











each G4 sequence tested are shown in Supplementary Fig-
ure S5. Remarkably, Pifl was able to aid in DNA synthe-
sis regardless of the number of stacked Gs or loop length
(Figure 2A), consistent with the helicase activity being suf-
ficient to unwind these structures independent of their sta-
bility. Moreover, Pifl requires a 5'-ssDNA entry point for
its motor protein activity (22), and in the absence of this
entry point loops of 6 or 12 nt within the G4 structure are
not sufficient for significant Pifl-dependent stimulation of
DNA synthesis (Supplementary Figure S5C).

In order to amplify any potential effect of RPA, its role in
DNA synthesis through the same G4 sequences was tested
using Pol & (Figure 2A and Supplementary Figure S6). In
stark contrast to Pifl, RPA only partially aided DNA syn-
thesis and only for the weaker (G3T,);G3 sequences. No
full-length product was detected with (G3T);G3 or any
of the (G4T,)3G4 sequences. For the (G;3T,);G3 sequences,
our results show an inverse correlation between the increase
in G4 stability at shorter loop lengths and the ability of yeast
RPA to aid in DNA synthesis. These results agree with a
previous study by Ray et. al. (45), where the ability of hu-
man RPA to melt G-quadruplexes was directly correlated to
the length of the loop and inversely correlated to the number
of stacked Gs. Thus, one would predict a significant effect
of RPA in aiding DNA synthesis through the (G4Ty)3Gy
sequences with long loops. However, our results show no
effect of RPA with any of the (G4T,)3;G4 sequences despite
a loop length of even 12 nt and a 5-fold higher RPA con-
centration (Supplementary Figure S7). These results sug-
gest the presence of a threshold in the strength of the G-
quadruplexes above which DNA synthesis by Pol 8 is com-
pletely halted even in the presence of RPA, thereby requir-
ing the helicase activity of Pifl to unwind the G4 structure
and relieve the block to DNA replication.

To determine if this threshold in blocking strength was
specific to G4s, next we tested the effect of two stable hair-
pins on Pol 8 DNA synthesis: the hairpin from the MCS
of M13mp7 (47) and Chr7hp, a naturally occurring hair-
pin found in chromosome 7 of S. cerevisiae. As seen in Fig-
ure 2B and Supplementary Figure S8, both hairpins are
strong blocks that either completely (M13mp7) or signif-
icantly (Chr7) block Pol 8. Interesting, and in contrast to
G4s, the addition of RPA is sufficient to allow replication
through both of these strong hairpins. While Pif1 facilitates
DNA synthesis through the hairpins, its addition also stim-
ulates DNA degradation by Pol 8, which is prevented by the
presence of RPA (this phenomenon will be further discussed
later). These results suggest that the need for Pifl in get-
ting through DNA secondary structures is unique to G4s,
as RPA is sufficient to allow replication through a strong
hairpin.

Finally, using the heterologous S. cerevisiae Pol 8 as an
example of a general polymerase we tested the activity of
S. pombe Pfhl helicase in helping DNA synthesis through
G-quadruplexes. Pfhl is a member of the conserved Pifl-
family and also another example of a 5'-3’ helicase. Figure
2C summarizes the results of primer extension assays per-
formed with different G-quadruplexes. Pfhl allows DNA
synthesis through the weaker G-quadruplexes to an extent
similar to Pifl. These data suggest that the ability to fa-
cilitate DNA synthesis through G-quadruplexes is a con-
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served property of the Pifl-family of helicases, and possi-
bly a general feature of 5'-3’ helicases. However, this ac-
tivity will also depend on the intrinsic G-quadruplex un-
winding activity of the specific helicase. Indeed, Pfhl has
a limited effect on DNA synthesis through the strong G-
quadruplexes, suggesting that, compared to Pifl, Pfhl has
weaker G-quadruplex unwinding activity.

Pif1 aids DNA synthesis by the mitochondrial DNA poly-
merase through G4s

Analysis of mtDNA predicts a higher density of G4-
forming motifs compared to the nuclear genome (10), sug-
gesting that G quadruplexes may pose a challenge to mito-
chondrial replication as well. Thus, we tested whether G-
quadruplexes would hinder the DNA synthesis activity of
the S. cerevisiae mitochondrial DNA polymerase v, Mipl
and the role that Pifl and mtSSBs may play in the process.
We overexpressed and purified Mipl that is active in
strand displacement DNA synthesis and has a strong 3'-
5" exonuclease activity (Supplementary Figure S9). Repre-
sentative primer extension assays with either cMyc or hTelo
in the template strand are shown in Supplementary Figure
S10. No full-length DNA synthesis products were detected
with cMyc, while no more than 30% of full-length products
are generated with hTelo (Figure 3C). This blocking abil-
ity is unique to G4 structures, as Mipl was able to carry
out DNA synthesis through DNA hairpins (Supplementary
Figure S11). Thus, similar to what was observed with Pol 9,
a G-quadruplex is a barrier to DNA synthesis by a mito-
chondrial polymerase and the extent of synthesis inversely
correlates with the strength of the formed G-quadruplex.
Next, we tested the ability of Riml to aid in DNA syn-
thesis by Mipl. Because the S. cerevisiae mitochondrial
SSB, Rim1 can form either dimers or tetramers in solution,
with tetramers being favored on ssDNA (48), primer exten-
sion assays were performed in a large excess of Riml over
the DNA concentration to promote tetramer formation.
However, Rim1 did not significantly stimulate DNA syn-
thesis through the G-quadruplex blocks (Figure 3C), and
the same is the case for human mtSSB, which forms sta-
ble tetramers (Supplementary Figure S10B). On the other
hand, the presence of Pifl promoted significant DNA syn-
thesis by Mipl, independent of the strength of the G-
quadruplex. Thus, unwinding of the G-quadruplex by Pifl
is required for efficient DNA synthesis by the mitochondrial
DNA polymerase as well. Again, we note that, like with
Pol &, Pifl appears to stimulate primer degradation by the
exonuclease activity of Mipl (Supplementary Figure S11,
green boxes). For example, with the weaker hTelo, the in-
crease in exonuclease activity leads to an apparent decrease
in full-length products generated at the longer times, that
can be suppressed by the presence of Rim1 (Figure 3C).

Helicase—polymerase conflicts lead to stimulation of exonu-
clease activity and are suppressed by single stranded DNA
binding proteins

The increase in primer degradation by Pol 8 and Mipl
when Pifl was added in the absence of a single-stranded
DNA binding protein was unexpected and examined fur-
ther. Primer degradation is due to the exonuclease activity
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Figure 3. Pifl, but not mtSSBs, aids Mipl in DNA synthesis by through G-quadruplexes. (A) Cartoon showing the different polymerases and single-
stranded DNA binding proteins found in the nucleus and mitochondria in yeast. (B) Schematic of the primer extension reaction scheme. (C) Quantification
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of the polymerases, as no primer degradation was observed
with Pol 8PV or when Pif1 was added to the substrate in the
absence of the polymerase (Supplementary Figure S13A).
Next, we performed primer extension assays under condi-
tions of limited DNA synthesis (only dATP added) and sub-
strates with cMyc placed 20 nt (Figure 4A) or 8 nt (Supple-
mentary Figure S12A) from the 3’-end of the primer. In-
dependent of the gap length or the presence of RPA, Pol
d incorporates two or four As, with little degradation oc-
curring at the long time points. However, addition of Pifl
leads to degradation of the newly extended primer, and this
degradation can be suppressed by the concurrent addition
of RPA. The same is true in the absence of DNA synthesis
(Supplementary Figure S13D), in which case Pifl can use
the ATP from the PCNA-loading step for translocation and
unwinding. In these reactions the streptavidin block was
placed on the primer instead of the template strand to limit
the exonuclease activity of PCNA-loaded Pol 8 and allowed
clearer observed stimulation of primer degradation by Pif1.

The observed Pifl-dependent stimulation of primer
degradation does not require the presence of the specific
structure formed by a G4, as the same phenomenon is

observed with hairpins (Figure 4B, Supplementary Fig-
ure S12B) or a ssDNA template (Figure 4C). One possi-
ble mechanism that could explain the observed increase in
primer degradation is that the helicase completely unwinds
the dsDNA region, releasing the primer from the template,
followed by the exonucleolytic digestion of the free single
stranded primer by the polymerase. However, control ex-
periments suggest that this is not the case. The degradation
pattern of the ssDNA primer by Pol & is different from the
degradation pattern of the primer in experiments where Pif1
was pre-incubated with PCNA-loaded DNA before addi-
tion of the Pol 8 (Supplementary Figure S13B and C).
Pif1-dependent increase in exonucleolytic digestion of the
primer was also observed with the mitochondrial DNA
polymerase Mipl (Supplementary Figure S11A, green box).
Thus, primer extension assays with Mipl were repeated in
the presence of only dATP to limit DNA synthesis. Because
Mipl has a strong intrinsic exonuclease activity these as-
says were performed under conditions that favor nucleotide
incorporation and limit degradation: (i) high dATP con-
centration (1 mM); (i) a DNA substrate with streptavidin
bound to the primer and cMyc placed 8 nt from the primer
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Figure 4. Head-on polymerase-helicase conflicts result in overt exonuclease activity. (A) Exonuclease digestion of the primer, under conditions of limited
DNA synthesis (dATP only), by Pol 8 alone (panel 1) or in the presence of either RPA (panel 2) or Pif1 (panel 3) or both (panel 4). The substrate contains
cMyc in the template placed 20 nt away from the 3’ end of the primer. (B and C) The same assays but in the absence of DNA synthesis and using DNA
substrates that contain either a hairpin sequence or no DNA secondary structures in the template. (D) Exonuclease digestion of the primer by Mip1 alone or
in the presence of the indicated combinations of Pifl, ScRim1, human mtSSB, or RPA. (E) Model of helicase-polymerase conflict. In the absence of a 5'-3'
helicase, DNA polymerases favor DNA synthesis over DNA degradation. However, head-conflict between the translocating helicase and the polymerase
bound at the 3'-end of the primer results in stimulation of its exonuclease activity. The presence of a single-stranded DNA binding protein (SSB) protects
against the helicase-polymerase conflict. Quantification of these gels are shown in Supplementary Figure S14.

junction and (iii) lower salt concentration (40 mM KCI).
Under these conditions, the presence of Pifl significantly
increases the level of exonucleolytic digestion of the primer
(Figure 4D). Similar to what observed with Pol 3, the Pif1-
dependent stimulation of Mip1l exonuclease activity can be
suppressed by the presence of single-stranded DNA binding
proteins, albeit to a different extent.

DISCUSSION

G-quadruplexes can pose a significant obstacle to DNA
replication and multiple DNA polymerases have been
shown to be stalled by the presence of a G-quadruplex
formed on the template strand (2-9), including S. cerevisiae

DNA polymerase 8 (14). The question is how these blocks
are dealt with to allow progression of DNA synthesis, the
ultimate goal during DNA replication. Growing experimen-
tal evidence points to the activity of non-replicative heli-
cases for efficient DNA replication through these structural
blocks and genome maintenance (49-53). In S. cerevisiae,
the activity of Pif1 is required for timely DNA replication at
strong G-quadruplexes during lagging strand DNA synthe-
sis, while a weak G-quadruplex did not affect DNA replica-
tion (14). Here, we sought to investigate if only a subset of
G4-forming sequences would pose a significant problem to
DNA replication by DNA polymerase 8 and, thus, beyond
a threshold of G-quadruplex stability the activity of a non-
replicative helicase would be needed to aid the replication
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machinery. Furthermore, because RPA has been shown to
be able to melt G-quadruplex structures, we sought to un-
derstand the role that RPA may play in aiding DNA syn-
thesis through G-quadruplexes.

In S. cerevisiae, genome-wide analysis of all G4-forming
sequences indicated an average of 4.3 G-tracts with an av-
erage length of 3.3 nt and an average loop length of 12.2
nt (10). Based on the work by Ray et al. (45) and our data
here, G-quadruplexes with 3 nt in the G-tract and long
loops may not form stable structures. The stability of the
G-quadruplexes formed with the (G3T,);Gj3 sequences de-
creases with increasing loop length and we would expect
that with an average 12.2 nt loop length only marginally sta-
ble structures would form, thereby potentially posing less of
a problem during DNA replication. Indeed, the DNA syn-
thesis activity of Pol & through these G-quadruplexes in-
versely correlates with their stability and RPA aids in the
process, indicating that it can, at least in part, melt these
weaker structures. Furthermore, RPA stimulates DNA syn-
thesis by Pol 8 through the human telomere G-quadruplex
hTelo, which contains 4 G-tracts with a length of 3 nt and
a loop of 3 nt. These results agree with published results
showing that RPA can melt hTelo in vitro (25,42,43). How-
ever, a robust stimulation of DNA synthesis is observed only
in the presence of Pifl, indicating that even for these weaker
G-quadruplexes, the helicase activity of Pifl is required for
efficient DNA replication in vitro. This suggests that the lim-
ited DNA synthesis through these weaker G-quadruplexes
observed in the absence of Pifl may not be enough to sus-
tain efficient DNA replication in vivo. Indeed, a weak G-
quadruplex that in vitro could be replicated through by Pol
d and RPA alone, did not cause measurable stalling of the
DNA replication fork in a yeast pif/ A mutant, whereas a
strong G-quadruplex did (14).

When genome-wide analysis of yeast G4 motifs was re-
stricted to sequences that are conserved within the Saccha-
romyces genus, on average these sequence have 5.1 G-tracts
with an average length of 3.7 nt and an average loop length
of 10.8 nt (10). Similarly, the Pu27 sequence found in the
promoter of ¢c-M YC proto-oncogene has five G-tracts with
an average length of 3.6 nt and short 1 nt loops. In general,
increase in the length of the G-tract and decrease in loop
length are expected to stabilize the formed G-quadruplexes
(46). In this work, we showed that cMyc, the (G3T;);G3
sequence and the (G4Tx)3Gy4 sequences form highly stable
structures that completely block DNA synthesis by Pol 3,
with no significant stimulation of through-synthesis pro-
vided by RPA. Any significant DNA synthesis through
these more stable G-quadruplexes requires the helicase ac-
tivity of Pif1, consistent with our recent observations in vivo
and in vitro using a strong G4-forming sequence naturally
found in yeast (14). These results suggest that there may ex-
ist a threshold in the stability of G-quadruplexes beyond
which the activity of non-replicative helicases is required
for DNA replication. Members of the SF1B Pifl-family
are conserved from bacteria to yeast and humans, and het-
erologous expression of different Pifl-family members can
suppress gross-chromosomal rearrangements at G4 motifs
in yeast (54), indicating that these helicases have similar
functions at G-quadruplexes in these different organisms.
Indeed, we showed here that, similar to Pifl, S. pombe
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Pfh1 can facilitate DNA synthesis through G-quadruplexes.
However, the data also suggest that Pfhl has a weaker G-
quadruplex unwinding activity and that additional species-
specific factors may be required to facilitate DNA synthesis
through strong G-quadruplexes in S. pombe. Also, we note
that because these helicases unwind with a 5’ to 3’ direc-
tionality, they can gain access to the ssDNA downstream of
the G-quadruplex, which would be available during lagging
strand DNA replication. This may not be the case for 3’ to
5" helicases for which access to ssDNA may be precluded if
DNA synthesis proceeds to the 3’ edge of the G-quadruplex.

The presence of G4 forming sequences is not restricted to
nuclear DNA. Human mtDNA with its highly skewed GC
content contains a large number of sequences predicted to
form G-quadruplexes, and sites of mtDNA deletion break-
point map in their proximity (27). Interestingly, analysis
of the yeast mtDNA showed that, compared to nuclear
DNA, it has a 10-fold higher frequency per kilo-base of G4-
forming sequences, suggesting that G-quadruplexes may
pose a problem also during replication of mtDNA. Con-
sistent with this possibility, in this work we showed that the
strong G-quadruplex formed by cMyc blocks DNA synthe-
sis of the yeast mitochondrial DNA polymerase Mip1, with
mtSSBs providing no significant stimulation. Pifl substan-
tially stimulates G-quadruplex through-synthesis by Mipl.
Thus, the requirement of the helicase activity of Pif1 to facil-
itate DNA synthesis through G-quadruplexes is shared by
the DNA replication machinery in the nucleus and in mito-
chondria. Moreover, the ability of Pifl to stimulate DNA
synthesis of Mipl in mitochondria, which do not utilize
PCNA, reinforces the proposal that the reported interac-
tion between Pifl and PCNA is important for localization
of Pif1 at the site of action rather than for stimulation of its
activity (14).

While the results presented in this work may argue that,
compared to Pifl, RPA has a limited role in helping DNA
replication across G-quadruplexes, this is not to say that
neither RPA nor SSBs have a role in the process. Our re-
sults reveal a novel and general function of single-stranded
DNA binding proteins in preventing head-on conflicts be-
tween the polymerase bound to the primer and the helicase.
Unhindered translocation of Pifl along the template strand
elicits excessive exonuclease activity by the polymerase. The
data suggests that this is not due to full unwinding of the
primer by Pifl. Rather, upon reaching the 3’ ds/ss junction
Pif1 may unwind part of the primer releasing its 3’-end and
making it accessible to the exonucleolytic site on the poly-
merase. More intriguingly, Pifl may push the polymerase
in the direction opposite to DNA synthesis, thereby forcing
the 3’-end into the exonucleolytic site. The available data do
not allow us to unambiguously distinguish between these
two possibilities. However, we note that Pif1 can push direc-
tionally a SSB tightly bound to ssDNA (55), and it can also
displace proteins tightly bound to dsDNA (31), suggesting
that the motor protein activity of Pifl may be enough to
act on the polymerase bound to the primer. In conclusion,
we propose that during lagging strand replication Pifl is re-
quired for unwinding of G-quadruplexes to allow efficient
progression of DNA synthesis, while single-stranded DNA
binding proteins generate a bumper between the polymerase
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and the incoming helicase, thereby preventing head-on col-
lisions.
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Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Dr Frieden for the use of the Jasco J-715. We
thank Dr Aharoni, Dr Lohman and members of the Burg-
ers’ group for discussions.

FUNDING

National Institutes of Health [2R01GM098509 to R.G.,
R35-GM118129 to PM.B.]; National Science Foundation
- Graduate Research Fellowship Program [DGE-1745038
to M.A.S.]. Funding for open access charge: National In-
stitutes of Health [2ROIGM098509 to R.G.].
Conflict of interest statement. None declared.

REFERENCES

1. Mirkin,E.V. and Mirkin,S.M. (2007) Replication fork stalling at
natural impediments. Microbiol. Mol. Biol. Rev., 71, 13-35.

2. Lipps,H.J. and Rhodes,D. (2009) G-quadruplex structures: in vivo
evidence and function. Trends Cell Biol., 19, 414-422.

3. Sekibo,D.A.T. and Fox,K.R. (2017) The effects of DNA supercoiling
on G-quadruplex formation. Nucleic Acids Res., 45, 12069-12079.

4. Edwards,D.N., Machwe,A., Wang,Z. and Orren,D.K. (2014)
Intramolecular telomeric G-quadruplexes dramatically inhibit DNA
synthesis by replicative and translesion polymerases, revealing their
potential to lead to genetic change. PLoS One, 9, ¢80664.

S. Valton,A.L. and Prioleau,M.N. (2016) G-quadruplexes in DNA
replication: a problem or a necessity? Trends Genet., 32, 697-706.

6. Lerner,L.K. and Sale,J.E. (2019) Replication of G quadruplex DNA.
Genes, 10, 95.

7. Teng,FY., Hou,X.M., Fan,S.H., Rety,S., Dou,S.X. and Xi,X.G.
(2017) Escherichia coli DNA polymerase I can disrupt G-quadruplex
structures during DNA replication. FEBS J, 284, 4051-4065.

8. Eddy,S., Maddukuri,L., Ketkar,A., Zafar,M.K., Henninger,E.E.,
Pursell,Z.F. and Eoff,R.L. (2015) Evidence for the kinetic
partitioning of polymerase activity on G-quadruplex DNA.
Biochemistry, 54, 3218-3230.

9. Eddy.S., Tillman,M., Maddukuri,L., Ketkar,A., Zafar,M.K. and
Eoff,R.L. (2016) Human translesion polymerase kappa exhibits
enhanced activity and reduced fidelity two nucleotides from
G-Quadruplex DNA. Biochemistry, 55, 5218-5229.

10. Capra,J.A., Paeschke,K., Singh,M. and Zakian,V.A. (2010)
G-quadruplex DNA sequences are evolutionarily conserved and
associated with distinct genomic features in Saccharomyces
cerevisiae. PLoS Computat. Biol., 6,¢1000861.

11. Hénsel-Hertsch,R., Beraldi,D., Lensing,S.V., Marsico,G., Zyner,K.,
Parry,A., Di Antonio,M., Pike,J., Kimura,H., Narita,M. 2016 ez al.
(2016) G-quadruplex structures mark human regulatory chromatin..
Nat. Genet., 48, 1267-1272.

12. Boule,J.B. and Zakian,V.A. (2006) Roles of Pif1-like helicases in the
maintenance of genomic stability. Nucleic Acids Res., 34, 4147-4153.

13. Lahaye,A., Leterme,S. and Foury,F. (1993) PIF 1 DNA Helicase
from Saccharomyces cerevisiae. J. Biol. Chem., 268, 26155-26161.

14. Dahan,D., Tsirkas,I., Dovrat,D., Sparks,M.A., Singh,S.P.,
Galletto,R. and Aharoni,A. (2018) Pif1 is essential for efficient
replisome progression through lagging strand G-quadruplex DNA
secondary structures. Nucleic Acids Res., 46, 11847-11857.

15. Paeschke,K., Capra,J.A. and Zakian,V.A. (2011) DNA replication
through G-quadruplex motifs is promoted by the Saccharomyces
cerevisiae Pifl DNA helicase. Cell, 145, 678-691.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

. Jimeno,S., Camarillo,R., Mejias-Navarro,F., Fernandez-Avila,M.J.,

Soria-Bretones,I., Prados-Carvajal,R. and Huertas,P. (2018) The
helicase PIF1 facilitates resection over sequences prone to forming
G4 structures. Cell Rep., 24, 3262-3273.

. Sabouri,N., Capra,J.A. and Zakian,V.A. (2014) The essential

Schizosaccharomyces pombe Pfh1 DNA helicase promotes fork
movement past G-quadruplex motif to prevent DNA damage. BMC
Biol., 12, 1-14.

. Byrd,A.K. and Raney,K.D. (2015) A parallel quadruplex DNA is

bound tightly but unfolded slowly by pifl helicase. J. Biol. Chem.,
290, 6482-6494.

. Hou,X.M., Wu,W.Q., Duan,X.L., Liu,N.N., Li, H.H., Fu,J.,

Dou,S.X., Li,M. and Xi,X.G. (2015) Molecular mechanism of
G-quadruplex unwinding helicase: Sequential and repetitive
unfolding of G-quadruplex by Pifl helicase. Biochem. J., 466,
189-199.

Wallgren,M., Mohammad,J.B., Yan,K.P., Pourbozorgi-Langroudi,P.,
Ebrahimi,M. and Sabouri,N. (2016) G-rich telomeric and ribosomal
DNA sequences from the fission yeast genome form stable
G-quadruplex DNA structures in vitro and are unwound by the Pfhl
DNA helicase. Nucleic Acids Res., 44, 6213-6231.

Byrd,A.K., BelLM.R. and Raney,K.D. (2018) Pifl helicase unfolding
of G-quadruplex DNA is highly dependent on sequence and reaction
conditions. J. Biol. Chem., 293, 17792-17802.

Zhou,R., Zhang,J., Bochman,M.L., Zakian,V.A. and Ha,T. (2014)
Periodic DNA patrolling underlies diverse functions of Pifl on
R-loops and G-rich DNA. Elife, 3, ¢02190.

Mohammad,J.B., Wallgren,M. and Sabouri,N. (2018) The Pifl
signature motif of Pfhl is necessary for both protein displacement
and helicase unwinding activities, but is dispensable for
strand-annealing activity. Nucleic Acids Res., 46, 8516-8531.
Audry,J., Maestroni,L., Delagoutte,E., Gauthier,T., Nakamura, T.M.,
Gachet,Y., Saintome,C., Geli,V. and Coulon,S. (2015) RPA prevents
G-rich structure formation at lagging-strand telomeres to allow
maintenance of chromosome ends. EMBO J., 34, 1942-1958.
Salas,T.R., Petruseva,l., Lavrik,O., Bourdoncle,A., Mergny,J.L.,
Favre,A. and Saintome,C. (2006) Human replication protein A
unfolds telomeric G-quadruplexes. Nucleic Acids Res., 34, 4857-4865.
Fan,J.-H., Bochkareva,E., Bochkarev,A. and Gray,D.M. (2009)
Circular dichroism spectra and electrophoretic mobility shift assays
show that human replication protein a binds and melts intramolecular
G-Quadruplex structures. Biochemistry, 48, 1099-1111.

Bharti,S.K., Sommers,J.A., Zhou,J., Kaplan,D.L., Spelbrink,J.N.,
Mergny,J.L. and Brosh,R.M. Jr (2014) DNA sequences proximal to
human mitochondrial DNA deletion breakpoints prevalent in human
disease form G-quadruplexes, a class of DNA structures inefficiently
unwound by the mitochondrial replicative Twinkle helicase. J. Biol.
Chem., 289, 29975-29993.

Viikov,K., Valjamae,P. and Sedman,J. (2011) Yeast mitochondrial
DNA polymerase is a highly processive single-subunit enzyme.
Mitochondrion, 11, 119-126.

Lahaye,A., Stahl,H., Thines-Sempoux,D. and Foury,F. (1991) PIF1 a
DNA helicase in yeast mitochondria. EMBO J., 10, 997-1007.
Cheng,X., Dunaway,S. and Ivessa,A.S. (2007) The role of Piflp, a
DNA helicase in Saccharomyces cerevisiae, in maintaining
mitochondrial DNA. Mitochondrion,7,211-222.

Koc,K.N., Singh,S.P,, Stodola,J.L., Burgers,P.M. and Galletto,R.
(2016) Pifl removes a Rapl-dependent barrier to the strand
displacement activity of DNA polymerase delta. Nucleic Acids Res.,
44, 3811-3819.

Henricksen,L.A., Umbricht,C.B. and Wold,M.S. (1994) Recombinant
replication Protein A expression, complex formation, and functional
characterization. J. Biol. Chem., 269, 11121-11132.

Eissenberg,J.C., Ayyagari,R., Gomes,X.V. and Burgers,PM.J. (1997)
Mutations in yeast proliferating cell nuclear antigen define distinct
sites for interaction with DNA Polymerase delta and DNA
Polymerase €. Mol. Cell Biol., 17, 6367-6378.

Gomes,X.V., Gary,S.L. and Burgers,P.M.J. (2000) Overproduction in
escherichia coli and characterization of yeast replication factor C
lacking the ligase homology domain. J. Biol. Chem., 275,
14541-14549.

Singh,S.P., Koc,K.N., Stodola,J.L. and Galletto,R. (2016) A
monomer of Pifl unwinds double-stranded DNA and it is regulated

6102 Jaquieldas (0 Uo Jasn sinoT 1S ul AlsisAlun uoiBuiysep Agq €108£5S/809236/4BU/E60 L 0 | /I0P/10BIISHB-8[01LEB-80UBAPE/IBU/WOD dNO"0IWSpEo.//:sd1y WOl papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz608#supplementary-data

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

by the nature of the non-translocating strand at the 3’-End. J. Mol.
Biol., 428, 1053-1067.

Vorlickova,M., Chladkova,J., Kejnovska,l., Fialova,M. and Kypr,J.
(2005) Guanine tetraplex topology of human telomere DNA is
governed by the number of (TTAGGG) repeats. Nucleic Acids Res.,
33, 5851-5860.

Kolesnikova,S., Hubalek,M., Bednarova,L., Cvacka,J. and
Curtis,E.A. (2017) Multimerization rules for G-quadruplexes. Nucleic
Acids Res., 45, 8684-8696.

Simonsson,T., Pecinka,P. and Kubista,M. (1998) DNA tetraplex
formation in the control region of c-myc. Nucleic Acids Res., 26,
1167-1172.

Siddiqui-Jain,A., Grand,C.L., Bearss,D.J. and Hurley,L.H. (2002)
Direct evidence for a G-quadruplex in a promoter region and its
targeting with a small molecule to repress c-MYC transcription.
PNAS, 99, 11593-11598.

You,H., Wu,J.,, Shao,F. and Yan,J. (2015) Stability and kinetics of
¢-MYC promoter G-quadruplexes studied by single-molecule
manipulation. J. Am. Chem. Soc., 137, 2424-2427.

Stith,C.M., Sterling.J., Resnick,M.A., Gordenin,D.A. and
Burgers,P.M. (2008) Flexibility of eukaryotic Okazaki fragment
maturation through regulated strand displacement synthesis. J. Biol.
Chem., 283, 34129-34140.

Safa,L., Gueddouda,N.M., Thiebaut,F., Delagoutte,E., Petruseva,l.,
Lavrik,O., Mendoza,O., Bourdoncle,A., Alberti,P., Riou,J.F. et al.
(2016) 5 to 3" unfolding directionality of DNA secondary structures
by replication Protein A: G-quadruplexes and duplexes. J. Biol.
Chem., 291, 21246-21256.

Safa,L., Delagoutte,E., Petruseva,l., Alberti,P., Lavrik,O., Riou,J.F.
and Saintome,C. (2014) Binding polarity of RPA to telomeric
sequences and influence of G-quadruplex stability. Biochimie., 103,
80-88.

Kreig,A., Calvert,J., Sanoica,J., Cullum,E., Tipanna,R. and Myong,S.
(2015) G-quadruplex formation in double strand DNA probed by
NMM and CV fluorescence. Nucleic Acids Res., 43, 7961-7970.
Ray,S., Qureshi,M.H., Malcolm,D.W., Budhathoki,J.B., Celik,U. and
Balci,H. (2013) RPA-mediated unfolding of systematically varying
G-quadruplex structures. Biophys. J., 104, 2235-2245.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Nucleic Acids Research, 2019 11

Bugaut,A. and Balasubramanian,S. (2008) A sequence-independent
study of the influence of short loop lengths on the stability and
topology of intramolecular DNA G-Quadruplexes. Biochemistry, 47,
689-697.

Messing,J., Crea,R. and Seeburg,P.H. (1981) A system for shotgun
DNA sequencing. Nucleic Acids Res., 9, 309-321.

Singh,S.P., Kukshal,V., De Bona,P., Antony,E. and Galletto,R. (2018)
The mitochondrial single-stranded DNA binding protein from S.
cerevisiae, Rim1, does not form stable homo-tetramers and binds
DNA as a dimer of dimers. Nucleic Acids Res., 46, 7193-7205.
Bharti,S.K., Sommers,J.A., George,F., Kuper,J., Hamon,F.,
Shin-ya,K., Teulade-Fichou,M.P., Kisker,C. and Brosh,R.M. Jr
(2013) Specialization among iron-sulfur cluster helicases to resolve
G-quadruplex DNA structures that threaten genomic stability. J
Biol. Chem., 288, 28217-28229.

Huber,M.D., Lee,D.C. and Maizels,N. (2002) G4 DNA unwinding
by BLM and Sgslp: substrate specificity and substrate-specific
inhibition. Nucleic Acids Res., 30, 3954-3961.

. Mohaghegh,P., Karow,J.K., Brosh,R.M. Jr, Bohr,V.A. and

Hickson,I.D. (2001) The Bloom’s and Werner’s syndrome proteins are
DNA structure-specific helicases. Nucleic Acids Res., 29, 2843-2849.
Wu,C.G. and Spies,M. (2016) G-quadruplex recognition and
remodeling by the FANCIJ helicase. Nucleic Acids Res., 44,
8742-8753.

Wu,Y., Shin-ya,K. and Brosh,R.M. Jr (2008) FANC]J helicase
defective in Fanconia anemia and breast cancer unwinds
G-quadruplex DNA to defend genomic stability. Mol. Cell Biol., 28,
4116-4128.

Paeschke,K., Bochman,M.L., Garcia,P.D., Cejka,P., Friedman,K.L.,
Kowalczykowski,S.C. and Zakian,V.A. (2013) Pifl family helicases
suppress genome instability at G-quadruplex motifs. Nature, 497,
458-462.

Sokoloski,J.E., Kozlov,A.G., Galletto,R. and Lohman,T.M. (2016)
Chemo-mechanical pushing of proteins along single-stranded DNA.
PNAS, 113, 6194-6199.

6102 Jaquieldas (0 Uo Jasn sinoT 1S ul AlsisAlun uoiBuiysep Agq €108£5S/809236/4BU/E60 L 0 | /I0P/10BIISHB-8[01LEB-80UBAPE/IBU/WOD dNO"0IWSpEo.//:sd1y WOl papeojumoq



Supporting Information

Complementary roles of Pifl helicase and RPA in stimulating DNA replication through G-

guadruplexes
Melanie A. Sparks, Saurabh P. Singh, Peter M. Burgers and Roberto Galletto*

Department of Biochemistry and Molecular Biophysics, Washington University School of Medicine, Saint
Louis, MO 63110

Purification of S. cerevisiae mitochondrial DNA polymerase Mip1l.

Full-length Saccharomyces cerevisiae Mipl (Pol y) from yeast S288C (excluding the 29 amino acid N-
terminal mitochondrial targeting sequence) was cloned in pET28a and overexpressed in Rosetta cells
(DE3) (Novagen). The cells were grown in LB media, induced with 0.5 mM IPTG, and grown overnight at
16 °C. The pellet was resuspended in the lysis buffer A (50 mM Tris-HCI pH 7.5, 600 mM NaCl, 5% (v/v)
glycerol 10 mM 2-mercaptoethanol and 1 mM PMSF) and lysed by sonication. The cell lysate was
centrifuged at 14,000 rpm for 1 hour at 4°C, and the supernatant was loaded on HisPur Ni-NTA superflow
agarose (Thermo Scientific) pre-equilibrated with buffer A. Column was washed with buffer A containing 30
mM imidazole and eluted with buffer A containing 300 mM imidazole. The eluted protein was extensive
dialyzed against buffer B (50 mM Tris-HCI pH 7.5, 20% (v/v) glycerol, 2 mM DTT and 0.2 mM PMSF) with
200 mM NacCl. Dialyzed sample was passed through a High Q column (Bio-Rad), collected in the flow-
through, loaded on High S column (Bio-Rad), and eluted at buffer A with 700 mM NacCl. The eluted fraction
was then diluted in buffer B to reach 150 mM NacCl, and loaded on a heparin column. After washing the
column with buffer B with 200 mM NacCl, Mip1 was eluted with buffer B with 700 mM NaCl. After dialysis in
Buffer C (20 mM sodium phosphate, pH 7.8, 400 mM NacCl, 10% (v/v) glycerol, 10 mM 3-ME and 0.1 mM
PMSF), Mipl was again loaded on HisPur Ni-NTA superflow agarose column, washed with buffer C with
30 mM imidazole and eluted with 300 mM imidazole in Buffer C. Purified Mip1 was dialyzed and stored in
storage buffer (50 mM Tris—HCI, pH 8, 600 mM NaCl, 1 mM EDTA, 1 mM DTT and 40% (v/v) glycerol).



Table S1. Sequences of substrates used in the studies. The primer sequence used to generate each
primer-template substrate precedes the template sequences used.

Name Sequence (5" to 37)
(5’ tail-G4 or hairpin SEQUENCE-gap-PRIMER REGION)
R21primer CY3-CCGCCGCGGAACTTATTAGTG
hTelo acgicaftggic TAGGGTTAGGGTTAGGGTTAGGGHtHCACTAATAAGTTCCGCGGCGG-Bio
sz?ri!ggp acgicattggic TGGGGAGGGTGGGGAGGGTGGGGAAGGHtICACTAATAAGTTCCGCGGCGG-Bio
|§ng2}: acgtcattggtc TGGGGAGGGTGGGGAGGGTGGGGAAGGtiticgacaagtacatgatt CACTAATAAGTTCCGCGGCGG-Bio
G317 acgicaltggicGGGTTTTTTIGGGTTTTTTIGGGTTTTTTTGGGHHCACTAATAAGTTCCGCGGCGG-Bio
G3T5 acgtcattggtc GGG TTTTTGGGTTTTTGGGTTTTTGGGHHCACTAATAAGTTCCGCGGCGG-Bio
G3T3 acgtcattggtcGGGTTTGGGTTTGGGTTTGGGHttCACTAATAAGTTCCGCGGCGG-Bio
G3T1 acgtcattggtcGGGTGGGTGGGTGGGH It CACTAATAAGTTCCGCGGCGG-Bio
GAT12 GGGGTTTTTTTTTTTIGGGGTTTTTTITITITGGGGTTTTTTTTITTTIGGGGHHCACTAATAAGTTCCGCGGCGG-Bio
G4TH acglcatigglcGGGGTTTTTIGGGGTTTTTTIGGGGTTTTTTGGGGH HTCACTAATAAGTTCCGCGGCGG-Bio
G4T4 acgtcattggtc GGGGTTTTIGGGGTTTTGGGGTTTTIGGGGHHtCACTAATAAGTTCCGCGGCGG-Bio
G412 acgtcattggtc GGGGTTGGGGTTGGGGTTGGGGH it CACTAATAAGTTCCGCGGCGG-Bio
Bioprimer BioTEG/T/Cy3i/ TGGAATTCGAGCTCGGTACCC
BiCDMp?{iﬁ']—er acgicattggic TGGGGAGGGTGGGGAGGGTGGGGAAGGIIGGGTACCGAGCTCGAATTCCA
M13hp acgtcaftggicGAATTCCCCGGATCCGTCGACCTGCAGGTCGACGGATCCGGGGAATTCtticgacaagtacatgatt
GGGTACCGAGCTCGAATTCCA
Chr7hp aaatccatggaagCCGCCCAATG TCGCGGGttgaCCCGCGACATTGGGCGGaaagceticgta GGGTACCGAGCTCGAATTCCA
nostruc aaatttgatatgcgacattgggecggaaagettcagta GGGTACCGAGCTCGAATTCCA




Figure S1. A) Native PAGE of the G-forming sequences annealed to the Cy3-labeled primer (100 mM
KCI, 8 mM MgAc2). (G4T4)3Ga shows an unassigned faster migrating species; however, all (G4Tx)3Ga,
including (G4T4)3G4, blocked DNA synthesis (Fig. 2 and Fig. S5B). B) CD scans for cMyc and hTelo G4s
in 100 mM KCl and 8 mM MgAcz. Scans are an average of 5 runs. C) UV Melting curves for hTelo at
different salt concentrations. The values of Tm are noted in each graph. D) UV melting curves similar to B,
but with the addition of 8 MM MgAcz. E) UV melting curves similar to (A) for cMyc comparing melting at
10 mM KCI with and without the presence of 8 mM MgAc:.
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Figure S2. Representative primer extension assays performed with Pol § and cMyc (left) or hTelo (right)

in the template strand.
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Figure S3. A) Pol § stalling is dependent on stability of formed G4. Quantification of full-length product
formed by Pol 8V on specified substrate in the presence of Na* or K*. B) Pifl stimulation of DNA
synthesis through a G4 is dependent on helicase activity. Primer extension assays performed with a
helicase dead version of Pifl (PiflA K264A) at 4x or 16x excess. C) (left) Representative primer
extension assays on DNA substrate containing cMyc G4 and a 20 nt gap. (right) Quantification of primer
extension assays with 3 replicates.
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Figure S4. CD spectra (left), in 200 mM KCI and 8 mM MgAcz, and UV melting curves (right) for 3G-stack
G4s (A) or 4G-stack G4s (B). Normalized absorbance at 295 nm was fitted to a two-state model.
Calculated melting temperature is noted in graph with the corresponding color. C) Quantification of the
fraction of full-length product formed at 10 min by Pol § and Pol 8 for each G4 (n=3).
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Figure S5. Representative primer extension assay (times: 30", 1’, 4, 10’) with Pol 8§°V and the 3G-stack
G4s (A) or 4G-stack G4s (B) in the presence of Pifl. C) Quantifications of fraction of full-length product
generated at 10 min by Pol 3PV with and without Pif1, comparing DNA substrates with and without a 5’ tail.
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Figure S6. Representative primer extension assay (times: 30”7, 1’, 4’, 10’) with Pol § and the 3G-stack G4s
(A) or 4G-stack G4s (B) with or without the presence of RPA.
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Figure S7. A) Representative primer extension assay (times: 30”, 1’, 4’, 10’) with Pol 8°V and the 3G-stack
G4s (A) or 4G-stack G4s (B) in the presence of large excess RPA. C) Quantifications of full-length product

generated at 10 min (n=3).
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Figure S8. Representative primer extension assays (times: 30”7, 1°, 4, 10’) for two hairpin substrates
replicated by Pol & in the presence of RPA, Pifl, or both.
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Figure S9. Purified Mipl is active for exonuclease activity (left) and strand displacement DNA synthesis
(right).
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Figure S10. A) Representative primer extension assay (times: 307, 1°, 4, 10’) with Mip1 and the specified
G4s in the presence of 40x Rim1 (relative to the DNA concentration) or 4x hmtSSB with or without 2x Pif1.
B) Quantification of the fraction of full-length product of cMyc (left) and hTelo (right) by Mip1 as a function
of time in the presence of Rim1 or hmtSSB with and without the presence of Pifl (n=3).
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Figure S11. A) Representative primer extension assay (times: 30”, 1’, 4, 10’) by Mip1 and the specified
hairpins (M13mp7 and Chr7) in the presence of Rim1, Pifl, or both. B) Quantifications of the full-length
product generated (n=3).
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Figure S12. A) Exonuclease activity assay performed under conditions of limited DNA synthesis (only
dATP added) using Pol 5 with RPA, Pifl, or both on a DNA substrate with cMyc 8 nts away from the 3’ end
of the primer. B) Similar to A, but on a DNA substrate with the M13mp7 hairpin sequence.
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Figure S13. A) Addition of Pifl alone with or without PCNA or dATP does not cause primer degradation.
Time points are taken at 10 min. B) Pol & incubated with free primer (no template strand) for 1 min. C)
Pre-incubation of Pifl does not result in quicker primer degradation following the addition of Pol & for 1 min.
PCNA was loaded on DNA primer template substrate and then Pif1 was added to the reaction for 0, 1°, 4’,
or 10’. Then Pol 8 was added for 1 min and extent of exonuclease activity was measured. D) Exonuclease
activity assay performed in the absence of dNTPs using Pol & with RPA, Pifl, or both on DNA substrates
with cMyc with biotinylation on either the top or bottom strand.
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Figure S14. Quantification of excessive primer degradation stimulated by Pifl shown in Figure 4.
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