Pol η in response to oxidative 

DNA damage in human cells. Mol. Cell https​://doi.org/10.1016/j.molce​l.2011.06.023 (2011).
	41.	 Nishimura, S. Involvement of mammalian OGG1(MMH) in excision of the 8-hydroxyguanine residue in DNA. Free Radic. Biol. 

Med. https​://doi.org/10.1016/S0891​-5849(02)00778​-5 (2002).
	42.	 David, S. S., O’Shea, V. L. & Kundu, S. Base-excision repair of oxidative DNA damage. Nature https​://doi.org/10.1038/natur​e0597​

8 (2007).
	43.	 Melis, J. P. M., van Steeg, H. & Luijten, M. Oxidative dna damage and nucleotide excision repair. Antioxid. Redox Signal. https​://

doi.org/10.1089/ars.2012.5036 (2012).
	44.	 Chatterjee, N. & Walker, G. C. Mechanisms of DNA damage, repair, and mutagenesis. Environ. Mol. Mutagen. https​://doi.

org/10.1002/em.22087​ (2017).
	45.	 Cortez, D. Replication-coupled DNA repair. Mol. Cell https​://doi.org/10.1016/j.molce​l.2019.04.027 (2019).
	46.	 Amberg-Johnson, K. & Yeh, E. Host cell metabolism contributes to delayed-death kinetics of apicoplast inhibitors in Toxoplasma 

gondii. Antimicrob. Agents Chemother. https​://doi.org/10.1128/AAC.01646​-18 (2019).
	47.	 Ralph, S. A., D’Ombrain, M. C. & McFadden, G. I. The apicoplast as an antimalarial drug target. Drug Resist. Updat. https​://doi.

org/10.1054/drup.2001.0205 (2001).
	48.	 Ashley, E. A., Pyae Phyo, A. & Woodrow, C. J. Malaria. Lancet https​://doi.org/10.1016/S0140​-6736(18)30324​-6 (2018).
	49.	 World Health Organization. WHO | This year’s World malaria report at a glance. (WHO, Geneva, 2019).
	50.	 World Health Organization, W. World Malaria Report 2018 Isbn 978 92 4 156565 3. (WHO, Geneva, 2018).
	51.	 Ross, L. S. & Fidock, D. A. Elucidating mechanisms of drug-resistant Plasmodium falciparum. Cell Host Microbe https​://doi.

org/10.1016/j.chom.2019.06.001 (2019).

https://doi.org/10.1016/j.molbiopara.2005.02.002
https://doi.org/10.1016/j.molbiopara.2005.02.002
https://doi.org/10.1016/j.molbiopara.2011.08.002
https://doi.org/10.1111/1574-6968.12343
https://doi.org/10.1021/bi400708m
https://doi.org/10.1016/j.jmb.2011.04.071
https://doi.org/10.1016/j.jmb.2011.04.071
https://doi.org/10.1371/journal.pbio.1001138
https://doi.org/10.1098/rstb.2009.0273
https://doi.org/10.1098/rstb.2009.0273
https://doi.org/10.1016/j.molbiopara.2016.06.006
https://doi.org/10.1021/bi981346d
https://doi.org/10.1021/bi981346d
https://doi.org/10.1021/bi900777s
https://doi.org/10.1074/jbc.M607965200
https://doi.org/10.1093/nar/gki813
https://doi.org/10.1021/acs.chemrestox.5b00330
https://doi.org/10.1002/anie.201509340
https://doi.org/10.1371/journal.pone.0005766
https://doi.org/10.1021/ja00452a008
https://doi.org/10.1073/pnas.92.3.719
https://doi.org/10.1073/pnas.92.3.719
https://doi.org/10.1021/bi00219a034
https://doi.org/10.1021/bi00219a034
https://doi.org/10.1021/bi00200a006
https://doi.org/10.1016/j.mrgentox.2010.07.013
https://doi.org/10.1016/j.celrep.2016.11.071
https://doi.org/10.1016/j.jmb.2016.07.016
https://doi.org/10.1111/mmi.12061
https://doi.org/10.1126/science.2832946
https://doi.org/10.3390/ijms131216346
https://doi.org/10.1371/journal.ppat.0030115
https://doi.org/10.1016/j.dnarep.2017.09.007
https://doi.org/10.1016/j.dnarep.2017.09.007
https://doi.org/10.1006/jmbi.1996.0449
https://doi.org/10.1093/molbev/mss082
https://doi.org/10.1016/j.molcel.2011.06.023
https://doi.org/10.1016/S0891-5849(02)00778-5
https://doi.org/10.1038/nature05978
https://doi.org/10.1038/nature05978
https://doi.org/10.1089/ars.2012.5036
https://doi.org/10.1089/ars.2012.5036
https://doi.org/10.1002/em.22087
https://doi.org/10.1002/em.22087
https://doi.org/10.1016/j.molcel.2019.04.027
https://doi.org/10.1128/AAC.01646-18
https://doi.org/10.1054/drup.2001.0205
https://doi.org/10.1054/drup.2001.0205
https://doi.org/10.1016/S0140-6736(18)30324-6
https://doi.org/10.1016/j.chom.2019.06.001
https://doi.org/10.1016/j.chom.2019.06.001


14

Vol:.(1234567890)

Scientific Reports |        (2020) 10:11157  | https://doi.org/10.1038/s41598-020-67853-2

www.nature.com/scientificreports/

	52.	 Rout, S. & Mahapatra, R. K. Plasmodium falciparum: Multidrug resistance. Chem. Biol. Drug Des. https​://doi.org/10.1111/
cbdd.13484​ (2019).

	53.	 Haldar, K., Bhattacharjee, S. & Safeukui, I. Drug resistance in Plasmodium. Nat. Rev. Microbiol. https​://doi.org/10.1038/nrmic​
ro.2017.161 (2018).

	54.	 Pasupureddy, R. et al. Current scenario and future strategies to fight artemisinin resistance. Parasitol. Res. https​://doi.org/10.1007/
s0043​6-018-6126-x (2019).

	55.	 Sharma, A. & Nair, D. T. MsDpo4—A DinB homolog from Mycobacterium smegmatis—Is an error-prone DNA polymerase that 
can promote G: T and T: G mismatches. J. Nucleic Acids https​://doi.org/10.1155/2012/28548​1 (2012).

	56.	 Creighton, S., Bloom, L. B. & Goodman, M. F. Gel fidelity assay measuring nucleotide misinsertion, exonucleolytic proofreading, 
and lesion bypass efficiencies. Methods Enzymol. https​://doi.org/10.1016/0076-6879(95)62021​-4 (1995).

	57.	 Boosalis, M. S., Petruska, J. & Goodman, M. F. DNA polymerase insertion fidelity. Gel assay for site-specific kinetics. J. Biol. Chem. 
262, 14689–146969 (1987).

	58.	 Brautigam, C. A. & Steitz, T. A. Structural principles for the inhibition of the 3ʹ–5 ʹ exonuclease activity of Escherichia coli DNA 
polymerase I by phosphorothioates. J. Mol. Biol. https​://doi.org/10.1006/jmbi.1997.1586 (1998).

	59.	 Brooks, B. R. et al. CHARMM: A program for macromolecular energy, minimization, and dynamics calculations. J. Comput. Chem. 
https​://doi.org/10.1002/jcc.54004​0211 (1983).

	60.	 Brooks, B. R. et al. CHARMM: The biomolecular simulation program. J. Comput. Chem. https​://doi.org/10.1002/jcc.21287​ (2009).
	61.	 San Diego: Accelrys Software Inc. Discovery Studio Modeling Environment, Release 4.5. Accelrys Software Inc. (2015).
	62.	 The CCP4 suite: Programs for protein crystallography. Acta Crystallogr. Sect. D Biol. Crystallogr. (1994). doi:10.1107/

S0907444994003112
	63.	 Agarwala, R. et al. Database resources of the National Center for Biotechnology Information. Nucleic Acids Res. https​://doi.

org/10.1093/nar/gkv12​90 (2016).
	64.	 Madeira, F. et al. The EMBL-EBI search and sequence analysis tools APIs in 2019. Nucleic Acids Res. https​://doi.org/10.1093/nar/

gkz26​8 (2019).

Acknowledgements
The work was funded by intramural funds from the Regional Centre for Biotechnology. The authors would like 
to thank Dr. Nirpendra Singh for his help with the mass spectrometry experiment.

Author contributions
M.S. carried out cloning, purification and biochemical experiments. N.N. performed the modeling studies. M.S. 
and D.T.N. analyzed the data and wrote the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-67853​-2.

Correspondence and requests for materials should be addressed to D.T.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1111/cbdd.13484
https://doi.org/10.1111/cbdd.13484
https://doi.org/10.1038/nrmicro.2017.161
https://doi.org/10.1038/nrmicro.2017.161
https://doi.org/10.1007/s00436-018-6126-x
https://doi.org/10.1007/s00436-018-6126-x
https://doi.org/10.1155/2012/285481
https://doi.org/10.1016/0076-6879(95)62021-4
https://doi.org/10.1006/jmbi.1997.1586
https://doi.org/10.1002/jcc.540040211
https://doi.org/10.1002/jcc.21287
https://doi.org/10.1093/nar/gkv1290
https://doi.org/10.1093/nar/gkv1290
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1038/s41598-020-67853-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The proofreading activity of Pfprex from Plasmodium falciparum can prevent mutagenesis of the apicoplast genome by oxidized nucleotides
	Anchor 2
	Anchor 3
	Results
	Primer extension assays. 
	Extension post misincorporation of 8oxodGTP. 
	Proofreading activity can remove 8oxodGMP misincorporated opposite template dA. 
	Identification of residues that aid removal of 8oxodGTP. 
	Enhanced exonuclease activity of PfpPol enables excision of 8oxodGMP from primer terminus. 

	Discussion
	Materials and methods
	Cloning, expression, and purification. 
	Primer extension assays. 
	Extension post misincorporation of 8oxodGTP. 
	Proofreading activity. 
	Modeling studies. 
	Sequence analysis. 
	Accession numbers. 

	References
	Acknowledgements


