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Conservation of the insert-2 motif confers Revl
from different species with an ability to disrupt

G-quadruplexes and stimulate translesion DNA
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In some organisms, the replication of G-quadruplex (G4) structures is supported by the Revl DNA
polymerase. We previously showed that residues in the insert-2 motif of human Revl (hRevl) increased
the affinity of the enzyme for G4 DNA and mediated suppression of mutagenic replication near G4
motifs. We have now investigated the conservation of G4-selective properties in Revl from other
species. We compared Revl from Danio rerio (zRevl), Saccharomyces cerevisiae (yRevl), and Leishmania
donovani (IRevl) with hRevl, including an insert-2 mutant form of hRevl (E466A/Y470A or EY). We
found that zRevl retained all of the G4-selective prowess of the human enzyme, but there was a
marked attenuation of G4 binding affinity for the EY hRevl mutant and the two Revl proteins lacking
insert-2 (yRevl and |Revl). Perhaps most strikingly, we found that insert-2 was important for disruption
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of the G4 structure and optimal stimulation of processive DNA synthesis across the guanine-rich motif
by DNA polymerase kappa (pol k). Our findings have implications for how Revl might contribute to G4
replication in different species spanning the evolutionary tree — signaling the importance of selection for
enzymes with robust G4-selective properties in organisms where these non-B DNA structures may fulfill
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Introduction

The accurate propagation of genomes requires the successful
manipulation of DNA sequences that are prone to adopt non-B-
form structures.” It is well established that organisms across
the spectrum of life have retained specific motifs capable of
forming secondary structures to elicit and control many cellular
functions. One of the best-studied examples of non-B-form
structures with multi-faceted roles in the cell is the guanine-rich
G-quadruplex (G4) motif.>* Bioinformatics analysis predicts that
there are hundreds of thousands of putative quadruplex sequences
(PQSs) in the human genome and that these motifs are enriched in
functionally important regions, such as in the promoters of genes,
at telomeres, in mitochondrial DNA, and in rDNA sequences.>®
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taxa-specific physiological functions.

Targeted empirical approaches have gone on to determine that G4
structures form inside cells and that they serve as regulatory agents
for a variety of cellular functions.®™®

At the heart of the G4 structure is a quartet (or tetrad) of
Hoogsteen-bonded guanines. The tetrad of guanines helps
stabilize the overall G4 structure by coordinating monovalent
cations, such as K" and Na®, and through base stacking inter-
actions between multiple, stacked tetrads. The thermal stability
of quadruplexes can be quite high, with melting temperatures
>90 °C for some G4-containing oligonucleotides. The stability
of these non-canonical four-stranded structures, combined
with an increased propensity to form during S-phase, makes
them a formidable block to DNA replication.® G4 structures are
also susceptible to oxidation by reactive oxygen species (ROS),
resulting in 8-0x0-7,8-dihydro-2’-deoxyguanosine (8-oxo-dG),
hydantoins, and other modifications.'® The modification of tetrad
guanines by ROS may serve as a sensor, recruiting excision repair
factors to sites of damage, governing epigenetic marks that control
chromatin structure, and producing transcriptional changes that
facilitate cellular responses to redox imbalance.'""

Given the myriad of biological functions attributed to G4
structures and potential challenges during replication, it is not

© 2023 The Author(s). Published by the Royal Society of Chemistry
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too surprising that natural selection has resulted in proteins
and enzymes with attributes that are amenable to interactions
with quadruplexes."”®> Many G4 studies have focused on the
contributions from helicases, such as DHX36, FANC]J, Pif1, and
others.'*™” There are proteins and enzymes, such as DNA
repair factors and specialized polymerases (pols), that coordi-
nate with helicases to maintain the integrity of G4 motifs and
other difficult-to-replicate-sequences.”*® A number of insight-
ful studies published over the past decade have helped define
the contributions of the Rev1 translesion synthesis (TLS) pol to
G4 maintenance.™

Revl is a well-studied member of the Y-family of DNA pols
with a very unusual protein-template mechanism of nucleotide
selection.”® Revl promotes TLS by (i) preferentially catalyzing
dCMP insertion regardless of the identity of the template base,
and (ii) through recruitment of other pols that are able to
perform processive DNA synthesis across the lesions.**™” In
avian cells, Revl has been found to coordinate with the FANC]J
helicase to promote effective histone recycling and propaga-
tion of epigenetic marks near G4 motifs."*' The protein-
interaction motif at the extreme C-terminus of Revl is neces-
sary for optimal G4 replication in avian cells, but the exact
reason for this remains unclear since triple-deletion of three
known Revl-interactors - pols m, k, and { - largely fails to
interrupt propagation histone marks near G4 motifs, although
deletion of the Rev3 subunit of pol { slightly elevated the
epigenetic instability near the guanine-rich locus.”® It is also
unclear why a catalytically inactive form of Rev1 only partially
rescues G4 replication defects.”® Therefore, studies investigat-
ing the molecular features and cellular roles for the G4-related
activities of Revl and other TLS enzymes are ongoing.

We previously reported that human Revl (hRev1l) preferen-
tially binds to G4 DNA substrates. We observed greater affinity
for G4 substrates when the equilibrium dissociation constant
(Kp,pna) values of parallel-stranded G4 structures were com-
pared to those obtained with non-G4 substrates.>® This differ-
ence was more than an order of magnitude for several parallel-
stranded G4 substrates and could be diminished by mutating
residues in the insert-2 motif (e.g. E466, Y470), with mutation of
L358 in the N-digit also decreasing G4 affinity, albeit the effect
was less pronounced than the insert-2 mutations.*® Binding of
hRev1 was found to disrupt the G4 structure to some degree, a
property that did not require pol activity.”® Loss of Revl in
human cells resulted in an elevated mutation frequency when
the G4 motif was positioned in the lagging strand, as measured
by the supF mutagenesis assay, and addition of the G4 stabi-
lizing compound pyridostatin (PDS) exacerbated this effect.
Complementation with either wild-type (WT) or E466K mutant
hRevl could partially suppress the increased mutation fre-
quency of PDS-stabilized G4 motifs, but expression of hRev1
with mutations that ablated G4-selective binding were not able
produce the same anti-mutagenic effect.*® These results led us
to conclude that hRevl activity helped suppress mutagenic
replication near G4 sites and that G4-selective contacts were
especially important for when the replisome encountered
structures stabilized by PDS.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In spite of the results demonstrating G4-specific activities
for Revl during G4 replication in avian and human cells, the
enzyme seems to be dispensable for replication of the G4-
containing CEB-1 minisatellite in Saccharomyces cerevisiae.”*
Likewise, a genome-wide study found that loss of rev-1 in
Caenorhabditis elegans did not enrich for mutations in specific
sequence motifs, nor did it synergize with loss of the FANC]
homolog dog-1 to produce G4 instability.** Thus, conservation
of Rev1 function as a primary means of enacting G4 replication
may not be universal in eukaryotes, but additional investigation
is needed to understand the molecular basis of the differences
between species.

The distinct requirements for Revl involvement during
G4 replication in vertebrates, nematodes, and fungi raises a
broader question related to how genomic/epigenomic changes
influence the selection of proteins capable of maintaining those
adaptive responses. A recent study used a G4-sequencing method
(G4-seq) to compare the sequence composition and genomic
distribution of quadruplex-forming motifs across twelve genomes
covering a wide swath of the tree of life. What has emerged from
this genome-level study is a picture of how the composition and
positioning of G4 forming sequences have evolved, and in some
ways, diverged across species. For example, G4-forming sequences
were found to be globally less abundant in prokaryotes and yeast.
Species-specific differences in the location of G4 motifs were also
identified, including the enrichment of G4 motifs in the promo-
ters of mammalian oncogenes. A reasonable supposition from
these findings is that differences in the genomic landscape tied
to taxa-specific phenotypes will select for varied degrees of G4-
selective properties in proteins that help maintain these non-B-
form DNA sequences.

With this premise as a guidepost, we have studied the G4-
related biochemical properties of Revl orthologs from four
species — human, zebrafish, yeast, and leishmania - in an effort
to determine if G4-selective properties were maintained in spite
of potential differences in biological function. We used oligo-
nucleotides adopting parallel, anti-parallel, and hybrid G4
structures to mimic the breadth of G4 structural diversity in
the genome. In addition to DNA binding and polymerase
activity, we have also investigated the G4 unfolding properties
of Rev1 in order to pinpoint molecular features that confer this
enzyme with an ability to selectively bind and disrupt quad-
ruplex structures. Finally, we provide evidence to support the
notion that the G4 disruptive capacity of Revl is necessary
for stimulation of TLS across the entirety of a G4 motif. Our
findings provide some intriguing new insights into how verte-
brate Revl may have evolved to act upon G4 DNA in a manner
that separates it from more ancient versions of this TLS pol.

Results
Selection of Revl proteins for study

We have previously reported on the biochemical and cellular
features of hRev1 activity on G4 DNA substrates.”>*° Results
implicating insert-2 in G4-selective activities led us to examine
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conservation of this motif in organisms from across the evolu-
tionary tree of life. The REVI gene is conserved in eukaryotes
but has not been firmly documented in either archaea or
bacteria. Searching GenBank, we found that, within the domain
of eukaryotes, genes encoding the Revl TLS pol have been
found in Archaeplastida (plantae), Excavata (e.g., trypano-
somes), Amoebozoa, Opisthokonta (Metazoans), and the Stra-
menopiles, Alveolates, and Rhizaria (SAR) clade.** Examination
of amino acid sequence alignments revealed that residues
comprising insert-2 are conserved in vertebrates and could
have been present during speciation events dating back to the
emergence of arthropods more than 500 million years ago, with
elements of insert-2 perhaps being found in some platyhel-
minthes (Fig. 1A).

Prompted by differences in G4 replication dynamics
reported for vertebrates and other eukaryotes, we chose to
study three non-human Rev1 proteins in order to better under-
stand the influence of this motif on G4-selective binding,
disruption, and catalysis. The three proteins selected for our
study included: Saccharomyces cerevisiae (yeast) Revl (yRevl),
Leishmania donovani (leishmania) Revl (IRev1), and Danio rerio
(zebrafish) Rev1 (zRev1). We expressed and purified each of the
Revl proteins using a bacterial expression system (Fig. S1,
ESIf). In each case, the best expression was observed for
constructs that encode the polymerase core domains — amino
acids (a.a.) 1-872 for zRev1, a.a. 305-746 for yRevl, and a.a.
1-448 for IRev1. The only major difference in domain composi-
tion between the three enzymes was the retention of the BRCA
C-terminal (BRCT) domain at the N-terminus of zRev1 (Fig. 1B).
In a previous study, we obtained similar G4-selective properties
when comparing the hRevl pol core (a.a. 330-833) and full-
length hRevl (a.a. 1-1251), the latter of which possesses an
intact N-terminal BRCT domain.?’ Since the BRCT domain did
not seem to greatly contribute to the G4-selective properties of
hRev1, we had some confidence that the purified zRev1 protein
would be useful for comparisons with yRevl and IRevl. With
the purified proteins in hand, we set out to determine the DNA
binding and catalytic properties on both G4 and non-G4 DNA
substrates.

Revl proteins lacking insert-2 exhibited less selective binding
to G4 DNA

To determine if the G4-selective properties observed for hRevl
were conserved in Revl from different species, we first com-
pared the DNA binding affinity of each of the three non-human
Revl proteins using both G4 and non-G4 DNA substrates.
We monitored the change in fluorescence polarization for
FAM-labeled DNA substrates as a function of protein concen-
tration and fit the resulting data to a quadratic equation to
obtain an estimate of the equilibrium dissociation constants
(Kp,pna) defining binary complex formation. We used three G4
motifs (i) the parallel-stranded Myc 14/23, which replaces
guanine with thymidine at positions 14 and 23 in the Pu27-mer
WT sequence from the ¢-MYC promoter, (i) the anti-parallel
thrombin binding aptamer (TBA), and (iii) a hybrid-forming Telo4
motif derived from the human telomeric sequence (Table 1).
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For each G4 substrate, we used a non-G4 sequence of identical
length to evaluate the relative binding preferences for the Revi
proteins. Both single-stranded (ss)-DNA and primer-template (p/t)-
DNA substrates were prepared in either potassium-containing
buffer or lithium-containing buffer. Since lithium does not effec-
tively stabilize G4 structures, we were able to identify changes
in binding equilibrium likely attributable to stable quadruplex
formation.

Binding experiments with the G4 DNA substrates were
performed, and we observed clear differences between the
non-human forms of Revl. For example, zRevl exhibited a
marked increase in affinity for two of the three G4 substrates
relative to the non-G4 controls (Table 2). The increased affinity
was observed for both ss-G4 DNA (Fig. 1C and Table 2) and p/t-
G4 DNA (Table 3) substrates. The largest difference in Kp pna
was observed for the parallel-stranded Myc sequence where
zRevl bound the G4 substrate ~15-20-fold more tightly than
the non-G4 control (Fig. 1C and Tables 2 and 3). The affinity of
zRevl for the anti-parallel TBA G4 substrate was ~ 7-fold
greater than the non-G4 control (Tables 2 and 3), which differed
from the more modest 3-fold increase in affinity we previously
reported for hRev1.>® zRevl binding to the hybrid Telo4 G4
DNA substrate was only moderately tighter than that of the non-
G4 substrate (Tables 2 and 3). As expected, the difference
between G4 and non-G4 substrates observed for zRev1 was lost
for both ss- and p/t-DNA when binding was measured in the
presence of lithium chloride (Tables S1 and S2, ESIT). Overall,
zRevl exhibited G4 binding properties that were very similar
to hRevl.

By way of comparison, yRev1l exhibited a slight affinity for
parallel-stranded G4 DNA relative to the non-G4 control sub-
strates but the difference was less pronounced than that
observed for either hRev1 or zRevl. We found that yRevl bound
G4 and non-G4 DNA substrates with K4qpna values in the
200-500 nM range irrespective of whether the primer was
present or not (Fig. 1D and Tables 2 and 3). Of the three
enzymes tested, IRevl bound to the parallel-stranded G4 DNA
substrates with Kp pna values that were most similar to non-G4
control DNA (Fig. 1E and Tables 2 and 3), indicative of little
preference for one substrate over the other. Likewise, neither
yRevl nor IRevl exhibited much preference for binding the
anti-parallel (TBA) or hybrid (Telo4) G4 DNA substrates more
tightly than the non-G4 control substrates (Tables 2 and 3).
Binding constant for yRevl and IRevl were not noticeably
impacted by substitution of lithium for potassium (Tables S1
and S2, ESIf). Overall, comparison of the measured Kppna
values confirmed that, of the three proteins tested, only zRevl
bound G4 substrates with an affinity that was > 2-fold stronger
than that of non-G4 substrates (Fig. 1F).

Moving the primer terminus closer to G4 DNA decreased the
affinity of Revl

We were curious to learn whether changing the position of the
primer relative to the G4 structure impacted the observed
Kp pna values. We measured DNA binding affinity for a series
of DNA substrates with a 42 nucleotide (nt) template strand,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Comparison of G4 binding properties for Revl proteins from different species. (A) The sequence alignment of the insert-2 region for Revl proteins
ranging from the SAR supergroup through vertebrata is shown. (B) A schematic illustration of domain arrangement and conservation is shown for the four
Revl proteins used in this study. Binding curves for (C) zRev1'"82 (D) yRev1*9°7746 and (E) [Rev1'**® proteins with either the Myc 14/23 G4 DNA substrate
(red circles) or non-G4 DNA control (blue squares) are shown. Protein was titrated into a solution containing either single-stranded (ss)-G4 DNA or ss-
non-G4 DNA substrates at a concentration of 2 nM. The range of concentrations for the protein is indicated on the X-axis. The change in fluorescence
polarization at each concentration was measured and plotted as a function of the protein concentration. (F) The changes in fluorescence polarization
were fit to a quadratic equation to yield binding dissociation constants. The actual Kp pna estimates are reported in Table 2. Values reported here
represent the mean (£ std. dev.) for three independent replicates. The reported p-values were calculated by using an unpaired Student’s t-test with
Welch's correction.

1 1-872 1305-746 IRev1 1-448

yRev

which was longer than the 29 nt template used in the first set of primer terminus relative to the G4 motif (Table 1). The 3’-OH of
binding assays and allowed us to vary the position of the 3'-OH the primer was positioned 10 nts from the first tetrad-associated
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Table 1 Sequences of G4 and non-G4 DNA substrates used in this study
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Name Sequence Type of G4 fold
Myc 14/23¢ 5'-AGGGTGGGTAGGGTGGGTTATGAGATGAT-3' Parallel
Non-G4 Myc control 5'-AGCGTGCGTAGCGTGCGTTATGAGATGAT-3’ —

KRAS 22RT 5'-AGGGCGGTGTGGGAAGAGGGAATATGAGATGAT-3’ Parallel
Non-G4 KRAS control 5'-AGCGCGCTGTGCGAAGAGCGAATATGAGATGAT-3’ —

TBA 5-TGGTTGGTGTGGTTGGTATGAGATGAT-3’ Antiparallel
Non-G4 TBA control 5'-TGCTTGCTGTGCTTGCTATGAGATGAT-3’ —

hTelo-4 5'-TTGGGTTAGGGTTAGGGTTAGGGATATGAGATGAT-3’ Hybrid
Non-G4 Telo-4 control 5-TTGCGTTAGCGTTAGCGTTAGCGATATGAGATGAT-3’ —

11-mer primer 5'-ATCATCTCATA-3’ —

42-mer G4—templateb 5'-TGAGGGTGGGTAGGGTGGGTGCGTCTGCGGCTGGCTCGAGGC-3’ Parallel

42-mer non G4-template”
23-mer primer”
18-mer primer
13-mer primer”

5'-GTGAGATGTTGACCATGGGTGCGTCTGCGGCTGGCTCGAGGC-3' —
5'-TTTGCCTCGAGCCAGCCGCAGACGCA-3’ —
5’-GCCTCGAGCCAGCCGCAG-3’ —
5'-TTTGCCTCGAGCCAGC-3’

% The guanine bases involved in the formation of G4-tetrads are shown in bold. The underlined guanine in the G4 sequences was changed to
cytosine in the corresponding non-G4 oligonucleotide. For DNA binding assays, both G4 and non-G4 DNA substrates were labeled at the 5’ end
with 6-carboxyfluorescein (FAM). The label was on the longer template strand for binding assays with p/t-DNA.” The 42-mer template
oligonucleotides were labeled at the 5 end with FAM for DNA binding assays. These same oligonucleotide sequences were unlabeled for
polymerase assays where the primer was FAM-labeled. They were also unlabeled for G4 Hemin DNAzyme experiments. © The 13-mer and 23-mer
primers were labeled at the 5’ end with FAM for the polymerase assays with the p/t-DNA substrates. These same oligonucleotide sequences
unlabeled for the DNA binding assays where the template was FAM-labeled. They were also unlabeled for G4 Hemin DNAzyme experiments.

Table 2 Equilibrium dissociation constants for Revl proteins binding to
G4 and non-G4 ss-DNA substrates?

Table 3 Equilibrium dissociation constants for Revl proteins binding to
G4 and non-G4 p/t-DNA substrates?

KD.DNA

Non-G4 (nM)

Fold preference for G4 DNA

G4 (nM) (Kp,Nonc4 pna/Kp,G4 DNa)

KD.DNA

Non-G4 (nM)

Fold preference for G4 DNA

G4 (nM) (Kp,NonGa pna/KD,G4 DNA)

yRev1 (a.a. 305-746)

Myc 14/23 340 £+ 60 230 £ 50 1.5
TBA 450 £ 70 320 £ 30 1.4
hTelo-4 310 £ 40 290 + 40 1.1

IRev1 (a.a. 1-448)

Myc 14/23 150 & 40 87 £ 10 1.7
TBA 330 £ 60 234 £ 34 1.4
hTelo-4 410 + 90 320 £ 30 1.3

zRevl (a.a. 1-872)

Myc 14/23 160 £ 30 8+£1 21
TBA 120 £ 40 14 £ 2 8
hTelo-4 110 £ 30 34+6 3

¢ Data represent the mean + std. dev. (n = 3).

guanine on the 13/42-mer substrate, while the primer terminus
was positioned directly adjacent to the G4 motif on the 23/42-mer
substrate. Comparing the measured Kppna values, it was again
apparent that of the three Revl proteins tested, only zRevl
exhibited any kind of preferential binding to G4 DNA substrates
(Table 4). Similar to the shorter, 29 nt DNA substrates, zRevl
bound the ss-42-mer G4 DNA substrate with an affinity that was
~21-fold greater than that measured for the non-G4 control
(Table 4). The preference for binding to G4-containing substrates
was ~8-fold and ~3-fold for the 13/42-mer and 23/42-mer p/t-
DNA substrates, respectively. In this regard, the G4-selective
binding of zRevl decreased as the primer moved closer to the
tetrad guanines. In contrast to the results for zRevl, yRevl and
IRevl bound to the ss-42-mer, 13/42-mer, and 23/42-mer DNA
without much difference between the Kppna values for G4 and
non-G4 substrates (Table 4), indicative of the fact that the quad-
ruplex does not impact the affinity of these enzymes for DNA.

470 | RSC Chem. Biol., 2023, 4, 466-485

yRevl (a.a. 305-746)

Myc 14/23 480 £ 40 310 £ 60 1.5
TBA 450 £+ 30 350 £ 30 1.3
hTelo-4 380 £ 50 240 £ 40 1.6

IRev1 (a.a. 1-448)

Myc 14/23 320 £+ 20 210 £ 30 1.5
TBA 550 £ 50 370 £ 50 1.5
hTelo-4 460 £ 50 320 £ 30 1.4

zRev1 (a.a. 1-872)

Myc 14/23 190 =+ 40 13+ 4 15
TBA 160 £ 30 22 £5 7
hTelo-4 130 £ 40 40 £ 8 3

¢ Data represent the mean =+ std. dev. (n = 3). Template strands were
annealed to the 11-mer primer to form the p/t-DNA substrates.

The hRevl EY insert-2 double mutant has attenuated G4
binding affinity

In order to have a suitable negative control for comparing G4
properties and to gain greater perspective on experiments with
non-human versions of Revl, we sought to identify mutations
in the human enzyme that could ablate G4-selective properties.
We had previously shown that mutation of either E466A or
Y470A in the insert-2 motif of hRevl reduced the binding
preference for ss-Myc-14/23 G4 DNA to around 4- to 5-fold over
non-G4 DNA compared to the approximate 20-fold preference
observed for WT hRev1.>° Mutation of the 1358 in the N-digit to
alanine reduced the preference of hRevl for G4 substrates to
around 9-fold over non-G4 DNA. However, none of the single-
mutations seemed to have much of a G4-specific impact
on polymerase activity. We reasoned that mutating multiple

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Equilibrium dissociation constants for Revl proteins binding
to ss-42-mer, 13/42-mer, and 23/42-mer Myc G4 and non-G4 DNA
substrates?
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Table 6 Equilibrium dissociation constants for hRev1®**°-83 WT and

E466A/Y470A mutant protein binding to ss-42-mer, 13/42-mer, and 23/
42-mer Myc G4 and non-G4 DNA substrates?

Kp.pna Fold preference for G4 DNA

Non-G4 (nM) G4 (nM) (Kp,Non-G4 pna/Kp,Ga DNA)

yRev1 (a.a. 305-746)

ss-42-mer 340 + 60 230 £ 50 1.5
13/42-mer 440 + 80 300 =40 1.5
23/42-mer 460 + 50 320 =50 1.5
IRev1 (a.a. 1-448)

ss-42-mer 146 + 83 87 +10 1.7
13/42-mer 153 + 34 148 £ 30 1
23/42-mer 216 + 67 177 £43 1.2
zRev1 (a.a. 1-872)

ss-42-mer 160 £+ 30 8+t2 21
13/42-mer 120 £ 40 15+2 8
23/42-mer 130 + 30 42 + 7 3

% Data represent the mean =+ std. dev. (n = 3).

residues might exert a more pronounced effect on the ability of
hRev1 to act on G4 substrates.

In an attempt to improve upon the separation of G4 and
non-G4 functions, we expressed and purified the E466A/Y470A
(EY) hRevl double mutant (Fig. S1, ESIT). We then measured
the Kp pna values for the EY mutant with G4 and non-G4 DNA
substrates (Table 5 and Table S3, ESIt). There was a 2.7-fold
and 1.3-fold difference in binding affinity for the Myc-derived
ss- and p/t-G4 DNA substrates relative to the non-G4 control
substrate (Table 5), suggestive of a more pronounced attenua-
tion of the G4 binding properties when compared with the
single mutants. Similar to WT enzyme, the EY mutant bound
anti-parallel (TBA) G4 substrates (both ss- and p/t-) with an
affinity that was around 2- to 3-fold greater than the non-G4
substrates (Table 5). Likewise, the EY mutant did not exhibit
preferential binding to either the ss- or p/t-Telo4 G4 substrates
relative to the non-G4 controls (Table 5).

We then compared the binding properties of WT and EY
hRev1 using the longer 42 nt DNA substrates. Similar to the
shorter substrates, WT hRevl bound the ss-42-mer G4 DNA
substrate around 20-fold more tightly than the non-G4 control
(Table 6). The EY mutant exhibited a 3-fold preference for the

Table 5 Equilibrium dissociation constants for hRev1®*°-8%% E466A/
Y470A binding to ss- and p/t-G4 and non-G4 DNA substrates in a buffer
containing 100 mM KCI®

Kp.pna Fold preference for G4 DNA

Non-G4 (nM) G4 (nM)

(KD,N()nG4 DNA/KD,GAI DNA)

ss-Myc-14/23 650 £ 130 240 £ 20 2.7
p/t-Myc-14/23 830 + 120 630 £ 100 1.3
ss-TBA 150 £ 20 54+5 2.7
p/t-TBA 230 £+ 30 100 £20 2.3
ss-Telo-4 610 £+ 90 770 £ 100 0.8
p/t-Telo-4 540 £ 70 310+ 30 1.7

“ Data represent the mean =+ std. dev. (n = 3). Template strands were
annealed to the 11-mer primer to form the p/t-DNA substrates.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Fold preference

Kp.pna for G4 DNA

Non-G4

(nM) G4 (nM) (Kp,Non-c4 pna/Kp,Ga DNA)
hRev1 (a.a.
330-833) WT
ss-42-mer 85 + 11 4+1 21
13/42-mer 230 + 30 31+6 7
23/42-mer 210 £+ 30 88 + 12 2.4
E466A/Y470A
ss-42-mer 270 + 50 87 £ 10 3
13/42-mer 250 £+ 30 86 + 10 2.9
23/42-mer 300 + 40 120 £+ 20 2.4

¢ Data represent the mean =+ std. dev. (n = 3).

ss-42-mer G4 DNA, which was much reduced from the WT
enzyme (Table 6). The difference between WT and the EY
mutant was maintained for the 13/42-mer DNA substrates
(Table 6). The WT enzyme bound the 13/42-mer G4 substrate
~7-fold more tightly than the non-G4 control, while the EY
mutant only maintained a meager 3-fold preference for the G4
substrate. The 23/42-mer DNA substrates were compared and
there was no meaningful difference between the WT and EY
mutants, with both enzymes binding the G4 substrate around
3-fold tighter than the non-G4 control. A puzzling feature of
these results was the apparent lack of G4-selective binding for
WT hRev1 on the 23/42-mer substrates, which is in contrast to
what we have repeatedly observed with shorter p/t-DNA sub-
strates that positioned the primer terminus adjacent to tetrad
guanines.”®*° Nevertheless, we concluded that the combination of
two mutations in the insert-2 motif further diminished the pre-
ferential binding of hRev1 to G4 substrates beyond that observed
for the single mutants. With the EY mutant in hand as a negative
control for G4-selective binding, we set out to compare the catalytic
properties of the different forms of Revl.

Insert-2 impacts Revl catalysis by sensing G4 positioned
downstream of the primer-template junction

We measured the catalytic power of the Revl proteins on G4
and non-G4 p/t-DNA. We first compared WT hRev1 with the EY
insert-2 mutant using the 13/42-mer p/t-DNA substrates. WT
hRev1 catalyzed dCMP insertion on the G4 substrate at a rate
that was ~70% as fast as the rate measured for the non-G4
13/42-mer (Fig. 2A; see Fig. S2, ESIt for gels), which was
indicative of fairly robust catalysis on the G4 substrate.
We then measured dCMP insertion rates for the EY mutant.
On non-G4 DNA substrates, the initial velocity of dCMP inser-
tion by the EY mutant was ~70% as fast as WT enzyme (Fig. 24;
see Fig. S2, ESIt for gels), indicative of the fact that the double
mutant largely retained WT activity on non-G4 substrates. What
was most notable about the EY mutant was the sharp drop in
the dCMP insertion rate on the G4 substrate, which was only
around 20% of the rate measured for the non-G4 13/42-mer
(Fig. 2A). In this respect, the two mutations in insert-2 seemed
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Fig. 2 Revl catalysis is sensitive to G4 positioning relative to the primer terminus. (A) Single-nucleotide insertion experiments were performed with

hRevl (WT and EY mutant), zRevl, yRevl,

and [Revl. A 13-mer primer was annealed to a 42-mer template strand containing either a non-G4 control

sequence or the Myc 14/23 G4 motif. The initial rate of dCMP insertion was measured (nM s™%) and plotted for each enzyme. The absolute value for the

rate of product formation is shown in parentheses above each data column. The absolute difference between the non-G4 and G4 DNA substrates, along

hRevl (WT and EY mutant), zRevl, yRevl,
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with normalized change in activity for the G4 substrate, is noted for each enzyme. (B) Single-nucleotide insertion experiments were performed with

and [Revl. A 23-mer primer was annealed to a 42-mer template strand containing either a non-G4 control

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cb00027c

Open Access Article. Published on 11 May 2023. Downloaded on 10/31/2025 10:11:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Chemical Biology

sequence or the Myc 14/23 G4 motif. The initial rate of dCMP insertion was measured (nM s™) and plotted for each enzyme. The absolute value for the
rate of product formation is shown in parentheses above each data column. The absolute difference between the non-G4 and G4 DNA substrates, along
with normalized change in activity for the G4 substrate, is noted for each enzyme. Results shown represent the mean (+ std. dev.) for three independent
replicates. In both panels, results are shown for non-G4 control DNA substrates (blue circles) and G4 DNA substrates (red squares). The percent decrease
in activity was calculated for each enzyme by considering the non-G4 control to be 100% active compared to the G4 substrate. The reported p-values
were calculated by using an unpaired Student's t-test with Welch’s correction.

to have a strong effect on hRevl-catalyzed dCMP insertion
when the primer was positioned 10 nts away from the G4
structure.

We then measured dCMP insertion by zRevl, yRevl, and
IRevl on the 13/42-mer DNA substrates. As we observed with
the DNA binding assays, zRev1 exhibited catalytic properties
that were very similar to WT hRev1, with only a modest drop in
dCMP insertion rate on the G4 substrate compared to the non-
G4 DNA (Fig. 24A; see Fig. S2, ESIt for gels). Both yRevl and
IRev1 had noticeably slower rates of dCMP insertion on non-G4
substrates compared to hRevl and zRevl. The dCMP insertion
rate for yRevl and IRevl dropped 56% and 62%, respectively,
on the G4 substrate (Fig. 2A), which closely resembled the 79%
drop in activity observed for the EY mutant. Thus, the presence
of an intact insert-2 gave zRevl a better ability to perform
nucleotide insertion when the primer was positioned 10 nts
from the G4 structure.

The rate of dCMP insertion by the different Revl proteins
was then measured using the 23/42-mer substrates. In all cases,
Rev1 exhibited strongly diminished nucleotide insertion on the
23/42-mer G4 DNA substrates (Fig. 2B; see Fig. S3, ESI{ for gels).
Of all the proteins tested, IRevl was least affected by the
presence of G4 in the template strand with only a 56% drop
in the dCMP insertion rate. From these results and those
reported previously,””*® we concluded that Revl is not well
adapted for performing catalysis when the primer was placed
near the G4 motif. However, it was apparent that the presence
of insert-2 did impart a catalytic advantage for WT hRev1 and
zRev1 when the primer terminus was positioned a few nts away
from the four-stranded structure.

Insert-2 and template base ejection assist in the disruption G4
integrity by Revl

We previously observed that Revl has the ability to disrupt or
partially unfold G4 structures without performing DNA
synthesis.>® However, the molecular features involved in Rev1-
mediated G4 unfolding remain undefined. We reasoned that
insert-2 could contribute to the G4 disruptive capacity of Rev1.
To monitor G4 folding, we used an assay that relies on the
peroxidase-mimicking properties of the G4-hemin DNAzyme.*?
Incubating the reaction components with a 29-mer ss-Myc 14/
23 G4 DNA substrate bound by hemin resulted in an increase in
absorbance near 420 nm (Fig. 3A). Performing the same experi-
ment with non-G4 ss-DNA substrate did not elicit any colori-
metric change (Fig. 3A). It should also be noted that the Myc 14/
23 G4 sequence provided a better DNAzyme signal than several
other G4 DNA substrates (Fig. S4, ESIT). With an assay in hand
to monitor G4 integrity, we set out to test the impact of insert-2
on the G4 disruptive capacity of Rev1.

© 2023 The Author(s). Published by the Royal Society of Chemistry

We first added increasing amounts of WT hRevl into a
solution containing the 29-mer ss-Myc 14/23 G4 DNA and
measured DNAzyme activity. There was a concentration-
dependent decrease in DNAzyme activity when WT hRev1 was
incubated with G4 DNA (Fig. 3B). Incubation with the negative
control BSA did not alter the DNAzyme activity of the ss-Myc
14/23 G4 substrate (Fig. 3B). These results reinforced the notion
that WT hRevl was capable of disrupting G4 structure. These
experiments were performed in the absence of dNTPs, which
precluded a role for pol activity during G4 disruption by WT
hRev1 and was consistent with our previous findings.>’

To further investigate the molecular basis of G4 disruption
by hRev1, we measured DNAzyme activity for ss-Myc 14/23 G4
DNA in the presence of five hRevl mutants. In each case, the
enzyme was incubated in 5-fold molar excess of DNA substrate.
Under these conditions, only WT and E466K hRevl were able
to suppress the DNAzyme activity, indicating their ability to
disrupt the G4 structure (Fig. 3C). This was notable because the
E466K mutant was previously found to retain many of the G4-
selective properties of WT hRev1, including preferential binding
and suppression of mutagenic replication past PDS-stabilized G4
DNA.** Mutating 1358, the residue responsible for ejection of the
template base, abrogated the ability of hRevl to disrupt the G4
structure (Fig. 3C). Likewise, mutating either E466 or Y470 to
alanine also eliminated the ability of hRevl to suppress the
DNAzyme activity of ss-Myc 14/23 G4 DNA (Fig. 3C). Adding the
EY double mutant slightly increased the G4 DNAzyme signal
(Fig. 3C), indicative of a failure to disrupt the G4 structure and
perhaps hinting at an ability to stabilize the G4 structure.

To examine hRevl G4 disruptive capacity on p/t-DNA, we
measured DNAzyme activity for a set of three p/t-DNA sub-
strates. The 13/42-mer, 18/42-mer, and 23/42-mer DNA sub-
strates positioned the primer 10, 5, and 0 nts from the first
tetrad-guanine, respectively (Fig. 3D). For these experiments,
we compared signal from a sample with no protein to that
obtained when p/t-DNA was incubated with BSA, WT hRev1, or
the EY hRevl mutant. For all three substrates, the only protein
that suppressed G4 DNAzyme activity was WT hRev1 (Fig. 3E-G).
Similar to the ss-G4 DNA results (Fig. 3C), the EY mutant did not
disrupt the G4 DNAzyme activity for the p/t-DNA substrates (Fig. 3E
and F). In this respect, the EY mutant, which exhibited the least
selective binding to G4 substrates, was unable to disrupt G4
structures while the WT enzyme could disrupt G4 stability no
matter where we positioned the primer terminus.

zRev1 exhibited the strongest G4 disruptive capacity of the
three non-human proteins

We repeated the G4 hemin DNAzyme assay with each of the
three non-human Rev1 proteins. As with binding and catalysis,
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13-mer, 18-mer, and 23-mer primers, respectively. (E) The maximum absorbance at 420 nm was measured for reactions where 13/42-mer DNA with the
Myc 14/23 G4 motif in the template strand (1 pM) was incubated with 5 pM of the indicated proteins. (F) The maximum absorbance at 420 nm was
measured for reactions where 18/42-mer DNA with the Myc 14/23 G4 motif in the template strand (1 pM) was incubated with 5 pM of the indicated
proteins. (G) The maximum absorbance at 420 nm was measured for reactions where 23/42-mer DNA with the Myc 14/23 G4 motif in the template
strand (1 uM) was incubated with 5 uM of the indicated proteins. Results shown in all panels represent the mean (+ std. dev.) for three replicates. p-Values
in panels (C and E-G) were calculated using an ordinary one-way ANOVA with a Dunnett's multiple comparisons test where ** = p-value < 0.01,

*** = p-value < 0.001, **** = p-value < 0.0001, and ns = not significant.

zRevl followed a very similar trend to that observed for WT
hRevl. There was a robust decrease in G4 DNAzyme activity
with the ss-29-mer G4 substrate even at concentrations of zRev1
that were sub-stoichiometric to DNA (Fig. 4A). An intermediate
effect on G4 DNAzyme activity was observed for yRev1, while
IRev1 did not affect G4 stability even when incubated at 5-fold
excess of the DNA substrate (Fig. 4A). Thus, the yRev1 and 1Revl
polymerases both displayed a diminished ability to destabilize
the G4 structure on ss-G4 DNA, while zRevl had G4 properties
more akin to those of hRev1.

The G4 hemin DNAzyme assay was then performed with the
non-human Revl proteins using the same three p/t-DNA sub-
strates used with human enzyme (Fig. 3D). All three Revl
proteins suppressed G4 DNAzyme activity on all three p/t-
DNA substrates (Fig. 4B-D). The strongest G4 disruptive ability
came from zRevl, with yRevl producing a slightly stronger
effect than IRev1 (Fig. 4B-D). In summary, for both ss- and p/t-
DNA substrates, the G4 disruptive capacity was strongest with
vertebrate forms of Revl, with yeast and leishmania Revl
providing diminishing levels of G4 disruption (Fig. 4E).

The G4 disruptive capacity of Revl is necessary for stimulation
of DNA synthesis by pol k

Revl is a very non-processive enzyme because of its almost
exclusive incorporation of dCMP no matter the identity of the
template base. Models of Revl function typically partner the
enzyme with another, more processive DNA pol.>%*>*” We were
curious to know if the apparent G4 disruptive ability of Revl
could assist in DNA synthesis across the entirety of a G4 motif.
To examine this possibility, we measured extension by human
DNA pol kappa (pol k) in the presence and absence of Revl.

For the pol extension assays, we used 13/42-mer DNA
substrates with either a G4 or non-G4 template strand. The
p/t-DNA was pre-incubated with 10 nM pol «k before initiating
the reaction with the dNTP mixture (£50 nM Rev1). The total
product formation was then quantified and plotted as a func-
tion of time to obtain an estimate of pol extension rates.
Importantly, neither WT nor EY hRev1 had a significant impact
on product formation by pol k on non-G4 DNA substrates
(Fig. 5A). However, very different results were obtained with
the G4 substrates. The addition of WT hRev1 strongly increased
full-length extension by pol x on G4 substrates, whereas the EY
mutant had no impact (Fig. 5B). These results support a role for
quadruplex disruption by hRev1 in stimulation of TLS across
the G4 motif.

The pol k extension experiments were then performed with
non-human Revl proteins. Similar to the results with hRev1,
none of the non-human Revl proteins greatly impacted pol «

© 2023 The Author(s). Published by the Royal Society of Chemistry

extension on the non-G4 DNA substrate (Fig. 5C). Of the three
non-human enzymes, zRevl had the strongest stimulatory
effect on pol k extension across the G4 motif (Fig. 5D). However,
we note that the addition of yRevl did produce a band
representing full-length extension, indicative of some power
to stimulate pol x-mediated synthesis past the G4 structure
(Fig. 5D, middle gel). By way of comparison, 1Rev1 failed to
stimulate the appearance of a fully extended primer (Fig. 5D,
gel on right). Thus, processive DNA synthesis across the G4
motif by pol kK was most clearly stimulated by forms of Rev1 that
were also adept at disrupting quadruplex structures.

Discussion

The relationships that exist between dynamic DNA structures
and proteins that guard genomic integrity are multifaceted.™”
Certain nucleic acid sequences adopt structures with distinc-
tive chemical and biophysical properties that are connected
to biological function and impact normal physiological
processes.®”**3® The mechanical properties of nucleic acids
that allow deformation and bending ultimately govern pro-
cesses like DNA replication and repair and transcription initia-
tion and elongation, leading to the postulation of a
“mechanical code” for the genome and epigenome.?” The need
to retain the physiological functions of motifs with distinctive
mechanical properties has undoubtedly helped shape the selec-
tion of proteins and enzymes over evolutionary time in ways
that were driven by species-specific cues. Yet, much remains
unknown regarding how proteins and enzymes from different
species interact with non-canonical nucleic acid structures like
G-quadruplexes.

The last decade has seen a veritable explosion of studies
focused on the chemistry and biology of G4 nucleic acids.®**®
From neurobiology and cancer to virology and nanotechnology
applications, G4 nucleic acids have been the subject of intense
investigation.**™** The dynamic topology of the four-stranded
structures and the planar nature of the tetrads each present
unique molecular docking sites for proteins, peptides, and
small-molecules that specifically interact with G4 DNA and
RNA.***° Naturally occurring G4 recognition motifs have
been identified, with one of the best-studied G4 recognition
motifs being comprised of a series of Arg-Gly-Gly (RGG or RG)
repeats.’®>' Previously referred to as Gly-Arg-rich (GAR)
domains or RGG “boxes”’, the RGG repeat domain is a flexible
peptide motif found conserved across species in thousands of
proteins that have functional roles in many cellular processes,
with mutation and/or dysregulation of RGG/RG-containing
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Fig. 4 The presence of insert-2 increases the G4 disruptive capacity of Revl. (A) The maximum absorbance at 420 nm was plotted as a function of
protein concentration for reactions where G4-forming Myc 14/23 ss-DNA (1 pM) oligonucleotide was incubated with either BSA (black inverted triangles),
zRev1*82 (blue circles), yRev1®0°746 (red triangles), or IRev1'**® (gray squares). (B) The maximum absorbance at 420 nm was measured for reactions
where 13/42-mer DNA with the Myc 14/23 G4 motif in the template strand (1 uM) was incubated with 5 uM of the indicated proteins. (C) The maximum
absorbance at 420 nm was measured for reactions where 18/42-mer DNA with the Myc 14/23 G4 motif in the template strand (1 uM) was incubated with
5 uM of the indicated proteins. (D) The maximum absorbance at 420 nm was measured for reactions where 23/42-mer DNA with the Myc 14/23 G4 motif
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proteins having been associated with diseases, such as neuro-
logical conditions, neuromuscular pathologies, and cancer.”*>*
Often partnered with other nucleic acid binding domains,
RGG repeats are not exclusive G4 binding domains and may
help by fine-tuning binding interactions in ways that may
involve biomolecular condensates through modulation of
phase separation.>*® In the case of the Fragile X Mental
Retardation protein, interactions between RGG peptides and

476 | RSC Chem. Biol., 2023, 4, 466-485

a quadruplex-duplex junction involve an intricate network of
hydrogen bonds that are facilitated by a type I B-turn in the
RNA-bound RGG box.”® For the G4-binding hnRNPA1 protein,
the RGG-G4 interactions are thought to contribute to coopera-
tive binding and G4 disruption through interactions with the
UP1 domain of hnRNPA1.>7"%°

Other G4-selective proteins rely on molecular interactions
that fall outside of the classic RGG motif. For example,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Insert-2 is important for stimulation of processive DNA synthesis across a G4 motif by pol k. Polymerase extension assays were performed to
measure the impact of Revl on DNA synthesis by a more processive TLS pol. Briefly, human pol k (10 nM) was incubated with 13/42-mer primer-template
DNA (200 nM) for 15 minutes before the reaction was initiated by the addition of solution that contained Revl (50 nM), MgCl, (5 mM), and dNTP solution
(0.2 mM total; 50 uM each for dATP, dCTP, dGTP, and dTTP). Pol extension was allowed to proceed at 37 °C before quenching at the indicated
timepoints. Substrate and products were separated by PAGE using 14% (w/v) polyacrylamide gels with 7 M urea. (A) Pol extension assay results are shown
for 13/42-mer non-G4 DNA where pol k was incubated alone or in the presence of either WT hRevl or the EY mutant. (B) Pol extension assay results are
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shown for 13/42-mer G4 DNA where pol k was incubated alone or in the presence of either WT hRevl or the EY mutant. (C) Pol extension assay results
are shown for 13/42-mer non-G4 DNA where pol k was incubated alone or in the presence of zRevl, yRevl, or [Revl. (D) Pol extension assay results are
shown for 13/42-mer G4 DNA where pol k was incubated alone or in the presence of zRevl, yRevl, or [Revl. Product formation for each reaction was
quantified and normalized against the amount of product formed in the reaction with pol k alone. The results are shown to the right of each set of gels
and represent the mean (+ std. dev.) of three independent replicates. Quantification of product formation by pol k alone is re-plotted in each panel to
allow more direct comparison with the reactions containing Revl. p-Values were calculated using an ordinary one-way ANOVA with a Dunnett’s multiple
comparisons test where *** = p-value = 0.0008, **** = p-value < 0.0001, and ns = not significant.

activation-induced cytidine deaminase (AID) has conserved
residues (R24, G133) that contribute to G4 recognition, but
there is no clear RGG domain.°™®> The Werner syndrome
protein (WRN) has been implicated in G4 processing at both
the biochemical and cellular level.”>***® Residues in the con-
served RecQ C-terminal domain contribute to the G4 unwind-
ing activity of WRN,*® apparently without an RGG domain.
Likewise, a recent structural study reported on a dual-function
DNA recognition helix in the yeast Rap1 transcriptional reg-
ulator that had no obvious RGG domain but still assisted in G4
binding.®” In contrast to the electrostatic forces that dominate
interactions between RGG motifs and quadruplexes, the Rap1
G4 interface primarily involved hydrophobic interactions with
the planar tetrad. Similarly, a co-crystal structure of DHX36
and a Myc-derived G4 DNA substrate was solved, revealing a
complex set of interactions that include a hydrophobic core of
residues in the DHX36-specific domain and recognition of the
single-stranded nucleic acid backbone on both faces of a
partially unfolded parallel-stranded quadruplex DNA substrate.®®
DHX36 is a DEAH/RHA helicase that binds and unwinds both
RNA and DNA quadruplexes and has been implicated in a variety
of cellular processes, ranging from DNA replication and telomere
maintenance to RNA metabolism.® Like Revl, DHX36 appears to
preferentially act on parallel-stranded G4 substrates’® " to the
point where short DHX36-derived peptides have been developed
for specific recognition of parallel G4s.’®”® For DHX36, the
selectivity for parallel-stranded G4 may be due to the fact that
diagonal lateral loops in hybrid and anti-parallel G4 folds were
predicted to interfere with binding of the hydrophobic core
residues to the tetrad face. Similar to our results with hRevl
Y470A, mutation of a residue with an aromatic side-chain (Y69)
greatly weakened the affinity of DHX36 for G4 DNA.®® So, while it
is difficult to make direct comparisons between these studies
because of differences in the G4 motifs used and other technical
factors, it does seem as if the nature of G4 recognition is a
malleable feature of proteins implicated in maintenance of these
non-canonical structures.

Results accumulated thus far point towards insert-2 as a key
part of the G4-related properties of Revl. We previously
observed that binding of hRev1 to G4 DNA selectively protected
R458 from reaction with p-hydroxyphenylglyoxal.*® Interest-
ingly, the region containing R458 (a.a. 447-461) and another
region on the C-terminal side of E466 and Y470 (a.a. 473-498)
are both disordered in the crystal structure of hRevl bound to
p/t-DNA.*® It is possible that, analogous to the DHX36-specific
motif, binding to G4 DNA induces more structure in the region
that arches over the oE helix, which contains E466, W467, Y470,
and helps to form the G-loop (Fig. 6A). The AlphaFold (AF)
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predicted structures of hRevl and zRev1 both possess an arch-
like structure that emerges on the C-terminal side of the
residues forming the G-loop (Fig. 6A). By way of comparison,
both of the AF-predicted yRevl and IRevl completely lack the
insert-2 extension (Fig. 6A), which corresponds with previously
solved structures of yRev1.”*7”>

While insert-2 certainly seemed to provide some element of
G4 selectivity, there are other features of Revl that still bear
exploring with regard to G4 interactions. One of the more
intriguing differences between the current study and previous
work was with zRevl and the anti-parallel TBA G4 substrate
(Tables 2 and 3). Of all the enzymes tested in this study, only
zRev1l still retained the N-terminal BRCT domain. As noted
earlier, we have reported that full-length hRev1 and the pol core
(a.a. 330-833) both bound parallel-stranded G4 DNA with much
greater affinity than non-G4 DNA, which led us to assume that
the pol core possessed all the features needed for G4 selective
interactions. This was perhaps an overly simplistic assumption
and does not account for cell-based results implicating Rev1 in
maintenance of G4 motifs capable of forming multiple types of
quadruplex folds.?* Other studies have implicated the extreme
N-terminal region of murine Revl (mRev1) as being important
for binding to DNA substrates possessing a 5’-phosphorylated
terminus located on a recessed primer-template junction.”®
Upon reflection, it is possible that the extreme N-terminal
region of Revl, which happens to have the only RGG motif in
either the human or the mouse enzyme (but not zebrafish),
could also influence binding to anti-parallel substrates. Such
an interaction could conceivably provide Revl will greater
versatility on structured templates or alter the binding mode
of the enzyme. Future studies investigating these features are
warranted and could shed light on these possibilities.

The potential influence of the G4-interacting insert-2 motif
on DNA synthesis was very apparent when we measured pol
activity using so-called ‘“‘running-start” primer extension.
As shown in Fig. 5, Revl can stimulate processive DNA synth-
esis across the G4 motif by pol k, another TLS enzyme. The
stimulation only occurred on substrates with a G4 motif in the
template and seemed to parallel the G4 disruptive capacity
measured with the G4 hemin assay (Fig. 3 and 5). To our
knowledge, this is the first time such an effect has been
reported. It is conceivable that a vertebrate-specific protein-
protein interaction produced the stimulatory effect on pol k
observed for hRevl and zRevl. However, we consider this
scenario to be very unlikely given that the recombinant pol «
used in our pol extension assays lacked the Revl-interaction
region, and the Rev1 constructs lacked the C-terminal scaffold-
ing region known to facilitate protein-protein interactions with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Model of selective structural features and activities important for Revl action during G4 replication. (A) The ternary structure of hRevl (PDB ID
3GQC) was used as a reference structure for superimposition of models predicted by alphaFold*®*°% using the Matchmaker function in UCSF Chimera
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Discussion.

TLS pols. Also, there was a slight stimulation of pol k-catalyzed
full-length extension by yRev1l, which mirrored the G4 hemin
results. Instead, we favor a model where Revl disrupts some
aspect of G4 structure so that pol « (and likely other pols) can
then extend the primer across a less structured template
strand. Such an interpretation expands the proposed roles for
Revl during bypass of G4 DNA.

TLS across the entire motif presumably occurs on a com-
pletely unwound substrate, but the exact impact of Revl on G4
structure remains something of a mystery. The results reported
here and elsewhere indicative of G4 disruption by Revl alone
could result from changes that do not elicit unfolding of the
entire four-stranded structure. Instead, the changes in the G4
hemin assay might be the result of more subtle alterations in
G4 integrity (e.g:, slight changes in tetrad geometry, movement
of loop orientations, changes in cation stability). Indeed, G4
structures are dynamic and are known to refold spontaneously.
A previous study provided evidence to support the idea that
the FANC]J helicase catalyzed repeated rounds of partial G4
unfolding and refolding and that this process kept the sub-
strate intact for interactions with Rev1.”” Given that Rev1 and
FANC] function together to help the replisome copy G4
DNA,**7% it seems plausible that the combined G4 disruptive
activities of Revl and FANC] are required for persistent disrup-
tion of the G4 structure, which then allows facile DNA synthesis
across the guanine rich motif.

The stepwise contribution of Rev1 to fork progression past
structured or damaged DNA remains an active topic of inves-
tigation. Based on the results presented here, vertebrate Revl
could be doing more than inserting a nucleotide or two and

© 2023 The Author(s). Published by the Royal Society of Chemistry

then recruiting other TLS pols to sites of replication stress.
A recent study used the Xenopus model system to report on the
multi-step mechanism of G4 replication, especially the role
played by DHX36.”° In their model, the authors proposed that
DHX36 remains bound to a folded G4 structure until a replica-
tion fork approaches the site. G4-induced dissociation of the
replicative cdc45-MCM-GINS (CMG) helicase necessitates crea-
tion of a ss-DNA loading zone by DHX36 to allow continued
unwinding.”® Dissociation of the CMG helicase left a 13-26 nt
gap between the stalled polymerase and the G4 motif. This
space between the primer terminus and the G4 structure may
be an optimal length for recruitment of TLS machinery to assist
with closure of the gap. In this respect, the ss-DNA binding and
G4 disruptive properties of Revl might prove especially impor-
tant for maintaining forward progress of the replisome
(Fig. 6B). We previously reported that loss of Revl resulted in
the accumulation of mutations near the Myc G4 motif, as
measured by the supF mutagenesis assay, with mutations in
the 3’ flanking region being enriched upon G4 stabilization
with PDS.*° It seems possible that an outcome of Revi-
mediated G4 disruption at these gaps could be to further
reduce the likelihood of mutations that ablate G4 structure
and function by stimulating processive and accurate DNA
synthesis. This would almost certainly occur in conjunction
with the actions of other proteins and enzymes (e.g., FANC],
RPA, and other G4 helicases), especially when one considers
that loss of the Revil-interacting FANC] helicase is critical for
suppression of G4-induced strand breaks in C. elegans.®® While
not directly shown to occur at G4 sites, multiple studies have
highlighted the importance of Revl in the suppression of
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ss-DNA gaps.”**>*! An important future goal will be to deter-
mine whether the G4-selective properties we have identified for
the purified Revl enzyme help mediate ss-DNA gap suppression
in cells burdened with a more rugged G4 landscape, such as
that observed for multiple cancer types.”*>#>83

The exact enzymes and sequence of interactions that govern
DNA synthesis activity during G4 replication have remained
subjects of intense scrutiny.’ Although multiple TLS pols have
been implicated in G4 replication,'®*®%*%> the order of addi-
tion and division of labor between DNA pols is still obscure.
While we artificially combined Revl and pol k in our extension
assays, it is not clear what circumstances might bring the
activities of these two enzymes together to copy G4 motifs
in cells.

Pol switching models sometimes invoke mono- and poly-
ubiquitination of PCNA as the primary or sole means of
stabilizing Y-family pols at sites of replication stress during
normal S-phase as well as during post-replication repair of
unfilled ss-DNA gaps.®® % Yet, Revl can operate outside of
DNA damage tolerance mechanisms involving PCNA ubi-
quitination,®® and the C-terminal domain of Revl interacts
with multiple TLS enzymes.’”°" Moreover, increasing the stable
ubiquitination of PCNA requires activation of the replication
stress response and may not be essential for “on-the-fly” TLS
promoted by Rev1.5°> This is not to say that Revl does not
engage with pathways involving PCNA-ubiquitination, but if we
assume that Revl acts as a firstresponder to G4-induced
replication stress, then it seems reasonable to propose that
the tetrad-disruptive properties of Revl could combine with the
G4 helicase activity of FANC]J to obviate the need to recruit
additional TLS pols and fully activate the replication stress
response unless widespread fork-stalling or damaged quadru-
plexes are encountered. Key aspects of such a model were
originally proposed several years ago by the Sale laboratory.'*°
When G4 abundance is elevated or some other factor impairs fork
progression, then cells may rely on Revl and activation of PCNA-
ubiquitination pathways to further stabilize localization of other
replication factors, including additional Y-family pols, to assist
with G4 bypass. The C-terminal domain of Revl serves as a
landing platform for enzymes like pol { and the other Y-family
pols and is relevant to Revl function during G4 bypass.'® Given
that pols n and « possess distinct nucleotide insertion properties
on G4 substrates,**** it is possible that once recruited by Revl
and ubiquitinated PCNA, the intrinsic features of these Y-family
pols could then guide distinct replication outcomes in cells
experiencing high levels of G4-induced replication stress. Discern-
ing when and how TLS pols are coordinated to assist with G4
bypass remains a challenge.

The distinct G4 properties observed for the non-human Rev1
proteins provides us with a singular opportunity to consider
how the selection of proteins with an insert-2 motif could be
tied to the biological functions of this TLS enzyme. Based on
sequence alignment, the appearance of organisms encoding
the insert-2 motif in the REV1 gene might have coincided with
the emergence of the adaptive immune response in jawed
vertebrates around 500 million years ago.’® This is interesting
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given the demonstrated role for Revl during somatic hypermu-
tation (SHM) and B-cell diversification, where it may be critical
for transversion mutations at G/C bases.’® Given that Ig
loci have high G4 forming potential®” and AID localization is
determined in-part through interactions with non-canonical
DNA structures, such as G4 DNA,°"®? it is possible that the
G4 properties imparted by insert-2 somehow affect the function
of Revl during SHM. Previous work revealed that the catalytic
activity of Rev1 is dispensable for recruitment of the uracil DNA
glycosylase UNG that follows AID-catalyzed deoxycytosine
deamination,”® which begs the question: do the G4-selective
properties of Rev1 influence its function at immunoglobin loci
during antibody diversification? Is the act of localizing Rev1 to
G4 sites sufficient for recruitment of UNG or does the tetrad
disruptive capacity of Revl help regulate targeted hypermuta-
tion by the AID/UNG pathway? The need for robust G4 recogni-
tion may have driven the selection for mutations in the REVI
gene leading to the emergence of insert-2, a process likely tied
to taxa-specific functions for non-B DNA. It will be interesting
to pursue these questions in future studies.

The G4-related properties of Rev1 could also be important in
the context of cancer, where precise regulation of G4 formation
and dissolution is thought to be a critical barrier to oncogenic
and pro-malignant processes. This notion is supported by a
general increase in the overall abundance of G4 DNA in cancer-
derived cells and specimens.®”** In a more recent study, Tet2
and Tet3-deficient mice that spontaneously develop germinal
center-derived B cell lymphomas exhibit massively elevated
genomic G4 DNA and R-loops at immunoglobin switch regions
in tumor cells.*” The Tet-deficient B cells were found to be
dependent upon G4 helicases like ATRX, WRN, and the Bloom
syndrome helicase for survival,®* illustrating the importance of
effective G4 resolution in the control of tumor growth. REVI
transcripts were not found to be differentially expressed in
response to Tet-deficiency while BACH1 (FANC]) transcripts
were downregulated.®> Since Revli and FANC] are known
to ensure proper fork progression past quadruplex-forming
sequences,” selection against upregulation of these two G4
enzymes might be part of the mechanism driving pro-onco-
genic translocations. Such a scenario fits with the increased
formation of DNA double-strand breaks near G4 DNA sites
observed in Tet-deficient B cells.®”

A very broad view of Revl evolution would consider the
physical and chemical properties that existed at the time when
the insert-2 motif appeared. The emergence of organisms
capable of shallow burrowing during the Cambrian period
could have contributed to increased surface temperatures on
earth,”® and this may have happened around the same time as
the insert-2 motif began to appear in the Revl protein from
some species. Combined with other biogeochemical changes,
including those related to dynamic alterations in the redox
state of the ocean,'® one could envision a scenario where
factors influencing G4 quadruplex folding and stability
(i.e. temperature and reactive oxygen species) were changing
on a global scale in a way that might have necessitated selection
of G4 motifs with greater intrinsic stability. It is interesting to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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consider the possibility that these environmental changes
might have impacted the selection for proteins and enzymes,
like Revl, with features suited to handle the dynamic G4
landscape of a changing world, but these ideas exist purely in
the realm of speculation. The evidence provided by our study is,
however, firmly supportive of the idea that insert-2 provides
Revl from different species with an expanded arsenal of G4-
selective properties.

Material and methods
Reagents and services

All chemicals and reagents used in this study were molecular
biology grade or better. The dNTP solutions were purchased
from Thermo-Fisher Scientific (Waltham, MA, USA). All syn-
thetic oligonucleotides were purchased from Integrated DNA
Technologies (Coralville, 1A, USA), desalted and validated by
mass spectrometry. DNA sequencing was performed at the DNA
Sequencing Core facility at UAMS to confirm mutations in
plasmids used for expression of recombinant hRevl mutants
and non-human Rev1 proteins.

DNA substrate preparation

Oligonucleotides were resuspended in 50 mM HEPES buffer
(pH 7.5). For experiments with ss-DNA substrates, stock solu-
tions of the 6-carboxyfluoroscein (FAM)-labeled G4 and non-G4
oligonucleotides were added to a solution of 50 mM HEPES
buffer (pH 7.5) containing either 100 mM KCI or 100 mM LiCl.
P/t-DNA substrates for the fluorescence polarization experi-
ments were prepared by annealing each of the FAM-labeled
G4 and non-G4 oligos shown in Table 1 with the 11-mer primer
(1:2 molar ratio of template:primer) in a 50 mM HEPES buffer
(pH 7.5) containing either 100 mM KCl or 100 mM LiCl. The p/t-
DNA substrates used for enzyme activity assays were prepared
similarly by mixing the 42-mer G4 or non-G4 template oligo-
nucleotides with the 5-FAM-labeled 23-mer or 13-mer primer
(1:1.5 molar ratio of template:primer) in 40 mM HEPES buffer
(pH 7.5) containing 40 mM KCI. In all cases, the mixture was
heated at 95 °C for 5 min, followed by slow-cooling to room
temperature. The annealed substrates were stored in amber-
colored tubes at room temperature and kept in the dark.

Cloning, expression, and purification of Revl proteins

Expression and purification of WT hRev1***%** (the polymerase
core) from Escherichia coli was performed as previously
described.?® Preparation of the L358A, E466A, E466K, and
Y470A mutant forms of hRevl were also described in our
previous publication.®® The expression and purification of
human pol k'**® was performed as described previously.'**
The hRev1***#3* E466A/Y470A (EY) construct was generated as
follows: initially, the E466A point mutation was generated
using the pBG101 plasmid encoding WT hRev1**°#* ag tem-
plate, and the primer pair - (a) E466A: forward primer-5’-CCC
AGCTGGCGTGGCAGTATTAC-3’; and reverse primer-5-GTAAT
ACTGCCACGCCAGCTGGG-3'. After confirming the mutation in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the resulting PCR-amplified plasmid, the E466A mutated plas-
mid was used as a template to generate the second point
mutation Y4704, using (b) Y470A: forward primer 5-GGCAG
TATGCCCAGAATAAAATC-3'; reverse primer-5-GATTTTATTC
TGGGCATACTGCC-3'. Mutations were confirmed by DNA
sequencing. The mutant hRev1***®® E466A/Y470A protein
was expressed and purified using the same protocol as WT
enzyme.

Expression plasmids for the Rev1l proteins from S. cerevisiae
(yRev1), L. donovani (IRevl) and D. rerio (zRev1) were purchased
from Genscript Biotech Corp (Piscataway, NJ) and were
designed as follows: the ORFs corresponding to the full-
length IRevl (amino acids 1-619) and zRev1l (amino acids 1-
1268), and residues corresponding to the pol core (amino acids
305-746) for yRevl were cloned into the pET28b vector. In the
case of the yRevl and IRev1 constructs, a tandem N-terminal
hexa-histidine and glutathione-S-transferase (His6-GST) affinity
tag was added. A sequence corresponding to the cleavage site
for the HRV3C protease was inserted between the affinity tag
and the Revl ORF, similar to the hRevl construct. For zRevl,
only a N-terminal His6-tag was included to generate a fusion
construct. Subsequently, tandem stop codons were introduced
to produce C-terminally truncated constructs for IRevl
(amino acid residue 448) and zRev1 (amino acid residue 862)
through site-directed mutagenesis PCR. These truncations were
designed to generate Revl proteins matching closely with the
polymerase core domain of hRevl (amino acid residues
330-833) based on primary sequence alignments.

For protein expression, each of the three plasmid constructs
(IRev1™**%) yRev1®***7*® and zRev1'®*®) was transformed into
E. coli BL21(DE3) competent cells and colonies were grown at
37 °C on LB-agar medium containing 50 pg mL ™' kanamycin
for selection. Large-scale cultures (between 4-6 liters) were
grown in LB medium containing 50 pg mL~ ' kanamycin on a
shaker by incubation at 37 °C until an optical density of
ODgoonm ~ 0.5-0.6 was reached. At this stage, protein expres-
sion was induced by the addition of 1 mM isopropyl B-D-
thiogalactopyranoside. The cultures were then incubated at
18 °C for an additional 15 hours before harvesting.

Cells were harvested by centrifugation, and the cell pellets
were washed with phosphate buffered saline, flash-frozen in
liquid nitrogen, and stored at —80 °C until further use. For
purification, frozen cell pellets were thawed on ice and resus-
pended in a 50 mM Tris-HCI (pH 7.4) buffer containing 0.5 M
NaCl, 10% (v/v) glycerol, 5 mM 2-mercaptoethanol (B-ME),
lysozyme (1 mg mL~") and a protease inhibitor cocktail (Fisher
Scientific) was added to the harvested pellet. The suspension
was sonicated and supernatant recovered by ultracentrifuga-
tion (35 000 x g, 1 h, 4 °C). Each protein was purified by affinity
chromatography using Ni Sepharose (GE Healthcare Life
Sciences). Briefly, the protein was bound to a nickel-chelating
column. The column was then subjected to sequential wash
steps with increasing imidazole in each wash buffer, and
fractions containing protein as measured by in-line UV absor-
bance were collected and analyzed by SDS-PAGE to confirm which
UV peak contained the purified Revl. All three non-human Revl

RSC Chem. Biol., 2023, 4, 466-485 | 481


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cb00027c

Open Access Article. Published on 11 May 2023. Downloaded on 10/31/2025 10:11:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Chemical Biology

proteins eluted between 60-100 mM imidazole from the Ni
Sepharose column. In the case of zRevl, the purified protein
was dialyzed to remove imidazole and then loaded on a Superdex-
75 size exclusion column (GE Healthcare Life Sciences) for a
further polishing step. This two-step purification resulted in a
zRev1 protein that was ~95% pure, as confirmed by SDS-PAGE
analysis (Fig. S1, ESIt). The purified protein was concentrated to
~40-50 pM in a 25 mM HEPES (pH 7.5) buffer containing 0.2 M
NaCl, 5 mM B-ME and 30% (v/v) glycerol and aliquots were frozen
at —80 °C until further use. In the case of yRevl and IRev1, the
affinity-purified proteins from the first step were dialyzed to
remove imidazole and were purified further by an additional
affinity step using a glutathione sepharose column (GE Health-
care Life Sciences). The bound proteins were treated with HRV3C
protease (Fisher Scientific) on the column as recommended by the
manufacturer. The untagged Revl proteins were eluted in 25 mM
HEPES pH 7.5 buffer containing 0.2 M NaCl, 10% (v/v) glycerol
and 5 mM B-ME. The protein was found to be ~80-90% pure as
determined by SDS-PAGE, and was concentrated to ~30-50 pM.
Glycerol was added to the concentrated proteins to a final
concentration of 30% (v/v), and aliquots were stored frozen at
—80 °C.

DNA binding by fluorescence polarization

The affinity of the Revl proteins towards 5'-FAM labeled non-
G4 and G4 DNA substrates described in this study was deter-
mined using fluorescence polarization on a plate-reader (Biotek
SynergyH4), similar to experiments described previously.>
Briefly, titrations of various concentrations of each protein with
a fixed concentration of the ss- and p/t-DNA substrates (2 nM)
were performed at room temperature (approximately 25 °C) in
40 mM HEPES (pH 7.5) buffer containing 5 mM MgCl,, 0.1 mM
EDTA, 2 mM B-ME, 0.1 mg mL~ " BSA and either 100 mM KCl or
100 mM LiCl. The change in fluorescence polarization at every
concentration of protein was measured, plotted as a function of
protein concentration, and was fit to a quadratic equation, as
described previously,* to determine the values of equilibrium
dissociation constants. Three independent experiments were
performed for all assays and results were expressed as mean +
std. dev. (Fig. S5-S12, ESIt). A two-tailed unpaired Student’s
t-test with Welch’s correction was used to determine if there
was a statistically significant difference in the measured
binding constants for G4 and non-G4 DNA substrates.

Measurement of Revl cytidyl transferase activity

The cytidyl transferase activity of the Revl proteins was deter-
mined with non-G4 and G4 DNA template-primer substrates of
varying primer length. All assays were performed in 40 mM
HEPES buffer (pH 7.5) containing 100 mM KCl, 0.1 mg mL ™"
BSA, and 5 mM dithiothreitol at 37 °C using 50 nM protein and
200 nM DNA. Reactions were initiated by adding a mixture of
5 mM MgCl, and 1 mM dCTP. Aliquots of 15 pL were withdrawn
from each reaction mixture at intervals of 0, 10, 30, 60, 120,
300 and 600 seconds and added to tubes containing 85 pL of
quench solution (95% v/v formamide, 20 mM EDTA, 0.1% w/v
bromophenol blue), and heated at 95 °C for 5 min. Aliquots of
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these quenched reactions were loaded on to 7 M Urea/14% (w/v)
polyacrylamide gels and electrophoresed at a constant power of
35 W for 2-3 hours to separate the products (Fig. S2 and S3, ESIf).
Gels were scanned on a Typhoon Imager (GE Life Sciences,
Marlborough, MA, USA), and the bands corresponding to sub-
strate and products in each lane were quantified using the Image]
software.'® Total product formation for each protein with both
the G4 and non-G4 DNA substrates was plotted as a function of
time. Product formation was calculated by dividing the sum of
intensities of all product bands in a lane by the sum of intensities
of all bands in that lane and then multiplying by the substrate
concentration. The initial portion of the velocity curve was fit to a
linear equation to estimate the rate of product formation. Three
independent experiments were performed for all assays and
results were expressed as mean =+ std. dev. A two-tailed unpaired
Student’s t-test with Welch’s correction was used to determine if
there was a statistically significant difference in polymerase
activity for G4 and non-G4 DNA substrates.

Polymerase extension assay

Polymerase extension assays were performed to measure the
enzyme activity of human pol k'°°2¢ on G4 and non-G4 13/42
p/t-DNA substrates. The extension experiments were performed
in the presence and absence of Rev1, including WT and mutant
hRev1, as well as zRevl, yRevl, and lRevl. The assay was
performed in the same buffer used for the cytidyl transferase
assays, using 10 nM pol « enzyme, 200 nM 13/42 G4/non-G4
DNA, 5 mM MgCl,, and 0.2 mM dNTP solution (50 uM each for
dATP, dCTP, dGTP and dTTP). Prior to each reaction, the pol «
enzyme was incubated with DNA for 15 min, thereby giving pol
k access to the primer before Revl. Reactions were initiated by
adding a cocktail containing Revl (50 nM) and the Mg-dNTP
mixture. All reactions were performed at 37 °C, and aliquots
were withdrawn after 0, 0.5, 1, 2, 5, 10, 30 and 60 minutes from
each reaction into a quench solution. Separation of products,
visualization and quantification was done as described above
for the cytidyl transferase reactions. Product formation for the
pol extension assay was calculated by measuring the substrate
band and all of the product bands. The ratio of product over
total DNA (ie. all product bands/[substrate + all product
bands]) was multiplied by the concentration of DNA used in
the assay (200 nM) to obtain an estimate of the concentration of
product formed at each time point. Re-plotting product for-
mation as a function of time allowed us to calculate a rate of pol
extension. The rate of pol extension for each condition was
normalized to the rate of pol extension by the pol k enzyme
alone for that DNA substrate, which was taken as 100%, and
reported as percent activity. Three independent experiments
were performed for all assays and results were expressed as
mean + std. dev. Product formation was quantified using
Fiji."®* All the results were plotted using the GraphPad Prism
software (San Diego, CA). A two-tailed unpaired Student’s ¢-test
with Welch’s correction was used to determine if there was a
statistically significant difference in polymerase activity for G4
and non-G4 DNA substrates.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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G4 Hemin DNAzyme assay

We used a DNAzyme-based assay to monitor the integrity of G4
structures. Our protocol largely followed that used recently to
study the G4-related activities of the DHX36 helicase.*® DNA
substrates were prepared in 100 mM Tris-HCI buffer (pH 7.5)
containing 100 mM KCIl. The G4-Hemin reactions were per-
formed in 25 mM HEPES-NaOH buffer (pH 7.4) containing
100 mM KCl, 5 mM MgCl,, 0.05% (v/v) Triton-X 100 and 1% (v/v)
dimethyl sulfoxide (DMSO). The reactions were performed in
96 well plates and followed an exact order of addition where
DNA was added to reaction buffer before the addition of
protein. Following addition of protein, the reaction was incu-
bated for 15 minutes at room temperature. Hemin was added
next at a concentration that was twice the final concentration
and the reaction was again allowed to incubate for 15 minutes
at room temperature. After the 15 minute incubation with
hemin, the DNAzyme reaction was initiated by addition of an
equal volume of solution containing H,0,, 2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid (ABTS) resuspended in the
reaction buffer. Reactions were performed at 25 °C. The final
concentrations in the reaction mixture were 1 pM DNA, 2.5 uM
hemin, 0.4 mM H,0,, 2.5 mM ABTS and variable amounts of
protein. We compared multiple G4-forming sequences and
found that the Myc 14/23 motif provided the most robust
DNAzyme activity (Fig. S4A and B, ESI}). All experiments
reported in the main text used a derivative of the Myc 14/23
sequence or the non-G4 control. For experiments investigating
ss-DNA, a 29-mer Myc 14/23 oligonucleotide was used. For
experiments with p/t-DNA, a 42-mer Myc 14/23 template oligo-
nucleotide was used with primers of varying lengths. In all
cases, unlabeled oligonucleotides were used (i.e. no FAM-label).
To ensure that any carryover of B-ME from the protein storage
buffer did not interfere in the oxidation reaction, mock protein
dilution experiments were performed (Fig. S4C and D, ESI¥).
Absorbance readings were taken from 400-460 nm over a
period of 2-3 hours since there was a time-dependent increase
in the colorimetric change that plateaued at slightly different
times depending on the presence or absence of protein. The
maximum absorbance at 420 nm was used as an estimate of G4
integrity. Three replicates were performed for each condition
and the results were plotted in GraphPad Prism. Where indi-
cated, p-values were calculated using an ordinary one-way
ANOVA with a Dunnett’s correction for multiple comparisons.

Data availability
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