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Abstract

As the powerhouses of the eukaryotic cell, mitochondria must maintain their genomes which encode proteins essential for
energy production. Mitochondria are characterized by guanine-rich DNA sequences that spontaneously form unusual
three-dimensional structures known as G-quadruplexes (G4). G4 structures can be problematic for the essential processes of
DNA replication and transcription because they deter normal progression of the enzymatic-driven processes. In this study,
we addressed the hypothesis that mitochondrial G4 is a source of mutagenesis leading to base-pair substitutions. Our
computational analysis of 2757 individual genomes from two Italian population cohorts (SardiNIA and InCHIANTI) revealed
a statistically significant enrichment of mitochondrial mutations within sequences corresponding to stable G4 DNA
structures. Guided by the computational analysis results, we designed biochemical reconstitution experiments and
demonstrated that DNA synthesis by two known mitochondrial DNA polymerases (Pol y, PrimPol) in vitro was strongly
blocked by representative stable G4 mitochondrial DNA structures, which could be overcome in a specific manner by the
ATP-dependent G4-resolving helicase Pifl. However, error-prone DNA synthesis by PrimPol using the G4 template sequence
persisted even in the presence of Pifl. Altogether, our results suggest that genetic variation is enriched in G-quadruplex
regions that impede mitochondrial DNA replication.
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Introduction

As the site of oxidative phosphorylation, mitochondria (mt) are
indispensable for proper cell function. Therefore, it is no surprise
that the 16 kb circular mt genome must be faithfully replicated
to maintain genomic stability and prevent deleterious mutations
that can lead to mt diseases. When mutations do occur, they may
become fixed in every copy of the mt genome in a cell, a property
referred to as homoplasmy, or may be present only in a certain
percentage of copies, termed heteroplasmy. Understanding how
mt variants arise and assessing their biological consequence are
a crucial step in identifying risk factors for mt disease.

A potential source of mt point mutations is polymerase
stalling during DNA replication. In humans, mt replication is
carried out by several nuclear-encoded proteins that comprise
the mt replisome; key factors include the DNA polymerase
gamma (Pol y), the DNA helicase Twinkle and the mt single-
strand binding protein (mtSSB) (1). In addition to Pol y, several
other DNA polymerases have been implicated in mitochondrial
DNA metabolism, including PrimPol (2,3), Pol zeta (4), Pol theta
(5) and Pol beta (6). Other factors that bind mtDNA, including
the mt transcription factor A (TFAM), may also play a role
in replication (7). These proteins are highly specialized to
carry out accurate replication but are sensitive to secondary
structures in the DNA template. One such structure that is
likely to pose a significant roadblock for the mt replication
machinery is the G-quadruplex (G4), a non-canonical secondary
structure stabilized by Hoogsteen bonds that can occur in
guanine (G)-rich regions of DNA (8). G-quadruplex structures
have been shown to stall the nuclear replication machinery
(9-11), leading to fork arrest and potential collapse (12,13). In

terms of mtDNA metabolism, evidence suggests that hybrid
RNA/DNA G-quadruplex structures stimulate transcription
termination to facilitate replication initiation (14,15). However,
the relevance of G4s to mutagenesis in the mt genome is poorly
understood. Previous research has shown that DNA double-
stranded breaks tend to occur proximal to predicted G4-forming
sequences (16,17), but to our knowledge there is currently no
study assessing possible accumulation of base substitutions
associated with replisome pausing at G4 structures.

Despite the wealth of information regarding the biochemical
mechanisms of nuclear tolerance of G4s (8), little is known
about how G4s affect mt replication or how the mt replisome
copes with these difficult-to-replicate sequences. Recent studies
showed that translesion polymerase Revl disrupts and repli-
cates G4 (18,19) and the primase-polymerase PrimPol is required
for replicative tolerance of G4s in vertebrate nuclei (20). PrimPol
has been shown to extend primers as well as bypass photole-
sions and common oxidative lesions (8-oxoguanine, abasic sites)
(3,21,22). Interestingly, PrimPol shows some preference for incor-
porating the correct nucleotide (dCMP) opposite 8-oxoguanine to
an extent that is dependent on the divalent cation, Mg?* versus
Mn?* (22). Additionally, PrimPol can function as a primase, cat-
alyzing synthesis of de novo primers downstream of replication
block sites, and is localized to mitochondria (3,23), making it a
potential candidate for G4 replication.

We have combined bioinformatic analyses of mt genome
sequence data from two population cohorts with biochemical
approaches to study the association between mt variants and
G4 structures. The two cohorts, SardiNIA (https://sardinia.nia.
nih.gov/) and InCHIANTI (http://inchiantistudy.net/wp/), provide
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Table 1. Statistical enrichment of homoplasmies and heteroplasmies in stable G4, but not unstable G4 or verified non-G4 categories

Stable G4

Unstable G4

Verified non-G4 Stable G4 Unstable G4  Verified non-G4

Homoplasmies

SardiNIA (no. of total variants: 829)

InCHIANTI (no. of total variants: 1313)

No. of homoplasmies in G4 category (%)? 182 (21.9%)
Proportion of bases in G4 category 15.6% 12.5%
Expected no. of homoplasmies under null 130 104
P-value for homoplasmy enrichment 7.3x1077 0.28
Bonferroni P-value® 2.2x107° 0.84

109 (13.1%)

127 (15.3%) 267 (20.3%) 187 (14.2%) 198 (15.1%)

14.8% 15.6% 12.5% 14.8%
123 205 164 194
0.32 2.7 x107® 0.030 0.38
0.96 8.1x107° 0.090 1.0

Heteroplasmies

SardiNIA (no. of total variants: 697)

InCHIANTI (no. of total variants: 433)

No. of heteroplasmies in G4 category (%) 138 (19.8%)
Proportion of bases in G4 category 15.6% 12.5%
Expected no. of heteroplasmies under null 109 87
P-value for heteroplasmy enrichment 1.5 x 1073 0.58
Bonferroni P-value® 4.4 %1073 1.0

85 (12.2%)

113 (16.2%) 82(18.9%) 57 (132%) 64 (14.8%)
14.8% 15.6% 12.5% 14.8%

103 68 54 64

0.14 0.028 0.32 0.48

0.42 0.084 0.95 1.0

2To capture potential mutational instability adjacent but not within G-quadruplex structures, each of the sequences as defined by Bedrat et al. (Nucleic Acids Res. 2016)

was extended to include five bases upstream and five bases downstream.

bBonferroni correction is done to adjust for multiple tests, which is 3 in this case.

sequence information to study the location and frequency of
mt variants. SardiNIA is a genetically isolated founder popu-
lation, and InCHIANTI provides a more mixed Italian cohort.
The cohorts allowed the study of both frequent and rare mt
homoplasmies (variants affecting all mtDNA copies within a
cell compared to the reference sequence) and heteroplasmies
(the mixture of two or more alleles). We used biophysically
categorized G4 sequences to co-localize mt variants in each
cohort to the mtDNA sequences forming G4 in vitro. Of the
three categories of G4s—stable G4, unstable G4 and verified
non-G4—our analyses showed a statistically significant enrich-
ment of mt heteroplasmies and homoplasmies in stable G4
regions but not in unstable G4 or verified non-G4 regions. We
used the bioinformatics results to guide our selection of two
biologically relevant mtDNA sequences containing G4s for the
in vitro biochemical experiments of mt G4 replication using puri-
fied recombinant mt replisome proteins. We present evidence
that human mt Pol y is potently blocked by G4s in vitro. We
further showed that Twinkle, mtSSB and TFAM (an abundant mt
dsDNA binding protein that also preferentially interacts with G4
DNA (24)) fail to stimulate synthesis through a G4 but a yeast
version of the functionally conserved human Pifl G4 helicase
allows Pol y to make a full-length product using the G4 DNA
template. Lastly, we show that in the absence of other replisome
proteins, PrimPol is better able to replicate G4s than Pol y, albeit
in an error-prone manner that persists even when Pifl helicase
facilitates DNA synthesis, suggesting that PrimPol may play a
role in G4 replication in vivo but in an error-prone fashion.
Our combined results demonstrate that G4s represent a potent
block to Pol y and PrimPol, supporting the notion that failure to
replicate G4 structures contributes to polymerase stalling and
the introduction of variants in the mt genome.

Results

Mitochondrial single nucleotide variants are
statistically enriched in stable G4 sequences

To investigate whether mtDNA variants are enriched in regions
that form G-quadruplex structures, we looked at homoplasmic
and heteroplasmic single nucleotide variants (SNVs) in the
three different G4 stability categories from the G4Hunter paper
[stable G4 (conclusive evidence for G4 formation), unstable

G4 (evidence both for and against G4 formation) and verified
non-G4 (conclusive evidence that sequences do not form
G4 structures) (25)]. mtDNA variants (homoplasmies and
heteroplasmies) were identified from whole-genome sequences
of 2757 SardiNIA and InCHIANTI project participants. Table 1
shows the number of unique homoplasmic or heteroplasmic
sites identified in SardiNIA or InCHIANTI cohorts within a
specific G4 category (e.g. stable G4). Homoplasmies were 40.0
and 30.2% more frequent than expected by chance in the stable
G4 category of the SardiNIA and InCHIANTI cohorts, respectively
(accounting for 21.9 and 20.3% of the homoplasmies identified
in the two cohorts, respectively), with Bonferroni-corrected P-
values of 2.2 x 107% and 8.1 x 107%, respectively (Table 1, see
Supplemental Information S1 Results for an example of P-
value calculation). By contrast, no significant enrichment was
seen in the unstable G4 or verified non-G4 categories. We find
consistent results when we consider only moderately common
homoplasmies (50% or less of cohort) and rare variants (5% or
less of cohort) (Supplementary Material, Table S1).

Heteroplasmies were also significantly enriched in the
stable G4 category of SardiNIA (Bonferroni-corrected P-value:
4.4 x 1073, Table 1), with moderate enrichment in InCHIANTI
(Bonferroni-corrected P-value: 0.084, Table 1). As the most
frequent heteroplasmy was present in 2.9 and 6.5% of the
SardiNIA and InCHIANTI cohorts, respectively, we did not stratify
by moderate and rare variants for analysis of heteroplasmies.
Thus, mtDNA variants were preferentially located within stable
G4 sequences in both cohorts examined.

Figure 1 represents homoplasmic variants in the SardiNIA
cohort co-localizing to stable G4, unstable G4 and verified non-
G4 regions in three separate tracks. We note that 49 of the 57
stable G4 regions contain at least 1 homoplasmy identified from
the SardiNIA cohort. Consistent with results from Table 1, after
adjusting for region lengths, we saw ~30% more homoplasmies
in stable G4 than in unstable or verified non-G4 regions. A similar
pattern of enrichment was also observed in the InCHIANTI
cohort (Supplementary Material, Fig. S1).

Enrichment of SNVs in loops, not G-runs,
of stable G4 sequences

Given the enrichment of variants in stable G4 sequences, we
next asked whether variants preferentially map to one of the
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Figure 1. SardiNIA homoplasmic variants enriched in stable G4 regions, as compared to unstable and verified non-G4 regions. Visualization of circular mtDNA with the
three G4 categories (stable G4, green; unstable G4, yellow; verified non-G4, red) and the locations of the SardiNIA homoplasmic variants that overlap with the specific
G4 regions. The outermost track shows the locations of the 13 mtDNA genes, 2 rRNAs and 22 tRNAs along with the three hypervariable regions within the control
region/D-loop, oriented counterclockwise. We note that SardiNIA homoplasmic variants overlap with stable G4 at a level 33% higher than unstable or verified non-G4
regions. The bar plot shows the number of SardiNIA homoplasmies localized in each of the three G4 categories (stable G4, green; unstable G4, yellow; verified non-G4,
red) along with the expected number of homoplasmies in each G4 category (grey, see Supplementary Information for an explanation of how the expected number of

variants in a category was calculated).

two features of a G4 structure: the G-runs (two or more con-
secutive guanines) or loops (any adenine, thymine, cytosine
or single guanine). Indeed, more homoplasmies were observed
in loop regions of stable G4 sequences than in loop regions
of no G4 regions (definition of no G4 in Materials and Meth-
ods and Supplemental Information S1 Materials and Methods)
(SardiNIA Bonferroni-corrected P-value: 1.2 x 10~7; InCHIANTI
Bonferroni-corrected P-value: 1.9 x 102, Table 2). In contrast, we
observed no enrichment of homoplasmies in G-runs of stable
G4 sequences (Bonferroni-corrected P-value was 1.0 in both Sar-
diNIA and InCHIANTI, Table 2). We found homoplasmic enrich-
ment in loops but not G-runs of unstable G4 regions in the InCHI-
ANTI cohort (Bonferroni-corrected P-value: 0.023, Table 2) with
the same trend but without statistical significance in SardiNIA
(unadjusted P-value: 0.071; Bonferroni-corrected P-value: 0.43,
Table 2). Heteroplasmies followed a similar pattern: stable G4
sequences showed enrichment of variants in loops (SardiNIA
Bonferroni-corrected P-value: 2.1 x 10~°; InCHIANTI Bonferroni-
corrected P-value: 1.7 x 10~%, Table 3) but not in G-runs. Unstable

G4 and verified non-G4 sequences showed no evidence of het-
eroplasmic enrichment in either cohort.

Suggestive evidence of pyrimidine bias in loops with
homoplasmic variants

Research indicates that short loops enriched in pyrimidines
demonstrate a higher thermodynamic stability in vitro than
longer loops or those with a purine bias (26-29) and that ther-
modynamic stability affects genomic instability in the presence
of G4s (28). Loops containing a homoplasmic variant from
the SardiNIA cohort demonstrated a statistically significant
pyrimidine bias (P-value 0.042; Supplementary Material, Table
S2), with a similar trend that was not statistically significant
in InCHIANTI (P-value 0.70; Supplementary Material, Table S2).
However, this finding did not extend to heteroplasmies. We did
not find an association between variant-per-base frequency and
loop length in stable G4 regions. For a full discussion of the
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Table 2. Statistical enrichment of homoplasmies in loops but not G-runs of stable G4 sequences in both SardiNIA and InCHIANTI

SardiNIA InCHIANTI
Homoplasmies Loops? G-runs? Loops? G-runs®
G4 category No G4 G4 category No G4 G4 category No G4 G4 category No G4
Stable G4
Observed/expected 98/57.6 483/523.4 43/40.6 59/61.4 151/93.3 791/848.7  60/55.8 80/84.2
P-value (chi-square test) 2.0 x 1078 0.64 3.2x 10710 0.47
Bonferroni P-value® 1.2x 1077 1.0 1.9x107° 1.0
Unstable G4
Observed/expected 59/47.1 483/494.9 24/25.0 59/58.0 102/77.7 791/815.3  37/35.3 80/81.7
P-value (chi-square test) 0.071 0.81 3.9x1073 0.72
Bonferroni P-value® 0.43 1.0 0.023 1.0
Verified non-G4
Observed/expected 51/50.4 483/483.6 16/22.2 59/52.8 97/83.9 791/804.1  30/32.6 80/77.4
P-value (chi-square test) 0.93 0.12 0.13 0.59
Bonferroni P-value® 1.0 0.72 0.78 1.0
aG-runs refer to two or more guanine residues in a row; Loops refer to guanine singletons along with adenine, cytosine, and thymine.
bBonferroni correction is done to adjust for multiple tests, which is 6 in this case.
Table 3. Statistical enrichment of heteroplasmies in loops but not G-runs of stable G4 sequences in both SardiNIA and InCHIANTI
SardiNIA InCHIANTI
Heteroplasmies Loops? G-runs? Loops? G-runs?
G4 category No G4 G4 category No G4 G4 category No G4 G4 category No G4
Stable G4
Observed/expected 83/51.4 436/467.6 30/26.7 37/40.3 57/33.9 285/308.1 8/8.4 13/12.6
P-value (chi-square test) 3.5x 107 0.41 2.9x107° 0.87
Bonferroni P-value® 2.1x107° 1.0 1.7 x1074 1.0
Unstable G4
Observed/expected 51/42.4 436/444.6 16/16.0 37/37.0 35/27.8 285/292.2 4/5.1 13/11.9
P-value (chi-square test) 0.17 0.99 0.16 0.55
Bonferroni P-value® 1.0 1.0 0.96 1.0
Verified non-G4
Observed/expected 46/45.5 436/436.5 13/14.8 37/35.2 32/29.9 285/287.1 3/4.7 13/11.3
P-value (chi-square test) 0.94 0.58 0.69 0.34
Bonferroni P-value® 1.0 1.0 1.0 1.0

2G-runs refer to two or more guanine residues in a row; Loops refer to guanine singletons along with adenine, cytosine, and thymine.

bBonferroni correction is done to adjust for multiple tests, which is 6 in this case.

results characterizing loop variants, please see Supplemental
Information S1 Results.

mtDNA hypervariable regions: CpG islands do not
explain variant enrichment in stable G4 regions

We investigated two alternative explanations for the enrichment
of homoplasmies and heteroplasmies in stable G4 regions—
mtDNA hypervariable regions and CpG islands—but did not
find meaningful contributions from either one (Supplementary
Material, Tables S3 and S4; please see Supplemental Information
S1 Results for a fuller discussion).

Variant spectrum does not differ across G4 categories

We attempted to characterize the variants found in the stable G4
regions, but found no significant differences among the various
comparisons made. The homoplasmies and heteroplasmies

from both cohorts did not show a significant difference
regarding the transition/transversion ratio (Supplementary
Material, Table S5) or the variant type (synonymous, non-
synonymous, non-exonic, Supplementary Material, Table S6)
comparing among the three G4 categories. Variants with
different frequencies did not tend to map differentially to
specific G4 categories (Supplementary Material, Table S7), nor
did they map preferentially to G-runs or loops (Supplementary
Material, Table S8). For a full discussion of the comparisons made
and the supporting literature, see Supplemental. Information S1
Characterization of Variants Overall and Characterization of
Variants in Loops sections.

Test for G4 action during DNA replication in vitro

The sum of the evidence in vivo suggests that G-quadruplexes
tend to provoke mutations. A potential source of muta-
tions would be caused by interference of mtDNA replication.


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa043#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa043#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa043#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa043#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa043#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa043#supplementary-data

A
25
§ 5. 45 13
X=G4
mitoG4-29
C : )
KCI LiCl
r 1r 1
NonG4 G4 NonG4 G4
PolyA . + + - + + -+ + -+ o+
PolyB, - - + - - + s & oz
g
"
Lanes 12 3 4 56 7 8 910 11 12
%FL 06 9 0 0 4 0 1695 0 22 91

Human Molecular Genetics, 2020, Vol. 29, No. 8 | 1297

B
25
)y X=G4
D mitoG4-55
KCI LiCl
NonG4 G4 NonG4 G4

PolyA - + + -+ +
PolyB, - - + - -+

, R I
|
!
5

i1
0 00 0 o

Lanes 12 3 4 5 6 74
%FL 039 00 1 0

B

- -+ - - +

Figure 2. Pol y arrest assays. (A, B) Schematic diagram of G4 oligonucleotide substrates. Templates are a 75-mer (A, mitoG4-29) or 64-mer (B, mitoG4-55). The G4
sequence begins at the +6 position (indicated as ‘x5’). The G4-mer or 64-mer DNA product represents full extension of the 5’ 32P-labeled () 25-mer primer to the end of
the template. (C, D) Purified DNA Pol y (Pol A) and its accessory subunit (Pol B) were incubated with G4 or non-G4 control templates for 10 min at 37°C in the presence

of Kt or Lit (50 mwm) that favors or disfavors G4 formation, respectively.

Polymerase action would be modified at those sites—perhaps
transiently slowed or stalled—and provoke misincorporation of
nucleotides. To test for such effects, we have used standard
in vitro replication systems with templates containing G4
constructs based on representative mtDNA sequences from the
cohort data and enzymes putatively thought to be involved in
the process.

Mitochondrial Pol y stalls at G4 sites

To investigate how efficiently the mt Pol y polymerizes through
G4 sites, we used computational analysis results to design
mtDNA templates (mitoG4-29 or mitoG4-55) that are capable
of forming G4 DNA structures and had been determined to be
sites of variation from the SardiNIA mt genome sequence data.
We then performed in vitro DNA primer extension assays. DNA
substrates were designed such that Pol y would encounter the G4
structure at the 6th base after initiation of DNA synthesis off the
primer. Control substrates contained a template lacking a G4 site
but were otherwise identical in sequence and length. Substrates
were prepared under conditions in which the G4 structure was
stabilized (KCI) or destabilized (LiCl).

Under conditions in which the G4 structure was stabilized by
the presence of K* ions, Pol y holoenzyme (AB,) extended the 25-
mer end-labeled primer to a fully extended product on the non-
G4 control DNA substrates [96% full-length (FL) product for either
non-G4 substrate] (Fig. 2). However, Pol y displayed significant
polymerase arrest on both G4 DNA substrates in reaction mix-
tures containing K* (1%—4% FL product). We did observe some
extension by Pol y holoenzyme of up to five nucleotides (nt) past

the predicted G4 site of mitoG4-29 template, but the amount of
FL product was very low (4%). In contrast, Pol y synthesis yielded
a much greater fraction of fully extended product on the mitoG4-
29 DNA substrate in the presence of Lit ions, particularly in
the presence of the Pol y B processivity subunit (91% FL prod-
uct). Similarly, Pol y reaction mixtures containing Li* enabled a
much greater extension of the mitoG4-55 DNA substrate (58% FL
product), consistent with the expected destabilization of the G4
structure by Lit.

After observing strong blockage of Pol y by stable G4 mtDNA
templates, we looked at Pol y replication of DNA templates
classified as unstable G4 or verified non-G4 (Supplementary
Material, Fig. S3). Results from primer extension assays with
unstable G4 (UG4-53, UG4-85) or verified non-G4 (NG4-19, NG4-
49) DNA templates in parallel with the stable G4 DNA templates
(G4-29, G4-55) demonstrated efficient DNA synthesis on sub-
strates harboring sequences corresponding to the unstable G4
(82% FL product, UG4-53; 78% FL product, UG4-85) or verified
non-G4 (87% FL product, NG4-19; 84% FL product, NG4-49) under
conditions of potent blockage by both stable G4s (0% FL product,
mitoG4-29; 0% FL product, G4-55).

Effect of additional replisome proteins on Pol y
synthesis past G4 arrest site

We next tested purified recombinant mt proteins implicated in
mtDNA replication (Twinkle, mtSSB) and the human TFAM which
is known to preferentially bind G-quadruplex DNA (24) to assess
if any of these proteins would enable Pol y to synthesize past the
G4 roadblock. Under conditions in which these mtDNA metabolic
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Figure 3. Pif1 stimulation of Pol y primer extension past the G4 is dependent on its helicase activity. (A) A time course experiment was performed using the mitoG4-29
substrate (5 nM) in the presence or absence of Pol y (15 nM Pol A, 30 nm Pol B), 26 nm Pif1 (WT or ATPase-dead K264A) and 4 mm ATP under the Pol y reaction conditions
described in Materials and Methods. Primer extension after 1,3 and 10 min is shown. Activity of Pol y on the non-G4-29 substrate is shown in lanes 1 and 2. (B) A kinetic
experiment as described in Panel A except that the G4 DNA substrate was preincubated with 500 nm telomestatin (TMS) for 5 min prior to the addition of Pol y and
Pif1. (C) A time course experiment was performed on the non-G4 substrate (5 nM) preincubated with 500 nM TMS in the presence or absence of 15 nMm Pol A, 30 nm Pol

B, 26 nM Pif1-WT and 4 mwMm ATP. Primer extension after 1, 3 and 10 min is shown.

accessory factors bound the non-G4 and G4 DNA templates with
similar affinity (Supplementary Material, Fig. S4 and Supple-
mentary Material, Table S12), none of them stimulated synthesis
by Pol y past the stable G4 (Supplementary Material, Fig. S5).
Reaction mixtures containing TFAM exhibited very poor synthe-
sis by Pol y from the primer end (irrespective of the presence
of Twinkle and/or mtSSB), suggesting that complete binding
of TFAM to the DNA substrate (Supplementary Material, Fig.
S4) blocked access of the polymerase to the template (Supple-
mentary Material, Fig. S5A and B, lanes 14, 16-18). To address
this apparent inhibition of DNA synthesis, we titrated TFAM
and observed inhibition of Pol y synthesis in a concentration-
dependent manner (1.9-fold reduction at 215 nm TFAM; 4.5-
fold reduction at 860 nm TFAM) (Supplementary Material, Fig.
S6A). Repeating primer extension experiments with a 16-fold
lower concentration of TFAM (Supplementary Material, Fig. S6B)
showed no inhibition of DNA synthesis (Supplementary Mate-
rial, Fig. S6B). Despite the different experimental reaction condi-
tions tested, no combination of the three proteins facilitated Pol
y synthesis through the G4 block.

Given limited extension by Pol y on the stable G4 substrate
even in the presence of additional replisome factors, we
addressed whether Pif1, a known G4 resolvase (30) that localizes
to mitochondria (31-34), may aid in this capacity in vitro.
Pifl stimulated Pol y DNA synthesis past the G4 site under
conditions in which both the polymerase and helicase were
active, producing an increasing amount of fully extended
product in a time-dependent manner (Fig. 3A), up to 63% after
10 min of incubation. We tested a catalytically inactive Walker
A box mutant Pif1-K264A (35) for comparison and saw no full-
length extension by Pol y after 10 min, indicating Pifl’s ability

to resolve the G4 and allow for Pol y synthesis is dependent
upon Pifl’s ATPase activity (Fig. 3A). Preincubation of the G4
substrate with the G-quadruplex ligand telomestatin (TMS)
potently inhibited Pol y DNA synthesis past the G4, even in the
presence of Pifl (Fig. 3B, no detectable FL product), suggesting
that TMS-induced stabilization of the G4 prevented Pifl from
resolving the structure and enabling Pol y synthesis past the G4
arrest site. In control experiments, TMS exerted little effect on
Pol y synthesis using the non-G4 DNA substrate as the template
(Fig. 3Q).

The ability of Pif1 to efficiently stimulate Pol y DNA synthesis
past the G4 block caused us to question if the effect of Pifl is
specific and if another G4-resolving helicase could substitute
for Pifl. To address this issue, we tested purified recombinant
FANC], a DNA helicase which we have shown to robustly resolve
intramolecular and intermolecular G4 DNA substrates (36,37),
in primer extension assays with the mitoG4-29 template. As
shown in Fig. 4A, at all concentrations tested, FANC] very poorly
stimulated Pol y DNA synthesis past the G4 block (~5% FL
product) under conditions that Pifl robustly stimulated Pol y
synthesis (~60% FL product). In contrast to the results with the
G4 substrate, Pifl partially inhibited Pol y activity with the non-
G4 substrate as evidenced by the reduced amount of FL product,
whereas FANCJ enhanced Pol y DNA synthesis on the control
substrate, suggesting differential effects of the helicase proteins
on Pol y DNA synthesis.

To ensure that FANC] was able to resolve the G4 structure
formed by the DNA template under reaction conditions used
for Pol y primer extension assays, the G4 DNA template was
incubated for 10 min with FANC] in the presence of ATP and an
oligonucleotide with complementary sequence to serve as a trap
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Figure 4. Pifl specifically enhances DNA synthesis by Pol y past the G4 in the

DNA substrate. (A) Reaction mixtures included 15 nm Pol y AB,, 100 um dNTPs and

4 mm ATP in the presence of varying concentrations of Pifl and FANC]. Primer extension on the mitoG4-29 and non-G4-29 DNA substrates after a 10 min incubation
at 30ncubation at (B) Reaction mixtures included 100 um dNTPs and 4 mm ATP in the presence of varying concentrations of Pifl and FANC]. ATPase-deficient Pifl and
FANC] were included as controls. Percent mitoG4-29 or non-G4-29 DNA substrates unwound after a 10 min incubation at 30°C is shown by trapping unwound after
template with a short ssDNA complementary to the G4 motif sequence when unwound. Background partial duplex from lanes 4 and 17 subtracted from total DNA

unwound.

and reaction mixtures were resolved on native polyacrylamide
gels (Fig. 4B). FANC] unwound increasing percentages of the G4
substrate up to 52% in an ATP-dependent manner. A FANCJ-
K562R ATPase mutant (37) failed to resolve the G4 substrate,
indicating that the G4 resolvase activity was intrinsic to the
purified recombinant FANC]. These results indicate that Pifl
stimulates Pol y DNA synthesis past the G4 block, whereas the
G4-resolving helicase FANC] does not.

PrimPol catalyzes synthesis beyond the Pol y G4
arrest site

The domain architecture and catalytic activities of human Prim-
Pol implicated in nuclear and mtDNA replication have been

studied (38). We hypothesized that upon encountering a G4
site, PrimPol may be able to assist the mt replication machin-
ery as a translesion synthesis polymerase, thereby allowing for
faithful G4 replication. We first tested whether PrimPol can
work alongside Pol y to improve bypass of G4 lesions compared
to Pol y alone. We carried out primer extension assays under
PrimPol conditions with 10 mm KCl present (contributed from
the DNA substrate) in which Pol y retains comparable activity.
Using the same reaction mixture components and in the co-
presence of 800 mm LiCl and incubation at 37°C for 30 min,
both the mitoG4-29 and mitoG4-55 DNA sequences retained
their G4 structure (Supplementary Material, Fig. S7). Importantly,
retention of the G4 structures even in the presence of LiT,
which is known to prevent G4 from folding (39), attested to the
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Figure 5. PrimPol catalyzes DNA synthesis beyond Pol y G4 arrest site. Reaction mixtures for Pol y AB, or PrimPol were identical and corresponded to the PrimPol
reaction conditions as described in Materials and Methods; 10 mm KCI derived from the DNA substrate preparation was present in the reaction mixture. (A) PrimPol
does not stimulate DNA synthesis by Pol y. Primer extension in the presence of 5 nm substrate and 15 nm Pol y AB,, 200 nM PrimPol or both after 30 min at 37°C is
shown. (B, C) Effect of Mn2+ and Mg?t on DNA synthesis catalyzed by Pol y or PrimPol. Reactions containing 15 nm Pol y AB, or 200 nM PrimPol as indicated were
conducted in the presence of 1 mm Mn?* or 1 mm Mg?* as described in Materials and Methods.

stability of the G4’s formed by mitoG4-29 and mitoG4-55 DNA
sequences.

As shown on the non-G4 DNA substrates, in contrast to Pol y,
PrimPol displayed difficulty catalyzing polynucleotide synthesis
near the end of the DNA template (Fig. 5A, lanes 2 and 3), and
did not significantly improve G4 bypass by Pol y when both
enzymes were present together (Fig. 5A, lane 8). PrimPol alone
did, however, extend the substrate several nt further than Pol y
alone on the G4 substrate under identical reaction conditions
(Fig. 5A, compare lanes 6 and 7). The observation that reac-
tions with both polymerases produced DNA products resembling
those produced by Pol y alone is consistent with reports that Pol
y binds DNA with high affinity, whereas PrimPol exhibits weaker
binding (40,41).

Given that under identical reaction conditions PrimPol was
able to extend further than Pol y after encountering the G4,
we hypothesized that PrimPol may be better able to facilitate
G4 synthesis in the presence of mt replication proteins. TFAM
inhibited DNA synthesis by PrimPol in the 30 min reaction on
both the control and G4 substrates (Supplementary Material,
Fig. S8A), whereas MtSSB did not stimulate any G4 synthe-
sis by PrimPol (Supplementary Material, Fig. S8A). Previously it
was reported that Twinkle helicase stimulates primer extension
catalyzed by PrimPol (42). In our experiments, 20 nMm Twinkle
demonstrated a modest inhibition of PrimPol primer extension

on the control and G4 DNA substrates (Supplementary Material,
Fig. S8B). However, using a 4-fold lower Twinkle concentration of
5 nM, we observed stimulation of PrimPol DNA synthesis on the
control non-G4 DNA substrate but not on the G4 DNA substrates
(Supplementary Material, Fig. S9).

It has been reported that the divalent cation Mn?*, when
substituted for Mg?*, is able to stimulate PrimPol-catalyzed DNA
synthesis (3,23). Therefore, we sought to test whether the pres-
ence of Mn?* would allow PrimPol to better synthesize DNA
past the G4, comparing the effect of Mn?* to that observed
in reaction mixtures containing Pol y. Figure 5B shows that
PrimPol-catalyzed DNA synthesis past the G4 on the mitoG4-
55 substrate was not significantly different using Mn?* as com-
pared to Mg?*. However, under identical reaction conditions,
PrimPol catalyzed DNA synthesis better than Pol y on both G4
substrates, as evident by the population of slower migrating,
longer DNA products (Fig. 5B and C). PrimPol produced a small
amount of mitoG4-29 fully extended product (13% FL product)
in the presence of 1 mm Mg?* (Fig.5C) or 1 mm Mn?* (data
not shown). No fully extended product was observed for the
mitoG4-55 substrate in the presence of either ion. Importantly,
we noted that PrimPol underwent less severe polymerase arrest
upon encountering the G4 compared to Pol y. We observed Pol y
termination products starting six nucleotides beyond the primer
(corresponding to the last position before the G4 structure). Upon
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encountering the G4, extension by Pol y was fully terminated
within a range of 2-4 nt for both substrates, which can be
equated to complete arrest within the first G-run. By contrast,
PrimPol showed less potent polymerase arrest under identical
conditions. PrimPol catalyzed synthesis well beyond the first G-
run, extending through the interstitial loop and second G-run
and into the second loop. Several additional extension products
were observed beyond this position, indicating that a fraction of
the DNA was extended beyond the G4 structure and, to a lesser
extent, to a fully extended product.

The difference in concentration of the two polymerases
(PrimPol at 200 nmMm, Pol y at 15 nMm) may contribute to the
stronger replicative capacity of PrimPol. In polymerase titra-
tion experiments (Supplementary Material, Fig. S10), DNA
synthesis by a Pol y concentration of 120 nm using the G4
substrate as a template still showed a strong arrest at the
first G-run (only 2% FL product) (Supplementary Material,
Fig. S10A). For PrimPol reactions, DNA synthesis past the
first G-run was evident at concentrations as low as 50 nm
PrimPol (Supplementary Material, Fig. S10B). Although fully
extended product by PrimPol with the G4 template was hardly
detectable at lower concentrations, FL product for the non-G4
template was also significantly decreased in reaction mixtures
containing PrimPol concentrations of 13-100 nm. Therefore,
the experimental data suggest that even at more comparable
polymerase concentrations, PrimPol shows a stronger ability to
replicate past the G4 than Pol y. Furthermore, our combined
experiments to assess DNA synthesis by PrimPol using the
G4 template confirmed that PrimPol catalyzes DNA replication
further into the G4 structure than Pol y, irrespective of cofactor
ion choice.

As before for Pol y, the deterrence of PrimPol DNA synthesis
by mtDNA templates categorized as stable G4 DNA prompted
us to test DNA templates classified as unstable G4 or verified
non-G4 (Supplementary Material, Fig. S11). Results from primer
extension assays with unstable G4 (UG4-53, UG4-85) or verified
non-G4 (NG4-19, NG4-49) DNA templates run in parallel with
the stable G4 DNA templates (mitoG4-29, mitoG4-55) demon-
strated that PrimPol can efficiently perform DNA synthesis on
substrates harboring sequences corresponding to the unstable
G4 (72% FL product, UG4-53; 66% FL product, UG4-85) or verified
non-G4 (87% FL product, NG4-19; 73% FL product, NG4-49) under
conditions of potent blockage by both stable G4s (0% FL product,
mitoG4-29; 0% FL product, mitoG4-55).

Pif1 stimulates PrimPol to bypass the G4 in an
error-prone manner

The ability of Pifl to stimulate Pol y to bypass the G4 raised
the question if the G4-resolving helicase has a similar effect
on PrimPol synthesis past G4s. As shown in Fig. 6, the strong
block to DNA synthesis by PrimPol (0% FL) past the G4 was
partly alleviated by the presence of Pifl, resulting in a shift to
longer extended DNA, including 7% FL products. In contrast,
Pifl inhibited primer extension by PrimPol to some extent on
the non-G4 DNA template, suggesting that the DNA-interacting
Pif1 interferes with PrimPol-catalyzed DNA synthesis, similar to
what was reported for single-stranded DNA binding proteins
(43); however, Pifl enables PrimPol to more efficiently perform
DNA synthesis past the G4.

Pif1’s enhancement of PrimPol’s ability to bypass the G4 block
led us to ask how this affected the fidelity of DNA synthesis. To
do this, primer extension products were analyzed for sequence
integrity. Analysis of PrimPol extension products in the absence
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Figure 6. Pifl facilitates PrimPol-catalyzed DNA synthesis past the G4. Reaction
mixtures with PrimPol (200 nm) in the presence or absence of Pifl (26 nwm)
were initiated with the addition of dNTPs and ATP as described in Materials
and Methods except that the incubation temperature was 30°C, which was
permissive of both PrimPol and Pifl catalytic activity. Reactions were quenched
with formamide loading dye and products resolved on 16% acrylamide 0.5XTBE
denaturing gels.

of Pifl showed the introduction of single base-pair substitutions,
insertions (1-2 bp) and deletions (1-30 bp) (Supplementary Mate-
rial, Fig. S12A and B). Quantification of mutated sequences is
shown in Fig. 7. On a non-G4 substrate, PrimPol displayed a 5.6 x
1073 mutation frequency, similar with a previous study (43). This
error rate increased over 5-fold in the presence of a G4 structure.
This high mutation frequency is retained even in the presence
of Pif1 helicase (Fig. 7; Supplementary Material, Fig. $12C and D),
suggesting the mutation rate is influenced by the intrinsic base-
pair sequence itself in addition to the DNA structure; nonethe-
less, G4 poses a block to DNA synthesis by either PrimPol or Pol y.
Taken together, our in vitro data suggest that DNA replication by
PrimPol can extend through stable G4 structures in the presence
of Pif1 helicase; however, PrimPol bypass of the G4 aided by Pifl
helicase is still a mutagenic process.
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vitro primer extension assays using the mitoG4-29 or sequence-related non-G4 DNA substrates. Statistical significance was calculated by Fisher exact test.

We next wanted to examine the influence of G-quadruplex
structures on DNA replication fidelity by Pol y. Analysis of
primer extension through the G-quadruplex sequences shows
that while DNA Pol y is inefficient at extending through G-
rich sequence (Fig. 2), the enzyme maintains similar replication
fidelity to the non-G4 substrate when bypass does occur
(Fig. 7; Supplementary Material, Fig. S13A and B). The mutation
frequency of 3.8 x 1073 is consistent with mutation frequencies
from lacZ forward mutation assays (44,45). Furthermore, in the
presence of Pifl helicase, bypass efficiency of Pol y is increased
(Fig. 3) without compromising the enzyme’s fidelity (Fig.7;
Supplementary Material, Fig. S13C and D).

Discussion

In this study, we combined bioinformatic and biochemical
approaches to study the prevalence of G4s in mt, their
association with mt variants in two large cohorts, and attempt to
define features of the mechanism by which they are replicated.
We tested three biophysically characterized categories of G4
sequences for variant enrichment, showing that stable G4
sequences have an enrichment of homoplasmies and hetero-
plasmies in the SardiNIA and InCHIANTI populations. What is
the evidence that stable G4 and not another feature of mtDNA
structure is the basis for the enrichment of mutations at those
sites? Our analyses demonstrated that the enrichment of mt
variants was only observed in stable G4s, but not in unstable or
verified non-G4s, which can serve as suitable negative controls
here. The rationale is that these three stability categories of G4s
were selected as predicted G4 regions by G4Hunter using the
same criteria (i.e. the same score threshold of 1.0 and window

size of 25 were employed). They were classified into three
different G4 categories only when six biophysical experimental
techniques were used to test for evidence of G4 formation in
vitro. Therefore, the three stability categories of G4s share similar
genomic sequence elements (G-richness and G-skewness), and
unstable or verified non-G4s can serve as negative controls for
these DNA sequence elements also found in stable G4s.

We extended this analysis to show preferential enrichment
of variation in the loop regions of stable G4s, consistent with
the notion that tetrad guanines within the G4 structure are less
prone to mutation or possibly shielded from DNA damage. Taken
together, our computational analyses suggest that G4s in the mt
genome are a potential source of mutagenesis. We also note that
although stable G4 regions had 30-40% more variants than other
regions in the mt genome, hundreds of variants were found and
distributed across the mt genome in the two cohorts, and we
believe most of them were natural variations.

Even though the complete protein composition of the mtDNA
replisome is not known, biochemists have established in vitro
conditions that are thought to reflect the action of major fea-
tures in vivo. These are based primarily on the evidence that
the major mt replicative polymerase is Pol y which catalyzes
DNA synthesis poorly on a G4 template. To the best of our
knowledge, this and another very recently published study (46)
are the first biochemical evidence that G4s act as a potent
barrier to mt replication. Furthermore, Twinkle, mtSSB and TFAM
were each unable to facilitate replication through stable G4s.
Although TFAM was reported to bind G4 DNA with an affinity
comparable to that of dsDNA (24), we found that it was unable
to enhance the efficiency of Pol y past the G4. Presumably TFAM
bound the dsDNA region of the substrate, preventing productive
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Pol y and to a lesser extent PrimPol DNA synthesis past the G4; however, PrimPol bypass is still mutagenic.

utilization of the primer by the DNA polymerase. The in vivo
relevance of this observation is unclear given that Pol y acts on
a RNA primer produced by the mt RNA polymerase to initiate
DNA synthesis. The ability of catalytically active Saccharomyces
cerevisiae Pifl to stimulate Pol y synthesis and produce fully
extended product on the G4 template suggests that the helicase
may aid in replicating mt G4 regions in eukaryotic cells—rather
than Twinkle, which poorly resolves G4 DNA substrates in vitro
(17). However, this suggestion remains conjectural and requires
further testing. Overall, our biochemical results argue strongly
for G4s as mitochondrial replication stalling elements (Fig. 8).
Given the susceptibility to stalling at those sites, it is likely that
the mt replication machinery relies on Pifl (Fig. 8) (or another
mt G4-resolving helicase) and one or more of the error-prone
translesion polymerases to bypass G4s (see Introduction).

The most recently identified mt polymerase, PrimPol, is a
candidate for G4 translesion synthesis. We showed that PrimPol
catalyzes DNA synthesis farther than Pol y using the G4 template
under the same reaction conditions and exhibits some ability
to fully bypass stable G4s (Fig.5). Despite the evident stalling
by PrimPol at mitochondrial G4 structures (this study) as well
as at other model G-quadruplexes not derived from mt DNA
sequence (20), our biochemical results suggest a potential role
for PrimPol in G4 template-directed DNA synthesis. As suggested
by Schiavone et al. (20), PrimPol may be better suited to repli-
cate past relatively less stable G4 structures or catalyze DNA
synthesis downstream of the G4. However, it may be relevant
that the physiological concentration of PrimPol is likely to be
much lower than Pol y. Quantitative proteomic studies estimate
the number of copies of Pol y A (catalytic subunit) and Pol
y By (accessory subunit) to be in range of 12000-20000 and
14 000-42 000, respectively (47,48). By comparison, Western blot

data suggest that PrimPol is at a much lower copy number than
Pol y (A. Doherty, unpublished observations). Thus, it remains to
be seen what mechanism(s) exist that regulate polymerase usage
in mitochondria in vivo and in what contexts (e.g. replication fork
stalling (41); see below).

We found through primer extension fidelity assays that
catalysis by PrimPol on the mt G4 DNA substrate is highly
error-prone, consistent with reports that other translesion
polymerases, including Pol eta (3) and Pol kappa (x), as well
as the replicative polymerase Pol epsilon (¢), exhibit similarly
compromised fidelity when copying through a G4 motif (49,50).
Our in vitro data suggesting that PrimPol is highly mutagenic may
lead one to expect a high mutation rate in vivo which is not the
case. Presumably other pathways help to suppress mutation.
Although some evidence for mammalian mt mismatch repair
exists (51,52), the proteins involved appear to be distinct from
nuclear mismatch repair (53). Further studies are required to
characterize how mutagenesis is suppressed in the mt genome.

Taken together, our results demonstrate that PrimPol cat-
alyzes DNA synthesis past the first G-run on its own, suggesting
the polymerase may play a role with other mt proteins to desta-
bilize the G4 structure. This partial unfolding of an intramolec-
ular G4 might proceed through a multistep pathway that results
in intermediary structures of some lesser stability, such as
the G-triplex (G3), characterized by G:G:G triad planar stacks
(54-56). It is tempting to speculate that the unique structure of
the on-pathway G3 intermediate may bind PrimPol (or Pol y) with
different affinity compared to G4 or a single-stranded/double-
stranded DNA junction, similar to what has been evidenced for
Pifl helicase (55), but that remains to be seen. We postulate
that PrimPol’s conversion of the first G-run in a stable G4 to
duplex DNA would allow for other polymerases and replisome
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proteins to disrupt the structured G-rich template. This should
be further explored in future experiments, along with PrimPol’s
capacity to perform de novo priming downstream of the G4
arrest site. This repriming role for PrimPol is regarded as
one of the enzyme’s main functions in the nuclear genome
(20,41,57); however, it has not been studied in the context
of mt G4 replication. Although PRIMPOL—/— mice are viable,
their embryonic fibroblasts or human cells silenced for PrimPol
expression show reduction in mtDNA synthesis (3). Therefore,
we sought to address whether PrimPol is capable of catalyzing
DNA synthesis using a G4 template in a manner in which gaps
would not be left behind that would require subsequent DNA
synthesis or recombinational repair. Certainly, PrimPol’s ability
to bind and reprime DNA downstream of G4s in vitro (20,41,57)
suggests a second mode whereby the DNA roadblock is overcome
in a manner dependent on gap filling repair, whose mechanistic
details in mtDNA metabolism are still not understood. Further
studies with a fully reconstituted mt replisome and interacting
proteins, such as Pifl as evidenced in the current work or other
DNA helicases localized to mt (e.g. Suv3 (58)), are required to
detail the putative mechanisms of efficient G4 bypass.

Results from our biochemical reconstitution experiments
and a very recently published work (46) demonstrate that Pifl
is capable of stimulating efficient DNA synthesis past the
stable G4 structure by Pol y or Pol §, as well as PrimPol (this
study), in a manner that is dependent on Pifl’s ATPase/G4
resolvase activity. This may reflect Pifl’s activity to periodically
patrol intramolecular G4 DNA as reported by the Ha lab (59).
The repeated cycles of G4 unfolding by Pifl is important for
its mechanism of action to keep the G4 resolved based on
estimates that it refolds immediately (0.2 s) under conditions
that Pifl is active (59). Unlike Pifl, according to studies by Wu
and Spies (60), FANC] partially stabilizes G4 DNA structures
and acts to unfold and refold G4 in repeated cycles. Another
potential contributing factor for why Pif1 but not FANC]J enables
efficient G4 bypass by Pol y or PrimPol has to do with the
distinct DNA substrate interactions of the two G4-resolving
helicases. Pifl has specificity for a double-stranded/single-
stranded junction and patrols the nearby single-stranded to
unfold G4 (59), whereas FANC] targets the G4-associated single-
stranded gaps (60). Therefore, Pifl’s DNA binding specificity as
well as its unique patrolling activity to keep G4 resolved may
serve optimally to replicate the mitochondrial genome which
has its own unique requirements and machinery compared to
nuclear DNA replication. The human homologue of Pifl shares
sequence and functional similarity, but it remains possible that
it would have different properties from those seen with the
standard yeast nuclear version previously described (61,62)
and used in the current study. Due to technical issues in
terms of solubility and proteolysis, we were unable to purify
recombinant human mt Pifl protein; the reports on human
Pifl are based on truncated protein or full-length nuclear form
(63,64).

A previous study demonstrated that inactivation of Pifl
causes a progressive mitochondrial myopathy in mice, resulting
in reduced respiratory chain efficiency (31). Pifl inactivation
also leads to defective repair of oxidative mtDNA damage
induced by exposure of mouse embryonic fibroblasts to H,0,;
the elevated mtDNA damage can be alleviated in part by genetic
complementation with a gene encoding the mitochondrial
isoform of mouse Pifl (31). These findings suggest a role of
mammalian Pifl in mtDNA maintenance. Presumably Pifl’s
ability to efficiently resolve G-quadruplexes abundant in the
mt genome contributes to DNA synthesis past the G4 structures,

but might not fully compensate for mtDNA mutations caused by
PrimPol or perhaps other TLS polymerases.

The sequencing data from products of the in vitro primer
extension assays demonstrate that PrimPol is much more error-
prone than Pol y during replication using the G4 template. How-
ever, given that Pol y is able to efficiently replicate the G4
template with reasonably high fidelity when Pifl is present, it
may be questioned if the sites of mitochondrial genetic varia-
tion detected in vivo are really caused by PrimPol error-prone
DNA synthesis. Further studies that assess the role of PrimPol
in mtDNA replication in vivo are warranted. Recently, elegant
studies by Torregrosa-Munumer et al. using 2D agarose gel elec-
trophoresis demonstrate a role of mouse PrimPol to reprime
stalled mtDNA replication forks (41). They go on to show that
PrimPol is necessary for mtDNA replication after UV exposure
and that PrimPol overexpression enhances the initiation of lag-
ging strand DNA synthesis during mtDNA replication; however,
the fidelity of DNA synthesis was not examined. It remains to be
seen the relative importance of PrimPol versus Pol y in replicat-
ing G4 structures that stall mtDNA replication in a physiological
setting. It is plausible that the susceptibility of bases in the G4
DNA structures to damage such as that imposed by oxidative
stress is a prominent source of mtDNA variation (see below).

Our findings that mt variants are enriched in stable
G4 regions, combined with the observation that the major
replicative mt polymerase undergoes potent arrest at these sites,
support a model in which replisome stalling at G4s directly
contributes to an increase in nucleotide misincorporation
mutations within G4 sequences throughout the mt genome.
Further studies with additional cohort data will be useful to
determine a specific G4 mutagenic signature. G4s are known
to be prevalent in telomeres and promoter regions of the
nuclear genome and are believed to play important structural
and functional roles in telomere capping and regulation of
gene expression (65-68). It would therefore be interesting
to confirm whether certain G4 sequences undergo selective
evolutionary pressure to preserve the biological function of
G4s by minimizing mutations that could potentially disrupt the
Hoogsteen hydrogen bonding and tetrad stacking. An alternative
explanation is that nucleotides in the vicinity of G-quadruplexes
are more prone to DNA damage or refractory to repair, affecting
the propensity for base-pair substitutions in the subsequent
round of replication. Further studies are necessary to ascertain if
the source of variation can be attributed to error-prone template-
directed DNA synthesis, elevated sensitivity of guanine stacks
or adjacent nucleotides to endogenous or exogenously induced
stress (e.g. oxidative damage) and/or altered repair of specific
DNA lesions located near G-quadruplexes. For example, the
excision activities of various mammalian DNA glycosylases on
G-quadruplex DNA structures with certain lesions (e.g. thymine
glycol, 8-oxoguanine) varied significantly and in some cases
(e.g. thymine glycol) depended strongly on the sequence context
(69). However, to our knowledge, a comparative assessment of
base lesion repair in the intervening sequences versus G-runs of
G-quadruplex structures and comparison to duplex or single-
stranded DNA has not been thoroughly performed. Clearly,
further studies are required to determine to what extent the
persistence of unique DNA structures in specific regions of the
genome plays a role in nucleotide variation by compromised
replication or repair.

In summary, our computational approach showed an enrich-
ment of mt variants in the stable G4s. Consequent biochemical
studies suggest that replication machinery stalling at G4 struc-
tures and reliance on error-prone DNA synthesis may contribute



to mutagenesis. Further studies are required to elucidate the
precise biochemical mechanism by which variants are intro-
duced and to better understand how G4 structures are faithfully
replicated in vivo.

Materials and Methods
Whole-genome sequencing data

The SardiNIA whole-genome sequencing cohort includes 2077
individuals from the 6921 participants in the ‘SardiNIA’ study of
the genetics of quantitative traits in the Sardinian founder pop-
ulation (70,71). DNA was extracted from whole blood samples,
and paired-end sequence reads were generated with Illumina
Genome Analyzer IIx and Illumina HiSeq2000 instruments to
an average depth of 4.2X (72). The 25th percentile, median and
the 75th percentile of the individual sample mtDNA average
sequencing depth in the SardiNIA cohort are 156, 197 and 247,
respectively. The InCHIANTI whole-genome sequencing cohort
contains 680 InCHIANTI Project participants from Tuscany, Italy
(73). DNA from buffy coat samples was sequenced using an
[Mlumina HiSeq 2000 with a minimum read depth of 6X (74).
The 25th percentile, median and the 75th percentile of the indi-
vidual sample mtDNA average sequencing depth in the InCHI-
ANTI cohort are 363, 432 and 511, respectively. Both experi-
ments used the rCRS mtDNA reference sequence (NCBI Refer-
ence Sequence Number NC_012920.1) for alignment. In total,
over 41 TB of whole-genome sequencing data were analyzed for
this manuscript.

Ethics Statement: All SardiNIA participants gave written
informed consent, with protocols approved by institutional
review board of the National Institute on Aging (04-AG-N317).
The InCHIANTI study baseline (1998-2000) was supported as
a ‘targeted project’ (ICS110.1/RF97.71) by the Italian Ministry
of Health and in part by the US National Institute on Aging
(Contracts: 263 MD 9164 and 263 MD 821336). The study protocol
was approved by the Italian National Institute of Research
and Care of Aging Institutional Review and Medstar Research
Institute (Baltimore, MD).

Homoplasmic and heteroplasmic variant sites

We used mitoCaller (72) to identify homoplasmic and hetero-
plasmic SNVs from whole-genome sequences with a likelihood-
based calculation incorporating sequencing error rates at each
base. Homoplasmies were conventionally defined as variants
affecting all mtDNA copies within a cell compared to the refer-
ence sequence. Heteroplasmies were defined as the mixture of
two or more alleles.

G-quadruplex (G4)-forming sequences

Bedrat et al. (25) created the G4Hunter algorithm to identify
sequences predicted to form G4 structures and used this algo-
rithm to probe the mt genome. They biophysically tested the
sequences identified by G4Hunter to assign each one to one
of the three stability categories in vitro: stable G4 showed con-
clusive evidence for G4 formation from all tests used; unstable
G4 showed evidence both for and against G4 formation based
on different tests; and verified non-G4 (‘not-G4’ in (25)) showed
conclusive evidence of no G4 structures, despite being predicted
by G4Hunter to do so. The G4Hunter algorithm produces results
consistent with the literature; for example, 83% of sequences
identified by Dong et al. (16) overlap with G4Hunter’s set of
predicted G4 sequences.
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For information presented in Table 1, we extended the orig-
inal G4Hunter sequences by 5 bp upstream and downstream to
identify variants proximal to as well as within G4 sequences.
Merging and overlapping these new sequences by G4 category
yielded 57 stable G4 sequences (all heavy strand, 2593 bases
covered), 51 unstable G4 sequences (all heavy strand, 2078 bases
covered) and 62 verified non-G4 sequences (56 heavy strand, 6
light strand, 2456 bases covered).

For Tables 2 and 3, we divided the original sequences from
the G4Hunter paper into the two types of regions present in
G4 structures: G-runs (any run of two or more consecutive G-
residues) and loops (all other bases, including single G-residues).
We created a negative control by identifying the complement
of all bases from the original sequences identified by G4Hunter
(stable + unstable + verified non-G4, 4666 bases covered due
to overlap between G4 categories and removing all light strand
sequences, see Supplemental Information S1).

Statistical analyses of tables

We used a binomial test (Table 1; Supplementary Material, Tables
S1, S3 and S4) to assess whether the observed number of vari-
ants in a G4-forming category exceeded the expectation under
null (i.e. enrichment). We used a chi-square test (Tables 2 and
3; Supplementary Material, Tables S2 and S5-S10) to test for
independence of two categorical variables in a contingency table.

Recombinant proteins

Recombinant Pol y A (catalytic subunit) and Pol y B, (accessory
subunit), Twinkle helicase, TFAM, mtSSB and PrimPol were puri-
fied as previously described (21,75-77). Recombinant S. cerevisiae
Pif1-WT and Pif1-K264A proteins (residues 40-859, nuclear form)
were purified as described (61). Recombinant FANC] was purified
as described (78).

Preparation of DNA substrates

The oligonucleotide sequences chosen for substrates (Supple-
mentary Material, Table S11) were derived from biologically
relevant genes identified as sites of mt variation based on
the SardiNIA genome sequence data. NADH dehydrogenase
subunit 1 (mitoG4-29) and subunit 2 (mitoG4-55) variants were
chosen based on their frequency in the SardiNIA population.
MitoG4-29 and mitoG4-55 correspond to mtDNA sequences
3558-3595 and 5426-5465, respectively. 75-mer (mitoG4-29)
or 64-mer (mitoG4-55) linear oligonucleotides harboring a G-
quadruplex site were ordered from Lofstrand Labs Ltd and
used as templates. Matching control oligonucleotides of the
same lengths were also designed without a G4 site (non-G4-
29 and non-G4-55). 10 pmol of 25-mer or 65-mer primer (to
facilitate Twinkle loading at a 5' overhang) was labeled at its
5 end with 30 pCi of [y-32P]ATP and T4 polynucleotide kinase.
Unincorporated ATP was removed using a G25 spin column (GE
Healthcare Life Sciences), and the radiolabeled oligonucleotide
was hybridized to the complementary non-G4 or G4 template
strand (25 pmol) in the presence of 100 mm KCI or LiCl by
incubating at 95°C for 5 min followed by slow cooling to room
temperature (RT). For DNA substrates used in helicase assays
and G4 stability assays, 10 pmol of non-G4 or G4 template
was labeled at the 5 end as above and incubated at 95°C
for 5 min followed by slow cooling to RT in the presence of
100 mm KCL
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Primer extension assays

DNA substrates as described above were used in primer
extension assays. The Pol y primer extension reaction mixture
(10 pl) contained 10 mmM Tris-HCl pH 8.0, 50 mM KCl, 8 mmMm
MgCl,, 2 mMm DTT, 100 pg/ml BSA, 5 nm labeled DNA substrate
(which contributed an additional 10 mm KCl), 15 nM Pol y A
(catalytic subunit), 30 nM Pol y B, (accessory subunit) and either
100 pM or 250 pM dNTPs. Primer extension reactions with PrimPol
(200 nM, as previously used (3)) contained 10 mm Tris-HCl pH 6.8;
10 mM MgCl, or indicated concentration of MnCl,, 1 mm DTT;
and either 100 pM or 250 pM ANTP. KCI (10 mm) contributed by
the DNA substrate was the only monovalent cation present in
the reaction mixture to reduce inhibition of PrimPol enzymatic
activity. Reactions with additional replication proteins contained
5-20 nM Twinkle (with 4 mm ATP present), 300 nM mtSSB and/or
TFAM (monomer concentration indicated). Where specified,
misincorporation assay reactions contained 5 mm MgCl, or
MnCl, and 25 pm of one of the four dNTPs. Typical reaction
mixtures were incubated for 1-30 min at 37°C and stopped
by the addition of 5 pl of formamide loading buffer (20 mm
formamide, 0.1% xylene cyanol, 0.1% bromophenol blue). For
primer extension with FANC] or Pifl present, reactions were
conducted as described in the figure legends and performed at
30°C to match the optimal temperature for helicase activity by
Pif1 or FANC]. DNA synthesis by Pol y or PrimPol was moderately
reduced at 30°C compared to 37°C. Reaction products were
resolved on 16% polyacrylamide gels containing 8 M urea for 1 h
and 45 min. Gels were imaged on a Typhoon system following
exposure to detect primer extension by autoradiography.
Primer extension fidelity was analyzed by adding a single-
strand oligonucleotide linker to the 3’-OH of both the extension
product and the template oligos. Extension products (10 pl) were
ligated in a 20 pl reaction containing 1x CircLigase II buffer,
2.5 mMm MnCl,, 1 M betaine, 0.3125 nM linker oligo (5 phos-
AGANNNNNNAGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-
biotin 3') and 2.5 units CircLigase II (Lucigen) by heating to
60°C for 1 h. Ligation reactions were inactivated by heating
to 80°C for 10 min. To differentiate the extension products
from template, ligation reactions (2 ul) were PCR amplified over
30 cycles in a 50 pl reaction using Herculase II high-fidelity
DNA polymerase (Agilent), extension primer oligonucleotide (5’
CGCCAGGGTTTTCCCAGTCACGACC 3) and an internal linker
oligonucleotide (5 GTGACTGGAGTTCAGACGTGTGCTCTTCC-
GATCT 3'). PCR products were ligated into Strataclone vector
(Agilent), and the ligation mixture was transformed into
Strataclone competent bacterial cells (Agilent); transformant
DNA was Sanger sequenced (Macrogen USA). Unique extension
products were scored using the ‘NNNNNN’ oligo tag and aligned
to template sequence. Mutation frequency was calculated by
dividing the number of mutations (includes insertions, deletions
and substitutions) by the total number of nucleotides extended.
Statistical analysis was performed using Fisher exact test.

Electrophoretic mobility shift assays

Gel shift assays were performed using reaction conditions
described above and the indicated concentrations of mt
replication proteins or TFAM. EMSA reactions were run for
30 min at 37°C and were stopped by the addition of 6X native
dye (74% glycerol, 0.01% xylene cyanol 0.01% bromophenol blue).
EMSAs were analyzed by resolution of radiolabeled DNA and
DNA-protein complexes on 5% polyacrylamide non-denaturing
gels and visualized using autoradiography.

Helicase assays

Pifl1 or FANCJ helicase was incubated with non-G4 or G4 5'-
32p-labeled template strand in standard Pol y primer exten-
sion reaction conditions at 30°C for 10 min. In addition, a trap
oligonucleotide (10 nM final concentration) complementary to
the G4 sequence (or the same region in the non-G4 template) was
added during reaction initiation to prevent G4 formation after
resolution by the indicated helicase. 10 pl of loading dye (0.04%
bromophenol blue, 0.04% xylene cyanol, 25% glycerol, 50 mm KCI)
was added to the reactions, and products were resolved on 8%
0.5X TBE non-denaturing PAGE gels with 10 mm KCl at 150 V for
2.5h.

G4 stability assays

Non-G4 or G4 5'-32P-labeled template strands were incubated
under standard PrimPol primer extension reaction conditions in
the presence of 800 mm LiCl and without additional KCl (the only
contribution of KCl was from the substrate preparation resulting
in a final concentration of 10 mm KCl) at 37°C for 30 min. In
addition, varying concentrations of trap oligonucleotide comple-
mentary to the G4 sequence (or the same region in the non-G4
template) were added during initiation of incubation period to
prevent G4 formation after unfolding. 10 pl of loading dye (0.04%
bromophenol blue, 0.04% xylene cyanol, 25% glycerol) was added
to the reactions after the 30 min incubation, and products were
resolved on 8% 0.5X TBE non-denaturing PAGE gels (no KCl) at
150 V for 2.5 h.

Data Access
Bioinformatic resource

We provide a public session on the UCSC Genome Browser
that allows users to visualize, access and explore our data. The
session includes the locations of the three different G4 regions
and the locations of all homoplasmies and heteroplasmies from
the SardiNIA and InCHIANTI cohorts. Users can click ‘Public
Sessions’ under the ‘My Data’ tab on the UCSC Genome Browser
main page and enter ‘butlertj3’ in the search bar (username used
to generate the public session) and select the session named
‘mtDNA_G4_homo_hetero’.

Supplementary Material, Fig. S2 provides a snapshot of the
information available in the public session.

Supplementary Material

Supplementary Material is available at HMG online.
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