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ABSTRACT

Genomes acquire lesions that can block the repli-
cation fork and some lesions must be bypassed
to allow survival. The nuclear genome of flower-
ing plants encodes two family-A DNA polymerases
(DNAPSs), the result of a duplication event, that are
the sole DNAPs in plant organelles. These DNAPs,
dubbed Plant Organellar Polymerases (POPs), re-
semble the Klenow fragment of bacterial DNAP | and
are not related to metazoan and fungal mitochon-
drial DNAPs. Herein we report that replicative POPs
from the plant model Arabidopsis thaliana (AtPoll)
efficiently bypass one the most insidious DNA le-
sions, an apurinic/apyrimidinic (AP) site. AtPolls ac-
complish lesion bypass with high catalytic efficiency
during nucleotide insertion and extension. Lesion
bypass depends on two unique polymerization do-
main insertions evolutionarily unrelated to the in-
sertions responsible for lesion bypass by DNAP 6,
an analogous lesion bypass polymerase. AtPolls ex-
hibit an insertion fidelity that ranks between the fi-
delity of replicative and lesion bypass DNAPs, mod-
erate 3'-5’ exonuclease activity and strong strand-
displacement. AtPolls are the first known example
of a family-A DNAP evolved to function in both DNA
replication and lesion bypass. The lesion bypass ca-
pabilities of POPs may be required to prevent repli-
cation fork collapse in plant organelles.

INTRODUCTION

The genome of flowering plants encodes at least 10
DNA polymerases (DNAPs), including nuclear replicative
DNAPs «, € and 8 (1,2), DNAPs involved in translesion
DNA synthesis (TLS) and DNA repair (3-7). In contrast
to most organisms, plants harbor nuclear, plastidic and mi-
tochondrial genomes. Plastidic and mitochondrial genomes
are particularly exposed to DNA damage by reactive oxy-
gen species during respiration and photosynthesis (8,9).

Apurinic/apyrimidinic (AP) sites are among of the most
common DNA lesions, result from the cleavage of chemi-
cally modified bases by DNA glycosylases or by hydrolysis
of glycosidic bonds (10,11). AP sites pose strong impedi-
ments for replicative DNAPs, and their non-instructional
character makes them highly mutagenic (10,12-14).

In fungi and metazoans, a DNAP phylogenetically re-
lated to T-odd bacteriophages, DNAP v, is responsible
for both for mitochondrial DNA replication and Base Ex-
cision Repair (15,16). AP sites and thymine dimers pose
strong blocks to metazoan DNAPy (17,18). A homologous
DNAP v gene is not present in Arabidopsis thaliana genome
or any other plant sequenced to date. In rice and A. thaliana,
the function of DNAP + is provided by DNAPs that re-
semble the Klenow fragment of Escherichia coli DNAP 1
(KF-DNAP ) (19,20). These DNAPs have been character-
ized in tobacco (21), red algae (22) and Tetrahymena ter-
mophila (23) and cluster into a group dubbed Plant and
Protist Organellar DNA Polymerases (POPs) (22-24). The
genomes of flowering plants, like tobacco, rice and Ara-
bidopsis harbor two POP genes, whereas algae and protists
only contain one copy. In Arabidopsis and tobacco, both
POPs are nuclear encoded and translocate into chloroplast
and mitochondria via a dual N-terminal localization target-
ing sequence (19,21,25). Biochemical studies using recom-
binant and isolated POPs indicate that they are processive
DNAPs with 3'-5 proofreading activity (19,21,22,26). Ara-
bidopsis thaliana harboring deletions of its two POPs genes
(named AtPollA and AtPollB) are lethal, indicating an es-
sential role of DNAPs in organellar DNA replication (27).
Genetic analyses using single deleted A¢PollB, but not the
AtPollA, increase the frequency of DNA rearrangements in
plastid genomes, suggesting a role for AtPolIB in DNA re-
pair (20,27,28).

Although the genes coding AtPolIA and AtPollB were
cloned more than a decade ago (20), potential roles for these
enzymes in TLS have yet to be studied. Here, we show that
both AtPollA and AtPolIB are efficient TLS DNAPsS, pro-
viding the first example of a family-A DNAP with an ac-
tive exonuclease domain that efficiently bypasses an AP site.
Two unique insertions in the thumb and fingers subdomains
of AtPolls account for TLS. These insertions resemble the
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lesion bypass mechanism of human DNAP 6 (POLQ), re-
vealing that amino acid insertions and specialization are
part of a convergent evolutionary mechanism for lesion by-
pass in family-A DNAPs (29-31).

MATERIALS AND METHODS
Sub cloning of full-length and KF-AtPolls

Synthetic genes harboring nucleotide sequences for AtPo-
ITA and AtPolIB were codon optimized for bacterial expres-
sion (Biomatik, Wilmington, DE, USA) and subcloned into
a pUCS57 vector. Nucleotide sequences lacking the dual tar-
geting sites were digested and subcloned into the Nde I and
BamH I restriction sites of a modified pET19b vector. Nu-
cleotide sequences were confirmed by Sanger Sequencing.
Primers used for subcloning are listed in Supplementary Ta-
ble S1.

Site-directed mutagenesis

Mutants were constructed using the Q5 Site-directed muta-
genesis protocol (New England Biolabs). The KF-AtPolls
mutants were constructed using the QS5 site-directed mu-
tagenesis protocol and subsequently cloned into the Ndel
and BamHI restriction sites of a modified pET19b vector.
Primers used for site directed mutagenesis are listed in Sup-
plementary Table S1.

Heterologous expression and purification of recombinant At-
Polls

Protein expression was carried out in an E. coli BL21(DE3)
strain supplemented with the pKJE7 plasmid (Takara).
Recombinant proteins were induced by adding 0.5 mM
of isopropyl-1-thio-B-D-galactopyranoside (IPTG) at an
ODg of 0.6 and 0.5 mg/ml of arabinose. Cell cultures were
incubated for 16 h at 16°C. Bacterial cells were harvested
by centrifugation at 4°C and resuspended in 40 ml lysis
buffer (20 mM HEPES pH 8.0, 500 mM NaCl, 10% glyc-
erol, 10 mM imidazole, ] mM phenylmethylsulfonyl fluo-
ride (PMSF)). Cell lysates were sonicated on ice for 10 cy-
cles of 30 s. To remove DNA, polyethyleneimine was added
and incubated with agitation for 30 min at 4°C. Debris was
removed by centrifugation and the supernatant was loaded
into a Ni-NTA agarose column. The resin was washed with
15 column volumes of wash buffer A (20 mM HEPES pH
8.0, 500 mM NacCl, 10% glycerol, 30 mM imidazole, 1 mM
PMSF). The protein was eluted with buffer A containing
500 mM imidazole. Fractions containing the desired protein
were pooled and dialyzed in buffer B (20 mM HEPES pH
8.0, 20 mM NacCl, 10% glycerol, 2 mM ethylenediaminete-
traacetic acid (EDTA), 5 mM dithiothreitol (DTT), 1 mM
PMSF). The pooled fractions were loaded onto a heparin
column and subject to a salt gradient (20-1500 mM NaCl
with the same buffer B). Pooled fractions were dialyzed in
buffer B and loaded onto a phosphocellulose column and
eluted with increasing concentration of NaCl. Finally, pure
fractions were pooled and stored in buffer B supplemented
with 50% glycerol and stored at —20°C.

Oligonucleotide substrates

Oligonucleotides sequences for subcloning and mutagene-
sis are given in Supplementary Table S1. Oligonucleotides
used to assemble dsDNA substrates were 5'-end-labeled us-
ing T4 polynucleotide kinase and [y3*>P] adenosine triphos-
phate (ATP). Primer purification was carried out using Nu-
cleotide Removal kit as recommended by the manufacturer.

DNA polymerase assays

Typical reaction mixtures were incubated at 37°C and con-
tained 5 nM of 3?P-end-labeled 24-mer primer annealed to
45-mer template DNA, 1 nM DNAP and 100 wM of each
dNTP. Reactions were performed in 10 mM Tris—HCI pH
7.7, 50 mM NacCl, 5% glycerol, 1.5 mM DTT, 0.2 mg/ml
bovine serum albumin and 1.8 mM MgCl,. Reactions were
stopped at several times by the addition of an equal amount
of stop buffer (95% formamide, 10 mM EDTA, 0.1% xylene
cyanol, 0.1% bromophenol blue). Reaction mixtures were
run on a 15% polyacrylamide sequencing gel and analyzed
by phosphorimagery.

For initial DNA primer-template exonucleolysis and nu-
cleotide incorporation reactions, DNAPs were present at 1
nM and double-stranded DNA substrate was present at 5
nM and incubated from 15 s to 4 min. The polymerase ac-
tivities contained dNTP at 100 wM whereas the exonuclease
reaction did not contain dNTPs. Samples were run on a 15%
polyacrylamide sequencing gel.

For TLS studies, template DNA was present at 2 nM,
DNAPs were present at 0.1 nM for reactions on an undam-
aged template or 1 nM in reactions containing an AP site.

Strand-displacement activity

Strand-displacement was carried out with a template of 65
oligonucleotides and a *’P-end-labeled 24-mer primer. A
blocking oligonucleotide of 35 nts was hybridized to cre-
ate a gap of 6 nts. Reactions were carried out with 5 nM
primer-template, 1 nM of AtPolls and T7 DNAP from 15 s
to 2 min using dNTPs at a concentration of 150 pM.

Steady-state kinetics

Primer extension reactions to quantify steady-state param-
eters at AP sites and canonical templates contained 500 nM
of dsDNA and varying AtPolls and dNTP concentrations,
as indicated in Supplementary Figure S5. Reactions were
optimized so less than 10% of the dsSDNA substrate was
converted to product and assure steady-state conditions.
Reactions were carried out at 37°C in a final volume of
10 pl and terminated by the addition of an equal amount
of stop buffer (95% formamide, 10 mM EDTA, 0.1% xy-
lene cyanol, 0.1% bromophenol blue). Reactions were per-
formed on 17% polyacrylamide sequencing gels and quan-
tified by phosphorimagery. Kinetic constants, Michaelis-
Menten (Ky) and kcy, were determined as previously de-
scribed (32).

Structural modeling

Structural modeling was conducted using crystal struc-
tures of the Klenow Fragment and KlenTaqg DNAP (PDB



codes: 1IKLN and 3KTQ). Amino acids corresponding to
the Klenow Fragment and KlenTaq were aligned with the
amino acid sequence of AtPollA and AtPolIB. Two struc-
tural models were constructed using the Medicinal chem-
istry and the molecular operating environment (MOE) plat-
form. AtPolls insertions were constructed de novo using the
peptide library of the MOE data base. Ten homology mod-
els were constructed using the CHARMM27 force field.
The atomic coordinates of the model generated with the
Klenow fragment and KlenTaq were superimposed. A com-
posite model was constructed using the atomic coordinates
of the exonuclease domain from the model constructed us-
ing the Klenow Fragment and the coordinates for the poly-
merization domain with the model constructed using Klen-
Taq. Models were adjusted manually and subject to energy
minimization.

RESULTS

AtPolIA and AtPolIB present the canonical motifs for 3'-5'
editing and 5’-3' polymerization domains and three unique in-
sertions at the polymerization domain

The nuclear genome of A. thaliana encodes two POP genes
dubbed ArPollA (At1g50840) and AtPollB (At3g20540)
(20,33). AtPolIA codes for a protein of 1050 amino acids
(AtPollA) whereas AtPollIB codes for two protein isoforms
of 1034 and 1049 amino acids (AtPolIB1 and AtPolIB2), re-
spectively (20,33). As AtPolIB1 was previously cloned, we
elected to work with this isoform (20). AtPollA and At-
PolIB share 72% amino acid identity. A sequence alignment
of AtPollA and AtPolIB with the Klenow Fragment of
DNAP I from E. coli (KF-DNAP I) (Supplementary Figure
S1) illustrates the conservation in three motifs necessary for
3/-5 exonuclease activity (34). Utilizing AtPollA as a ref-
erence, residues involved in DNA hydrolysis in KF-DNAP
1 (D355, E357, Y497 and D501) are conserved in AtPo-
1TA (D294, E296, Y470 and D474) (35). Residues L361 and
F473 in KF-DNAP I place the single-stranded 3’-end into
the exonuclease active site via stacking interactions (35,36).
In AtPols, residue 1361 is replaced by the synonymous sub-
stitution 1300, whereas F473 is replaced by M432. Catalyti-
cally conserved residues in the polymerization domain cor-
responding to motifs A, B and C in family A DNAPs (Fig-
ure 1A) are also conserved (37,38). Those residues are the
invariant motif A aspartic acid (AtPollIA-D799), two car-
boxylates in motif C (AtPollA-D1000 and E1001) and a
conserved tyrosine (AtPollA-Y886) that orientates the in-
coming dNTP (37,38). An amino acid alignment using the
polymerization domains of E. coli, Geobacillus stereater-
mophilus and Thermus aquaticus DNAPs 1 illustrates three
unique amino acid insertions in AtPols (Supplementary
Figure S2) with respect to bacterial DNAPs I (22,23). A
structural model of AtPollB, using Klen-Taq in complex
with double-stranded DNA and an incoming dNTP, (Fig-
ure 1B) depicts POPs as archetypical family-A DNAPs in
which the polymerization domain resembles a cupped right
hand with thumb, fingers and palm subdomains decorated
by three insertions. Insertion 1 corresponds to residues 576—
621, insertion 2 is located between residues 648 and 712,
and insertion 3 between residues 844 and 869. The first two
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insertions are in the thumb subdomain and are in an opti-
mal position to encircle DNA, while the third insertion is
in the fingers subdomain (Supplementary Figure S2). An
amino acid alignment with POPs from algae, protists and
protozoans shows that the presence of three insertions in
the polymerization domain is a conserved feature in POPs
(Supplementary Figure S3). A structural model of AtPolIB,
with KF-DNAP I, complexed with double-stranded DNA
and a 3’ single-stranded DNA at the exonuclease domain,
illustrates that AtPols are poised to perform 3'-5 exonucle-
olytic editing of misincorporated bases (39) (Figure 1B).

AtPolls are encoded by a single gene in protists and ancestral
plants but are duplicated in flowering plants

To understand the phylogenetic relationship between POPs
and bacterial DNAPs we performed a phylogenetic analy-
sis with representative DNAPs. POPs from flowering plants
and POPs from protist and unicellular algae cluster in sep-
arate clades (Figure 2A). The amino acid alignment shows
that insertion 2 in ancestral plants (Briophyta), algae and
protists is ~20 amino acids shorter than in flowering plants
(Supplementary Figure S3). Protozoan, algae and non-
vascular plants contain a single POP copy, whereas flow-
ering plants possess a duplicated POP copy (20,21) possi-
bly the result of a whole-genome duplication event in an-
giosperms. There is more than 70% amino acid identity be-
tween the duplicated POPs genes in flowering plants. Bacte-
riophage T7 DNAP does not cluster with POPs or bacterial
DNAPs, underscoring the evolutionary divergence between
POPs and DNAPs from T-odd bacteriophages.

AtPolls can be heterologously expressed in bacteria and pu-
rified to homogeneity

In silico predictions suggest that the first 30 amino acids
of AtPollA and AtPolIB correspond to a mitochondrial
targeting sequence, whereas their predicted chloroplast tar-
geting sequences end at residues 41 and 46 for AtPollA
and AtPolIB respectively (40). We expressed the recombi-
nant AtPolls starting at residue 31 (Figure 1A). Thus, re-
combinant full-length AtPolls reflect processed DNAPs af-
ter the cleavage of their predicted mitochondria targeting
sequence. After three chromatographic steps, recombinant
AtPolls were purified to homogeneity with the expected
molecular weights of 118 and 116 kDa for AtPollA and At-
PolIB respectively. Typical yields were 0.2 and 0.05 mg of
pure protein per liter of cell culture for AtPollA and At-
PolIB respectively. AtPollA was purified with a higher yield
than AtPolIB because of increased protein induction (Fig-
ure 2B).

AtPolls are active DNA polymerases, with editing and strand-
displacement activities.

The 3'-5 exonuclease activity of AtPolls was measured
using double-stranded DNA in the absence of incoming
dNTPs and compared to the exonuclease activity of T7
DNAP in 1:1 complex with E. coli thioredoxin. DNAPs
degrade duplex DNA even when the 3’ base is perfectly
paired (i.e. in the absence of 3’-mismatches) (41). In this ex-
periment, the ratio of dsDNA primer-template to DNAPs
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was S5:1. At the first time point of 15 s, T7 DNAP de-
graded the 24-mer primer to a 2-mer, whereas AtPollA and
AtPolIB degraded the primer to an 11-mer and to an 8-
mer respectively (Figure 3A). At longer time points, from
1 to 4 min, intermediate degradation products accumu-
lated in AtPolls, but products smaller than a 6-mer were
only observed in AtPollA. In the presence of dANTPs the
fate of the DNA primer was either exonucleolytic degra-
dation or polymerization. This balance was measured by

adding dNTPs in a primer elongation assay (Figure 3B).
The coupled exonucleolysis/polymerization activities of At-
Polls produced fragments than ranged between 16 and 45
nts. In contrast, fragments from 2 to 45 nts are observed in
reactions incubated with T7 DNAP (Figure 3B, lanes 1-14).

To investigate if AtPolls execute strand-displacement
DNA synthesis, we designed a DNA substrate in which
a 65-mer template was annealed to an extending 24-mer
primer and a blocking 35-mer. This design created a single-
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stranded gap of 6 nts between the 3'-OH of the extend-
ing primer and the 5-POy4 of the blocking primer. Thus,
primer extension would synthesize a 30-mer before the poly-
merase encounters the blocking primer (Figure 4). Strand-
displacement activity was compared with T7 DNAP that
by itself is inefficient in displacing a 5'-blocking oligonu-
cleotide (42). In the control experiment with T7 DNAP, the
presence of the blocking template halted the reaction after
the synthesis of ~30 nts (Figure 4). In contrast, both At-
Polls polymerized products of 50 nts. In this substrate, At-
PollIA exhibits strand-displacement activity displacing 2 nts
and predominantly accumulating a product of 32 nts. After
an incubation period of 4 min, the fully extended 65-mer
product only represented 9% of the total DNA in the reac-
tion. In contrast, in the reactions synthesized by AtPolB, the
full-length product represented 32% of the total DNA in the
reaction and this polymerase did not pause during strand-
displacement (Figure 4). The strong strand-displacement of
AtPolIB correlates with its low exonuclease activity. Clearly,
DNPs in which the exonuclease active site is abolished in-
crease strand-displacement by increasing primer partition-
ing into the polymerase active site (43).

AtPolls are translesion synthesis DNA polymerases

Since AtPolls are the sole plant DNAPs in organelles, we
hypothesized that AtPolls may perform TLS. To avoid
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blocking oligonucleotide. In reactions incubated with T7 DNAP a radioac-
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tion with AtPollA, an accumulation of a product of 32 nts is observed
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plate after an incubation of 240 s. In contrast, 32% of the product extended
by AtPollIB is able to reach the end of the template after an incubation of
240 s (lanes 6-10). (B) Percentage of products synthetized by DNAPs af-
ter 240 s. The bands equal of lower to 24-mer correspond to substrate and
exonucleolytic degradation, the bands from 25 to 30 nts correspond to gap
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any trace of contaminating bacterial DNAPs in our stud-
ies, we constructed AtPolls that lack the first 257 amino
acids corresponding to the N-terminal unstructured re-
gion. As these constructs resemble the Klenow Fragment
produced by proteolytic cleavage of E. coli DNAP 1,
we herein dubbed them Klenow Fragment-AtPolls (KF-
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Table 1. Kinetic parameters for nucleotide insertion and extension by KF-AtPolIB exo~ opposite canonical and AP sites

Template Incoming nucleotide Ky (M) keat (min’l) keat/Km feat relative thymine-dATP
Insertion opposite T
dATP 0.7605 £+ 0.15 1.9722 + 0.04 2.59 + 0.26 1
dTTP 261.6 £ 59 0.3019 £ 0.02 1.154 x 10=3 £ 0.003 4.45 x 1074 (] 2247 x)
dGTP 248 £ 5.1 0.37 £ 0.01 1.48 x 102 + 0.003 5.74 x 1073 (} 174 x)
dCTP 185.3 + 38.8 0.11545 £+ 0.01 6.23 x 104 4+ 0.0004  2.40 x 1074 (] 4166 x)
Insertion opposite AP site
dATP 7.2 £ 0.57 1.464 £+ 0.04 0.202 £+ 0.0633  0.08
dTTP 40.8 £ 2.99 0.8248 + 0.015 2.02 x 1072 4 0.004 7.7 x 1073 (} 10 x)
dGTP 51.95 + 3.52 0.9973 + 0.02 1.91x 102 £ 0.004 7.3 x 1073 (§ 11x)
dCTP 186.9 + 30.9 0.2071 £ 0.025 111 x 1073 £ 0.0004 4.2 x 107* (| 190 x)
Extension with dGTP (X)
A-AP site (X)-C 18.41 + 2.32 0.184 + 0.006 1.0 x 1072 + 0.0024 3.9 x 1073

AtPolls) (44,45) (Figure 1A). Eradication of the disordered
region increased protein purity without altering polymer-
ization and exonucleolysis (Supplementary Figure S4). We
elected to investigate TLS opposite to an AP site because
this lesion presents a strong block for replicative DNAPs
and is highly mutagenic (13.46). Initial experiments with
full-length KF-AtPolls showed that AtPolls fully incorpo-
rated and extended the base opposite to a template oligonu-
cleotide containing a tetrahydrofuran moiety, that is a stable
AP site analog. TLS by AtPolls thus appears to be indepen-
dent of the N-terminal disordered region (Supplementary
Figure S4). To further corroborate TLS by AtPolls, we as-
sessed their bypass activity using a template containing an
AP site 6 nts after the 3’-OH of the primer. As disruption
of the exonuclease active site increases TLS in replicative
DNAPs (47,48), we also utilized an exonuclease deficient
KF-AtPolIB (KF-AtPolIB exo~) and KF-DNAP I unable
to extend past an AP site (Figure SA). A time course primer-
extension reaction from 15 s to 1 min showed that KF-
AtPollA, KF-AtPolIB and KF-AtPolIB exo™ incorporated
and extended bases opposite an AP site. In contrast, KF-
DNAP I was blocked after nucleotide incorporation oppo-
site the AP site (Figure 5A, lanes 10-21 and B). Remarkably
AtPolls perform TLS even in the presence of an active ex-
onuclease domain (Figure 5A, lanes 10-15). The percent of
primer extension between KF-AtPolls and an KF-AtPolIB
exo~ shows that disruption of the exonuclease activity only
presents a moderate increase in TLS (Figure 5A, lanes 16—
21 and B). The sum of the products incorporated after the
AP site by KF-AtPolIB exo™ were <15% more than the
observed TLS products for the exonuclease active AtPolls
(Figure 5B). The polymerization product of AtPolls using a
template containing an AP site or an undamaged template
migrated at the same position, indicating that TLS occurs
by direct base insertion and not by a template-strand mis-
alignment mechanism (43,49).

AtPolls exhibit reduced nucleotide incorporation fidelity

Family-A DNAPs involved in TLS exhibit low fidelity dur-
ing nucleotide incorporation (29,50). We investigated the
selectivity of nucleotide insertion by AtPolls using a sub-
strate in which the identity of first template base was either
a guanosine or an AP site. For these studies, we selected
an exonucleolytic deficient AtPolIB (KF-AtPolIB exo™) in-
stead of AtPolIA because the former polymerase is impli-

cated in organellar DNA repair (27). Initial studies indicate
that KF-AtPolIB exo™ can misincorporate and extend from
a mismatch using a canonical guanosine template (Figure
6A, lane 4). Using an AP, KF-AtPolIB exo~ preferentially
inserted dAMP opposite the lesion, incorporated dGMP
and dTMP to a lesser extent, and incorporated dCMP with
low efficiency (Figure 6A, lanes 6-10). Low efficiency for
dCMP incorporation opposite an APsite and mismatch ex-
tension is also exhibited by POLQ (29). To corroborate the
low fidelity of AtPolIB exo~ we systematically measured
its misincorporation on all four template bases using in-
dividual deoxynucleotides. AtPolIB exo~ misincorporated
dAMP, dTMP and dGMP with high frequency, but dCMP
misincorporation was less prominent (Figure 6B).

To quantitatively evaluate AtPolIB exo~ misincopora-
tion, we measured its Ky; and k¢, values for dATP incorpo-
ration opposite a template thymidine (Supplementary Fig-
ure S5) and calculated its misincorporation frequency (finc)
using correct and incorrect ANMPs incorporation (Table 1).
The misincorporation values for d_ TMP, dGMP and dCMP
opposite thymidine were 4.45 x 1074, 5.7 x 1073, 2.4 x
10~ respectively. These values are 10-100x higher than the
misincorporation frequency values reported for replicative
DNAP and are 10-100x lower than the values reported by
low fidelity TLS polymerases (51-53). Thus, the fidelity dur-
ing nucleotide incorporation by the polymerization domain
of AtPolB exo~ is intermediate to high fidelity replicative
DNAPs and inaccurate TLS DNAPs. Steady-state analy-
sis also indicated that KF-AtPolIB exo~ decreases the in-
corporation efficiency opposite an AP site by 12.5-fold and
decreases extension opposite an AP site by 256-fold (Table
1). These values contrast with dAMP insertion frequency of
KF-DNAP I exo™ opposite an AP site. KF-DNAP I exo™ is
15-fold less efficient than dAMP incorporation opposite an
AP site, and 2714-fold less efficient for extension of a dAMP
incorporated across from an AP site (54).

Unique AtPolls insertions determine lesion bypass

The only family-A DNAP known to perform TLS oppo-
site an AP site, POLQ, exerts this capability due to amino
acid insertions in its polymerase domain (30,31). To ex-
plore if the amino acid insertions present in AtPolls are in-
volved in TLS we constructed individual deletion mutants.
The amino acids deleted for each construct were 576-621
(Ainsl), 648-712 (Ains2) and 844-869 (Ains3). All pro-
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Data represent the mean of three independent experiments.

teins were expressed and purified with yields similar to KF-
AtPolIB exo~, indicating that these insertions are flexible el-
ements that do not contribute to the overall folding process
of the protein (Supplementary Figure S6). Primer exten-
sion on an undamaged template shows that all deletion mu-
tants are active, suggesting that they fold properly and that
the elimination of each insertion does not perturb the poly-
merase active site (Figure 7A). Ains] was unable to synthe-
size the full-extension 45-mer product. This mutant, how-
ever, efficiently synthesized products terminating before the
end of the template. In contrast to the similar primer exten-
sion at a non-damaged base, incorporation opposite an AP
site by AtPolIB deletion mutants exhibited clear differences
(Figure 7A). As nucleotide incorporation opposite an AP
site is less efficient that at an undamaged nucleotide we exe-
cuted time-course experiment on damaged substrates using
10-fold DNAPs concentrations (Figure 7B and C). AtPolIB
exo~ deletions performed nucleotide insertion opposite an
AP site, as they extended the 29-mer primer to a 30-mer.
They exhibit differences; however, in extending from an AP
site. Ainsl and Ains3 mutants and the KF-DNAP I con-
trol were unable to extend beyond the lesion. In contrast,
Ains2 showed full primer extension to a 45-mer. (Figure
7B). A primer extension experiment in which an oligonu-
cleotide containing a 3’-AMP that covers the AP site was
not extended by Ainsl and Ains3 mutants (Figure 7C). On
the other hand, AtPolIB exo™ and the Ains2 mutant showed
similar levels of primer extension. TLS thus is dependent on
the integrity of insertions 1 and 3. Our data indicate that a
replicate POPs evolved to become a TLS DNAP by the ac-
quisition of amino acid insertions that facilitate lesion by-
pass.

DISCUSSION

To perform efficient DNA synthesis and avoid replication
fork collapse, organisms have evolved DNAPs specialized
in replication or TLS that switch places at the replica-
tion fork. This switching requires an intricate system to ex-
change DNAPs (55,56). POPs are the sole DNAPs present
in plant organelles and therefore are candidates to function
as both replicative and TLS polymerases. POPs are highly
processive DNAPs able to synthesize ~1000 nts per bind-
ing event (22,57). In the accompanying manuscript (58), we
report that organellar DNAPs from A. thaliana efficiently
extended RNA primers synthesized by the organellar DNA
primase-helicase (AtTwinkle) at a unique single-stranded
recognition sequence. The high processivity and specific
RNA primer extension of AtPolls, reveal that these enzymes
are biochemically equipped to function as the replicative or-
ganellar DNAPs. In this study, we identified three biochem-
ical properties that suggest that AtPolls may also play a role
in DNA repair.

AtPolls conduct strand displacement

Few DNAPs have an intrinsic strand-displacement activ-
ity that allows them to replicate DNA in the absence of
a DNA helicase (59,60). Plant organelles contain a gene
homologous to the T7 primase-helicase, thus the strand-
displacement activity of AtPolls may not be necessary for
DNA unwinding (Figure 4) (61). However, strand displace-
ment is present during DNA repair in at least two pro-
cesses: (i) the long-patch sub-pathway of Base Excision
DNA repair (BER), a sub-pathway in which the strand-
displacement activity of a DNAP creates a single-stranded
flap cleaved by a flap endonuclease. BER activity is present
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Figure 6. AtPolls are low-fidelity DNAPs that bypass an AP site follow-
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is a low fidelity enzyme. Nucleotide incorporation by AtPolIB opposite
all template bases. The identity of the template base is indicated by an X
and the incorporated ANMP (A, T, G, C) is indicated. In all substrates, er-
roneous base incorporation and extension is observed. Incoming dNTPs
were present at 100 wM.

in plant organelles (62,63). As mammalian mitochondria
harbor both short and long-patch BER sub-pathways (64—
66) and plant organelles contain flap specific endonucle-
ases, long-patch BER may serve as an active sub-pathway
in plant organelles (24). (ii)) Microhomology-mediated end-
joining (MME]J), in which strand-displacement stabilizes
the pairing of microhomologous regions (67). Plant or-
ganellar DNA is subject to DNA rearrangements catalyzed
by MMEJ using perfect repeats as short as 6 bp (68-70)
suggesting that AtPolls may be involved in MMEJ. Both

AtPolIA and AtPolIB display strand-displacement activity;
however AtPolIB exhibit greater strand-displacement activ-
ity as this enzyme efficiently displaces the blocking oligonu-
cleotide (Figure 4). This observation correlates with the pro-
posed role of AtPolIB as a DNAP specialized in DNA re-
pair (27).

AtPolls are TLS polymerases

AtPolls efficiently bypass an AP site in two independent se-
quence contexts (Supplementary Figure S4 and Figure 5).
AP sites block replicative DNAPs during extension but not
at the incorporation step. Steady-state kinetic parameters
indicate that dAMP incorporation opposite an AP site de-
creases the catalytic efficiency by 12.5-fold (Table 1). This
value is similar to the differences in catalytic efficiency of
15- and 36-fold by POLH and KF-DNAP I exo™ respec-
tively (54,71). In contrast to the permissive incorporation
opposite an AP site, extension from an AP site by AtPollB
is 259-fold less efficient. This efficiency is intermediate be-
tween the catalytic efficiencies of POLH and KF-DNAP I
exo~ that are 15- and 2174-fold less efficient (54,71). Thus,
steady state kinetic parameters indicate that AtPolB exo™ is
14-fold less efficient than POLH in bypassing an AP site.

Family-A DNAPs, like Klen-Taq and POLQ), efficiently
incorporate dAMP opposite an AP site. (29,30,54,72).
However, to bypass an AP site, POLQ and AtPolIB have
evolved mechanisms to elongate from an incorporated
dAMP that is not stabilized by base pairing with a template
nucleotide. TLS by AtPolls is surprising because family-A
DNAPs capable of lesion bypass are devoid of a proofread-
ing activity (29,50,73). Modulation of the 3’-5" exonuclease
activity in AtPolls may be a key feature for TLS in plant or-
ganelles, as a decrease in exonuclease activity would reduce
a futile cycle of nucleotide incorporation-degradation op-
posite a DNA lesion. It is tempting to suggest that in the or-
ganellar replisome, AtPolls would associate with other pro-
tein factors to regulate 3'-5 proofreading, as is the case for
other replicative DNAPs (74,75).

AtPolls exhibit moderate DNA fidelity during nucleotide in-
corporation but have an active editing domain

Lesion bypass DNAPs exhibit low fidelity during nucleotide
incorporation. For instance, the fidelity of a DNAP can be
measured by calculating the frequency of incorporating cor-
rect versus incurred nucleotides using steady-state catalytic
parameters. POLQ is a low fidelity DNAP characterized by
misincorporation frequencies (fi,) from 1.7 x 1073 to 2.0
x 1072 (29). In contrast, replicative POLG or POLD ex-
hibits misincorporation frequencies from 1.0 x 107*to 1 x
1076 (76,77). The misincorporation frequency of AtPolIB is
between approximately between 5 x 107 to 5 x 1073 and
therefore is in an intermediate position between TLS and
the replicative DNAPs (Table 1). As the misincorporation
frequency is reciprocally related to fidelity (78), the fidelity
of AtPolIB exo— ranks between one 200 and 2000 errors
per incorporated dNTPs. AtPolls, however, contrast with
TLS DNAPs in their intrinsic 3’-5" exonuclease activity. in
POLG, its 3'-5 exonuclease activity is estimated to increase
fidelity by 200-fold (79). Assuming that the 3'-5" exonucle-
ase of AtPolIB would have a 100-fold increase in fidelity,
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AtPolIB would synthesize one erroneous nucleotide for ev-
ery 2 x 10* to 2 x 10 replication event. This value is low
in comparison to replicative DNAPs that have an average
error frequency of 1 for 10° to 108 replication events (12).

DNAP insertions are a common mechanism to bypass an AP
site

To investigate the possible role of AtPolls insertions in TLS,
we constructed independent deletions of the three unique
POPs insertions. Constructs expressing individual deletions
are active on an undamaged template and all deletions are
capable of nucleotide insertion across an AP site. AtPolIB-
Ainsl is unable to reach the end of the template, whereas
the primer-extensions observed for AtPolIB- Ains2 and
AtPolIB- Ains3 are similar to the wild-type polymerase.
The decrease in activity by AtPolIB-Ainsl infers that these
residues form a surface important for processivity, as in the
case of extended loops in TTDNAP and POLG (80,81). Al-
though Ainsl shows a decrease in activity, the data contrast
with the absence of TLS by AtPolIB harboring deletions in
Ainsl or Ains3 (Figure 7).

The involvement of specific insertions directing TLS
by AtPolIB resembles TLS by bacteriophage Bam35

DNAP, DNAP B2 from Entamoeba histolytica, and POLQ
(30,59,82). Bacteriophage Bam35 DNAP uses an extended
terminal protein region 2 to drive nucleotide incorporation
at a distance in which an AP site is detected (59). Crystal
structures of POLQ indicate that Arg2254, located in its sec-
ond insertion, interacts with the 3’ phosphate of the primer
strand and that this interaction drives TLS (31). An amino
acid alignment between the AtPolls and POLQ indicates
that residue Arg2254 is not conserved in AtPolls. Further-
more, this amino acid alignment illustrates that the three
amino acid insertions present in POLQ and AtPolls are not
evolutionarily related (Supplementary Figure S7 and Figure
8). In POLQ one insertion is located at the thumb subdo-
main and the other two are located at the palm subdomain.
In AtPolls two insertions are located at the thumb subdo-
main and one is located at the finger subdomain. Although
AtPolls and POLQ insertions are in different positions, a
structural model suggests that insertion 3 of AtPolls is in
an analogous position than insertion 2 of POLQ. The no-
tion that insertions 1 and 3 are responsible for TLS in AtPo-
1Is is supported by an amino acid alignment between POPs
showing that the amino acids sequences at insertions 1 and
3 are conserved (Supplementary Figure S3). This contrasts
with the amino acid sequences at insertion 2 that differ in



length and sequence. Specifically, in AtPolIB a lysine residue
(AtPolIB-K866) in insertion 3 and a cluster of positively
charged amino acids (AtPolIB 605-618) in insertion 1 are
conserved, suggesting that these amino acids may interact
with the primer strand in an analogous fashion to Arg2254
in POLQ. Although further structure-function studies are
needed to elucidate the specific amino acid interactions be-
tween AtPolls and the DNA chain, our data strongly sup-
port that lesion bypass by AtPolls is carried out by a mech-
anism involving high catalytic efficiency during incorpora-
tion and extension from an AP site (Table 1).

TLS by AtPols and its implications for lesion bypass in or-
ganelles

The majority of DNAPs have specialized as replicative or
TLS polymerases, one exception being, POLD, a replicative
family-B DNAP able to execute TLS in vitro and in vivo (83—
85). AP sites thus can be bypassed by two mechanisms: spe-
cialized TLS enzymes like POLH and by replicative poly-
merases like POLD (83-85). Herein we show that AtPolls
are replicative family-A DNAP able to efficiently perform
TLS. As bacteriophage T7 and metazoan DNA mitochon-
drial polymerases are inefficient in lesion bypass (17,48), we
speculate that avoiding replication fork collapse was a key
factor in the selection of POPs over bacteriophage T-odd
derived DNAPs in plant organelles.

Furthermore, specialized TLS DNAPs, like POLH, are
not located in plant organelles. This observation suggests,
that in contrast to nuclear DNA replication, plants only
have the TLS mechanisms of AtPolls to cope with DNA
damage. As in other TLS DNAPs, AtPolls have a decreased
nucleotide incorporation fidelity (Table 1). Interestingly,
plant organelles harbor unique proteins, like a family of
MutS and RecA bacterial homologs, that may eliminate
deleterious mutations by DNA mismatch repair and homol-
ogous recombination (70,86,87).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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