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Abstract. DNA oxidation is one of the main types of damage to the genetic material of living organisms. Of the many
dozens of oxidative lesions, the most abundant is 8-oxoguanine (8-0x0G), a premutagenic base that leads to G—T trans-
versions during replication. Double-stranded DNA can conduct holes through the m system of stacked nucleobases.
Such electron vacancies are ultimately localized at the 5-terminal nucleotides of polyguanine runs (G-runs), making
these positions characteristic sites of 8-oxoG formation. While such properties of G-runs have been studied in vitro at
the level of chemical reactivity, the extent to which they can influence mutagenesis spectra in vivo remains unclear.
Here, we have analyzed the nucleotide context of G-runs in a representative set of 62 high-quality prokaryotic genomes
and in the human telomere-to-telomere genome. G-runs were, on average, shorter than polyadenine runs (A-runs), and
the probability of a G-run being elongated by one nucleotide is lower than in the case of A-runs. The representation of
T in the position 5'-flanking G-runs is increased, especially in organisms with aerobic metabolism, which is consistent
with the model of preferential G—T substitutions at the 5-position with 8-oxoG as a precursor. Conversely, the fre-
quency of Gand Cis increased and the frequency of T is decreased in the position 5'-flanking A-runs. A biphasic pattern
of G-run expansion is observed in the human genome: the probability of sequences longer than 8-9 nucleotides being
elongated by one nucleotide increases significantly. An increased representation of Cin the 5'-flanking position to long
G-runs was found, together with an elevated frequency of 5-G—A substitutions in telomere repeats. This may indicate
the existence of mutagenic processes whose mechanism has not yet been characterized but may be associated with
DNA polymerase errors during replication of the products of further oxidation of 8-oxoG.
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AHHoTauusA. OkncneHune [HK npegcTtaBnaet coboi ofviH 13 rMaBHbIX BUAOB NMOBPEXAEHWSA reHETUYECKOro MaTepurana
KVBbIX OPraHn3MoB. /I3 MHOMMX AecATKOB NPOAYKTOB OKMcaUTeNnbHoro nospexaeHna JHK B Hanbonbliem konuue-
CTBe BCTpeyvaeTcs 8-0KCoryaHuH (8-oxoG) — npegmyTareHHoe OCHOBaHYe, NpUBoAALLee NPU peninKaumuy K TpaHcBep-
cnam G—T. [IByuenodeyHas [HK obnagaeT cnoco6HOCTbIO K MPOBOAVMOCTY MONTOXKUTENbHBIX 3aPSA0B, CBA3AHHbIX
C AedVLTOM SIEKTPOHOB B TT-CUCTEME a30TUCTbIX OCHOBaHWN. Takne 3apsAabl B KOHEUHOM UTOre JIOKANIM3YIOTCA Ha
5'-KOHLIeBOM HyKleoTu e NONNryaHHOBbIX TPaKTOB (G-TpaKToB). B cBA3M € 3TMM 5'-KOHLieBble HyKneoTuabl G-TpakToB
C/ly»aT XapaKTepHbIMU MecTamy 06pa3oBaHnaA 8-0xoG. 3TN cBONCTBa G-TPaKTOB XOPOLLO U3yYeHbl in Vitro Ha ypoBHe
peaKkLMOHHOM CMOCOOHOCTI, HO OCTAETCA HEACHBIM, HACKOJIbKO OHM MOTYT OTpaxaTbCA B CNeKTpax MyTareHesa in vivo.
B paboTe npoaHann3npoBaH HyKNeOoTUAHbIN KOHTEKCT G-TPaKTOB B penpe3eHTaTUBHOM Habope 13 62 MOJHbIX reHo-
MOB NPOKapMOT 1 B reHOMe YenoBeKa C MOKPbITUEM «OT TefIoMepbl A0 TefloMepbly. [TokazaHo, 4To G-TpaKTbl B CpegHeM
Kopoue NnonnageHNHOBbIX TPAKTOB (A-TPAKTOB) 1 BEPOATHOCTb YANNHEHNA G-TPAKTOB Ha OfVIH HYKNeoTHA HUXKE, YeM
B cJlyyae A-TpaKToB. YCTaHOBNEHO, UTO MPEACTaBEHHOCTb T B NONOXKEHUN, MPUMbIKaOLWeM K G-TpakTaM C 5'-CTOPOHbI,
MOBbILLIEHA, B 0CO6EHHOCTU Yy OPraHn3mMoB C a3PO6HbIM MeTaboNIM3MOM, UTO COrflacyeTcA C MOAESbIo NMPenMyLLeCTBEH-
HbIX MyTaumn G—T B 5'-nonoxeHnn ¢ 8-oxoG Kak npefLecTBEHHNKOM. B To »ke Bpems B MONOXeHNN, MPMMbIKatoLem
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DNA damage reflected in the evolution
of G-runs in genomes

K A-TpaKTam, NoBblleHa YacToTa BcTpeyaemocT G u C 1 CHUXKeHa YacToTa BCTpeyaemocTu T. B reHome uyenoBeka
HabntofaeTca aByxdasHbI XapaKTep paspacTaHna G-TPaKTOB: HauVHas C ANViHbl 8-9 HYKNEeOTNAO0B BEPOATHOCTb 1X
YAJIVHEHWA Ha OQUH HYKNeoTuz 3aMeTHO yBennymBaeTca. BbiaBneHa nosblleHHasA npefcTaBieHHOCTb C ¢ 5'-CTOpOHbI
OT [/IMHHbIX G-TPAKTOB 1 A NPy 3aMeHax B TeTOMEPHbIX MOBTOPaX, YTO MOXET CBUAETENbCTBOBATL O CYLLECTBOBAHUM
MyTareHHbIX NMPOLeCCcoB, MeXaHV3M KOTOPbIX MOKa He oxapakTepn3oBaH, HO MOXeT ObiTb CBA3aH ¢ owmnbkamm OHK-
nonumMepas nNpuv penmkauum NpoayKToB AanbHeNLWero okucaeHms 8-oxoG.

KntoueBblie cnosa: nospexaeHune [IHK; myTtareHes; 8-okcoryaHuH; G-TpaKTbl; Tenomepbl

Introduction

Oxidative DNA damage is an inevitable consequence of res-
piration, which relies on the oxidation of organic compounds
with molecular oxygen and has been the basis of energy
metabolism in the vast majority of living organisms for over
two billion years (Prorok et al., 2021). Damaged nucleotides
are generally quickly repaired; however, some of them may
remain in DNA until replication, which is one of the main
sources of mutations (Liu et al., 2016; Chatterjee, Walker,
2017; Tubbs, Nussenzweig, 2017). Based on our understan-
ding of the molecular mechanisms of DNA polymerase errors,
it has now become possible to identify characteristic patterns
of mutations caused by various types of genotoxic stress or
even by specific damaged bases (Alexandrov et al., 2013;
Koh et al., 2021).

Of all DNA structural elements, the guanine base has the
lowest redox potential (Cadet et al., 2008, 2017; Fleming,
Burrows, 2022). The most common product of its oxida-
tion, 7,8-dihydro-8-oxoguanine (8-oxoG), occurs in DNA
at the background level of ~1/10% guanines, and this level
increases significantly under oxidative stress of various origins
(ESCODD et al., 2005; Dizdaroglu et al., 2015; Chiorcea-
Paquim, 2022; Fig. 1a, b). The presence of an oxygen atom at
C8in 8-0x0G sterically hinders the regular anti conformation
of its nucleoside, 8-ox0-2'-deoxyguanosine (8-0xodG), and
the syn conformation becomes energetically favorable (Cho
etal., 1990; Fig. 1c, d). Consequently, in the absence of Wat-
son—Crick bonds with cytosine, which additionally stabilize
the anti conformation, 8-oxodG preferentially adopts the syn
conformation, in which it can form a Hoogsteen-type pair
with adenine (Kouchakdjian et al., 1991; McAuley-Hecht

dG

8-oxodG(anti):dC

8-oxodG

et al., 1994; Lipscomb et al., 1995). Because of this, DNA
polymerases incorporate dAMP opposite 8-0xoG in the DNA
template with high frequency (Shibutani et al., 1991; Miller,
Grollman, 1997; Maga et al., 2007; Yudkina et al., 2019).

In the living cell, the outcome of primary DNA oxidation
events can be influenced by numerous additional factors and
DNA repair systems that remove damaged bases from the ge-
nome. Even so, 8-0xoG exhibits relatively high mutagenicity
in vivo, characterized by a spectrum dominated by G—T trans-
versions mostly independent of the surrounding nucleotide
context (Wood et al., 1992; Moriya, 1993). Such mutations are
frequently found in human tumors and form the basis of the
SBS18 and SBS36 mutational signatures (Alexandrov et al.,
2013; Pilati etal., 2017; Viel et al., 2017; Kucab et al., 2019).
Guanidinohydantoin and spiroiminodihydantoin, the products
of further oxidation of 8-0x0G, also significantly contribute
to mutagenesis, predominantly causing G—C transversions
(Fleming, Burrows, 2017; Kino et al., 2020).

The stacked n system of DNA has considerable hole con-
ductivity (Giese, 2002; Genereux, Barton, 2010). Numerous
experiments and quantum mechanical calculations show that a
positive charge resulting from one-electron oxidation of DNA
can migrate along the 7 system over significant distances, and
its final acceptors are the G bases, which are mainly oxidized
to 8-0x0G. In this case, the G bases located in the first 5’-posi-
tion in runs of several Gs are especially sensitive to oxidation
(Sugiyama, Saito, 1996; Saito et al., 1998; Kurbanyan et al.,
2003; Adhikary et al., 2009).

Although the mechanism of positive charge migration and
preferential oxidation of guanines at the 5’-end of G-runs is
generally accepted today, all experimental data supporting it

8-oxodG(syn):dA

Fig. 1. Structures of 2’-deoxyguanosine (a), 8-oxo-2"-deoxyguanosine (b), Watson-Crick 8-oxodG(anti):dC pair (c)

and Hoogsteen 8-oxodG(syn):dA pair (d).
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were obtained in relatively simple in vitro systems. The mu-
tagenesis spectra caused by the appearance of 8-0xoG in this
context have not yet been studied. If preferential conversion
of G to 8-0x0G does indeed occur at the 5'-end of G-runs, it
can be expected that the mutagenic properties of 8-oxoG at
these positions will result in an increased frequency of G—T
mutations, which should be reflected in an increased frequency
of T before G-runs. In this study, to test this hypothesis, we
analyzed the occurrence of nucleotides flanking G-runs from
the 5'-side in prokaryotic and human genomes.

Materials and methods

The T2T-CHM13v2.0 human genome assembly, which in-
cludes full-length telomeres and highly repetitive regions
(Nurk et al., 2022), and the prokaryotic genomes listed in
Table 1 were used for the analysis.

UGENE v37.0 software package (Okonechnikov et al.,
2012) and custom-written bash scripts were used to extract
nucleotide frequencies at given positions. The expected fre-
quency of nucleotides in the flanking positions before and
after G, (or A,) runs in prokaryotic genomes was calculated
based on the total number of A, C,and T (or C, G, and T) in
a given genome as pa = Na/(Na+Nc+N7), where pa is the
expected representation (in this case, for A), and Na, Nc,
and Ny are the numbers of A, C, and T in both strands of
the genome, respectively. For the human genome, due to the
well-known underrepresentation of the CG dinucleotide, the
expected frequency was calculated in a similar way but based
on the number of AG, CG, and TG dinucleotides. Statistical
analysis was performed using SigmaPlot v11.0 (Grafiti, USA),
DATAPLOT (National Institute of Standards and Technology,
USA), and RStudio v1.2 (Posit PBC, USA). Dunn’s correction
was used for all multiple comparisons and test series to adjust
the significance level.

Results and discussion

To analyze the nucleotide distribution in prokaryotic genomes,
asample of 54 bacterial and 8 archaeal genomes was compiled,
maximally reflecting the taxonomic diversity in these domains
of life (Table 1). Only high-quality genomes classified in the
RefSeq database (O’Leary et al., 2016) as reference genomes
were included. The sample taxonomic representation was one
genome per phylum, with the exception of Methanobacteriota
and Thermoproteota for Archaea, and Actinomycetota, Bac-
teroidota, and Thermodesulfobacteriota for Bacteria with a
representation of 2 genomes from different orders per phylum,
as well as Bacillota and Pseudomonadota (3 genomes from
different orders per phylum). The G+C content in the studied
genomes ranged from 23.5 to 69 % (Table 1). The parameters
of archaeal genomes did not differ significantly from those of
bacterial ones, so the representatives of both domains were
considered as a single group of prokaryotes.

Since the prokaryotic genomes mostly consist of protein-
coding sequences, mutations in which can be subject to natural
selection, we have first assessed the possible impact of all
16 potential amino acid substitutions resulting from G—A,
G—C and G—T nucleotide substitutions in the first posi-
tion of G-runs (codon changes HHG—HHH, HGG—HHG,
GGG—HGQG, where H is A, C or T). Two independent met-
rics were used for this purpose: the conservation index C,,
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calculated on the basis of partition distances in a set of
physicochemical properties of amino acid residues (Taylor,
1986; Livingstone, Barton, 1993), and the weights of amino
acid substitutions in the BLOSUMG62 matrix, compiled from
several hundred groups of homologous proteins (Henikoff S.,
Henikoff J.G., 1992). Although G— A substitutions generally
caused smaller changes in the properties and occurrence of
amino acid residues, as expected for class-conserving point
mutations, the difference from G—C and G—T substitutions
was not statistically significant (Kruskal-Wallis test with
Dunn’s correction for multiple comparisons, p > 0.05).

All genomic sequences were searched for the HG,H and
BA,B runs and the corresponding complementary-strand
DC,Dand VT, Vruns (H=A,CorT;B=C,GorT; D =A,
GorT; V=A, C or G) with the length n > 2. The frequency
of polypurine runs in the genomes was higher than that ex-
pected from a random nucleotide distribution with the same
G+C composition (one-sample Wilcoxon test, p < 0.001),
indicating the functional importance of such sequences. An
increased frequency of substitutions at the first position of
G-runs should gradually lead to their shortening. Indeed, when
comparing the lengths of G-runs and A-runs in prokaryotic
genomes, adjusted for the content of the respective purine
nucleotides, it turned out that G-runs are, on average, shorter
(Fig. 2a). Inthis case, HGG trinucleotides were more common
than BAA, but in longer repeats, the frequency of A-runs was
higher (Fig. 2b).

For a more detailed analysis of the run length distribution,
we have studied the variability of their lengths in each genome.
The number of G-runs and A-runs in each genome decreased
almost strictly exponentially in the length range from 2 to 5-6.
At n > 5-6, deviations in either direction were observed in
some cases due to the small number of such runs, especially
in small genomes (Fig. 3a, b). Using the linear portion of the
relationship between the log of the number of repeats and run
length, one can determine the increment coefficientk;,, which
indicates how easily a run can be extended by one nucleotide in
a genome with a given nucleotide composition: the higher the
Kinc: the greater the proportion of longer runs in the genome.
When comparing the dependence of k;,. for G-runs and A-
runs in genomes of different composition, we have found that
G-runs grow more slowly with increasing G+C content than
A-runs grow with increasing A+T content (Fig. 3¢). Thus, in
prokaryotic genomes, the balance of G-run elongation and
shortening, determined by many factors, is shifted towards
shortening compared to A-runs.

The lengths of polypurine runs can change in either direc-
tion due to DNA polymerase slippage during DNA synthesis
(Kunkel, Bebenek, 2000) or selection based on the physi-
cochemical properties of polypurine regions (Bansal et al.,
2022), but these processes are independent of the nucleotides
surrounding the run. In contrast, shortening of G-runs due
to damage to the 5'-terminal base should be accompanied
by a characteristic mutational spectrum determined by the
properties of replicative DNA polymerases. Therefore, it was
of interest to determine the extent to which the frequencies
of 5'-flanking nucleotides differ from each other and from
their overall abundance in the genome. To quantitatively
characterize these differences, we have introduced the Arep
parameter representing the difference between the observed
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Table 1. Prokaryotic genomes used for the analysis

DNA damage reflected in the evolution

of G-runs in genomes

Species

Methanobacterium formicicum
Methanosarcina barkeri
Nanobdella aerobiophila
Nitrososphaera viennensis
Promethearchaeum syntrophicum
Sulfolobus acidocaldarius
Thermoproteus tenax

Cand. Nanohalobium constans

Acidobacterium capsulatum
Bifidobacterium longum
Mycobacterium tuberculosis
Aquifex aeolicus
Fimbriimonas ginsengisoli
Atribacter laminatus
Bacillus subtilis
Clostridioides difficile
Lactococcus lactis
Bacteroides fragilis
Saprospira grandis
Cyclonatronum proteinivorum
Bdellovibrio bacteriovorus
Caldisericum exile
Caldithrix abyssi
Campylobacter jejuni
Chlamydia trachomatis
Chlorobium limicola
Chloroflexus aurantiacus
Desulfurispirillum indicum
Coprothermobacter proteolyticus
Synechococcus elongatus
Deferribacter thermophilus
Deinococcus radiodurans
Dictyoglomus thermophilum
Elusimicrobium minutum
Fibrobacter succinogenes
Fidelibacter multiformis
Fusobacterium nucleatum
Gemmatimonas aurantiaca
Ignavibacterium album
Kiritimatiella glycovorans
Lentisphaera profundi
Mycoplasma mycoides
Myxococcus xanthus
Nitrospina watsonii
Nitrospira moscoviensis

Planctopirus limnophila

Phylum

Genome assembly

Archaea domain

Methanobacteriota

Nanobdellota
Nitrososphaerota
Promethearchaeota

Thermoproteota

Cand. Nanohalarchaeota

GCF_001458655.1
GCF_000970025.1
GCF_023169545.1
GCF_000698785.1
GCF_008000775.2
GCF_000012285.1
GCF_000253055.1
GCF_009617975.1

Bacteria domain

Acidobacteriota

Actinomycetota

Aquificota
Armatimonadota
Atribacterota

Bacillota

Bacteroidota

Balneolota
Bdellovibrionota
Caldisericota
Calditrichota
Campylobacterota
Chlamydiota
Chlorobiota
Chloroflexota
Chrysiogenota
Coprothermobacterota
Cyanobacteriota
Deferribacterota
Deinococcota
Dictyoglomota
Elusimicrobiota
Fibrobacterota
Fidelibacterota
Fusobacteriota
Gemmatimonadota
Ignavibacteriota
Kiritimatiellota
Lentisphaerota
Mycoplasmatota
Myxococcota
Nitrospinota
Nitrospirota

Planctomycetota

GCF_000022565.1
GCF_000196555.1
GCF_000195955.2
GCF_000008625.1
GCF_000724625.1
GCF_015775515.1
GCF_000009045.1
GCF_018885085.1
GCF_003176835.1
GCF_000025985.1
GCF_000250635.1
GCF_003353065.1
GCF_000196175.1
GCF_000284335.1
GCF_001886815.1
GCF_000009085.1
GCF_000008725.1
GCF_000020465.1
GCF_000018865.1
GCF_000177635.2
GCF_000020945.1
GCF_022984195.1
GCF_049472675.1
GCF_020546685.1
GCF_000020965.1
GCF_000020145.1
GCF_000146505.1
GCF_041154365.1
GCF_003019295.1
GCF_000010305.1
GCF_000258405.1
GCF_001017655.1
GCF_028728065.1
GCF_018389705.1
GCF_000012685.1
GCF_946900835.1
GCF_001273775.1
GCF_000092105.1
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41.0
39.0
245
525
31.0
36.5
55.0
43.0

60.5
60.5
65.5
43.5
61.0
385
43.5
28.5
35.0
43.0
46.5
515
50.5
355
45.0
30.5
41.5
515
56.5
56.0
45.0
55.5
30.5
66.5
335
40.0
48.0
45.5
27.0
64.5
34.0
63.5
40.5
235
69.0
57.0
62.0
535
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Species

Escherichia coli

Pseudomonas aeruginosa
Sphingomonas paucimobilis
Rhodothermus marinus

Spirochaeta thermophila
Thermanaerovibrio acidaminovorans

Desulfovibrio desulfuricans

Thermodesulfobacterium commune
Thermodesulfobium narugense
Thermomicrobium roseum
Thermosulfidibacter takaii
Thermotoga maritima
Verrucomicrobium spinosum
Vulcanimicrobium alpinum

Cand. Cloacimonas acidaminovorans

Cand. Velamenicoccus archaeovorus

Phylum Genome assembly G+C, % 0,
Pseudomonadota GCF_000005845.2 51.0 A
GCF_000006765.1 66.5 A
GCF_016027095.1 65.5 A
Rhodothermota GCF_000024845.1 64.5
Spirochaetota GCF_000184345.1 61.0 AN
Synergistota GCF_000024905.1 64.0 AN
Thermodesulfobacteriota GCF_017815575.1 57.0 AN
GCF_000734015.1 37.0 AN
Thermodesulfobiota GCF_000212395.1 34.0 AN
Thermomicrobiota GCF_000021685.1 64.5 A
Thermosulfidibacterota GCF_001547735.1 43.0 AN
Thermotogota GCF_000230655.2 46.0 AN
Verrucomicrobiota GCF_000172155.1 60.5 A
Vulcanimicrobiota GCF_027923555.1 68.5 A
Cand. Cloacimonadota GCF_000146065.2 38.0 AN
Cand. Omnitrophota GCF_004102945.1 53.0 AN

Note. Assembly ID in the RefSeq database (O’Leary et al., 2016). A, aerobes and facultative anaerobes; AN, anaerobes.

a . b
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= k=l
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G A G,
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A, Gy Ay Gy Ay Gs As Gy Ay G A, Gy Ag
Run

Fig. 2. Length of polypurine runs in prokaryotic genomes. g, the total fraction of G or A in runs of any length in the
respective purine nucleotide content in the genome (f,,,). * p < 0.05 (Mann-Whitney test). b, the fraction of G or A in
the runs 2 to 8 nucleotides long in the respective purine nucleotide content in the genome. In all cases, the difference
between G-runs and A-runs is significant at p < 0.001 (Mann-Whitney test).

Here and below, the line in the box marks the median, the boundaries of the box correspond to the first and third quartiles,
the whiskers, to the 10th and 90th percentiles, and the dots are outliers.

and expected frequency of each nucleotide. The frequency
of T in the first position before G-runs was statistically sig-
nificantly higher than expected and than the frequency of A
and C (Fig. 4a). The frequency of Aand C nucleotides in this
position was slightly lower than expected, but this difference
did not reach significance; their representation also did not
differ from each other. T was more frequent than either A or
C nucleotide at any G-run length, and its representation was
higher than expected before G,, G,, G, and Gg runs (Fig. 4b).
Awas underrepresented in this position only before G, runs,
and C was underrepresented before G, and longer G-runs.
In contrast, T was underrepresented both at the 3’-side of G-
runs and at the second position from their 5'-side (Fig. 4a).

Overall, these data support a model of preferential oxidation
of the first G in the runs to 8-0xoG followed by G—T trans-
versions.

Quite unexpectedly, the nucleotide distribution before
A-runs was even more uneven than before G-runs. At this
position, T was underrepresented, while C and G were over-
represented (Fig. 4c). For C, this deviation was explained pri-
marily by overrepresentation of CAA trinucleotides, while for
G, anincreased frequency of occurrence was observed up to a
run length of 6 nucleotides (Fig. 4d). A decrease in the frac-
tion of T also occurred in runs of any length (Fig. 4d). After
A-runs, the occurrence of C and T was lower than expected,
while G was higher than expected (Fig. 4c). Itis possible that
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these deviations can also be explained by DNA damage and
subsequent DNA polymerases errors; however, the mechani-
stic reasons underlying such events remain unclear at present.

The amount of 8-0xoG generated in the genome directly
depends on the presence of reactive oxygen species in the
intracellular environment (Halliwell, Gutteridge, 2015). Pro-
karyotes are exceptionally diverse in their energy metabolism
pathways: some follow a strictly anaerobic lifestyle, while
others are obligate aerobes or facultative anaerobes and are
subject to more intense oxidative stress. We have compared
the statistics of the occurrence of 5'-flanking nucleotides of
G-runs in the genomes of these two groups (Table 1). In aero-
bic prokaryotes, T was found at this position with an increased
frequency compared to the expected, and A, with a decreased
frequency (Fig. 5). For anaerobic microorganisms, no signi-
ficant difference in the occurrence of 5'-flanking nucleotides
was found (Fig. 5). However, when comparing the abundance
of A, C and T directly between the aerobic and anaerobic
groups, the differences did not reach statistical significance,
which is most likely due to insufficient sample size. For
A-runs, the difference in the occurrence of 5'-flanking nucleo-
tides in the genomes of aerobes and anaerobes was the same
as in the combined group (compare Fig. 4c and Fig. 5). Thus,
the reduced level of oxidative stress in anaerobic microorga-
nisms may be associated with a less pronounced predominance
of T at the position flanking the 5’-side of G-runs; however,
further research is required to answer this question more
definitively.

Unlike those of prokaryotes, eukaryotic genomes are
characterized by a large number of repetitive elements such
as transposons, satellite and telomeric DNA, the precise
sequences of which are inaccessible to traditional high-
throughput sequencing methods (Richard et al., 2008; Liao
et al., 2023). The advent of ultra-long sequencing (Oxford
Nanopore, PacBio HiFi) has made it possible to fill these gaps.
The recently published human genome read using a combina-
tion of methods with telomere-to-telomere (T2T) coverage
and high quality (estimated telomeric error rate of ~4x1078)
(Nurk et al., 2022), provides the opportunity to analyze the
context of G-runs without the distortions caused by a higher
representation of unique sequences.

The significantly larger size of the human genome com-
pared to prokaryotic ones allowed us to identify interesting
patterns in the distribution of G, runs size. For n = 2-8,
their number decreased exponentially and was described by
an increment coefficient k;,. = —0.674, which is very close
to the center of the distribution of k;,. values for G-runs in
prokaryotes (compare Fig. 6a and Fig. 3c; z = 0.141). For
n = 9-16, the exponential dependence was preserved, but the
rate of decrease in the number of runs decelerated: the k..
value increased to —0.198, which lies far outside the range
of ki, values for prokaryotic genomes (compare Fig. 6a and
Fig. 3¢; z=5.97). Runs of this size were absent in prokaryotic
genomes or were present in a handful of cases, so it was impos-
sible to detect this transition. Further increase in the length of
G-runs was accompanied by an even greater deceleration
of the rate of decrease in their number (Fig. 6a). Obviously,
around n = 8-9 (the breakpoint value determined by the piece-
wise regression method: n = 8.72 +0.04), the balance of G-run
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(one-sample Wilcoxon test with Dunn’s correction for multiple comparisons).
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Fig. 6. Dependence of the number of G-runs and the representation of
the 5'-flanking nucleotides in the human genome on the run length.
a, dependence of the number of G-runs N(G,,) on their length. The dashed
lines correspond to the linear regression; the k;,. values for n = 2-8 and
n=9-16 are shown on the plot. b, The dependence of Arep of the 5'-flank-
ing nucleotide (black, A, white, C, gray, T) on the run length.

shortening and elongation is shifted in favor of the latter; run
growth due to DNA polymerase slippage during replication
or repair becomes self-sustaining, as in the well-studied case
of trinucleotide repeat runs (Mirkin, 2007; McMurray, 2010).

An even more unexpected pattern emerged from the analysis
of the frequency of 5'-flanking nucleotides. Since it is well
known that the number of CG dinucleotides in the human
genome is reduced due to their role in epigenetic regulation
(Fazzari, Greally, 2004), the expected frequency was calcu-
lated based on the dinucleotide rather than the total nucleotide
frequency. At n = 2, the nucleotide frequency closely matched
the expected value, but then the Arep values for A steadily
decreased, while the representation of C and T, in contrast,
increased at virtually the same rate (Fig. 6b). However, starting
from n=8-11 (the breakpoint value for Arep(C)—Arep(T), de-
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termined by the piecewise regression method: n =9.28+1.10),
the dependencies for C and T diverged sharply: the representa-
tion of T decreased, while the representation of C increased.
One possible explanation for this phenomenon may be that
longer G-runs serve as more effective traps for holes migra-
ting along the DNA duplex leading to hyperoxidation of the
5'-terminal 8-0x0G to guanidinohydantoin and spiroimino-
dihydantoin with a corresponding switch in the preferential
nucleotide substitutions from G—T to G—C.

Telomeric DNAis a distinct class of highly repetitive DNA
in eukaryotic genomes, represented in humans by multiple
copies of the TTAGGG hexanucleotide. Telomeric repeats are
known to serve as hotspots for DNA oxidation to form 8-0xoG
(Billard, Poncet, 2019; Opresko et al., 2025). Telomere ends
in germline cells are elongated by telomerase, a specialized
DNA polymerase that uses telomerase RNA as a template, so
changes in these regions are not associated with damage to
genomic DNA. However, even in the presence of active telo-
merase, the bulk of telomere length is replicated by the usual
semiconservative mechanism (Pfeiffer, Lingner, 2013; Higa
et al., 2017; Bonnell et al., 2021), which can lead to the ac-
cumulation of mutations in them. Thus, the telomere sequence
in human somatic cells (in the case of the T2T genome, the
immortalized telomerase-expressing CHM 13hTERT chorionic
cell line) reflects both their recent elongation by telomerase
in germline cells and mutagenesis events in past generations
and in individual development.

The distribution of TTAGGG repeats in chromosomes
(calculated for both DNA strands) had a fairly expected pat-
tern, with frequency peaks at the ends of the chromosomes
and a dip in the pericentromeric region (Fig. 7a). The only
exception was chromosome 8, for which, on the contrary, a
slight increase in the number of these repeats was observed
in the centromere region. On chromosome 2, a peak in the
frequency of telomeric repeats was clearly visible in the
region of the fusion of two ancestral hominid chromosomes
that formed the evolutionarily young human chromosome 2
(ljdoetal., 1991; Fig. 7a). However, a more detailed analysis
of'this region shows that it has already significantly degraded,
keeping far fewer TTAGGG repeats than in true telomeres
(Fig. 7b). Interestingly, similar peaks were found on chromo-
somes 15 and 22 in the introns of the active protein-coding
genes ATP10A and MICALS; they may represent remnants of
translocated telomere fragments.

TTAAGG, TTACGG, and TTATGG repeats were dis-
tributed across chromosomes without telomeric peaks. The
overall frequency of TTACGG repeats was significantly lower
than that of TTAAGG and TTATGG, consistent with the re-
duced abundance of CG dinucleotides in the human genome
(Fig. 7a). Separate peaks in repeat frequency were observed
on chromosome 2 for TTAAGG, chromosomes 8, 12, 17,
andY for TTACGG, and chromosomes 4 and 22 for TTATGG
(Fig. 7a). A characteristic pattern of repeat distribution in the
pericentromeric region with gaps in all TTANGG variants was
observed for chromosomes 1-5, 7, 10-12, 16, 19, and 21. In
other cases, one repeat type predominated in the centromere
region, while others were depleted, with their combined defi-
ciency compensating for the excess of the predominant type, as
shown in Fig. 7a for chromosome 6. In chromosomes 6, 13—15,
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22, and X, TTATGG was the predominant repeat; in chromo-
some 8, it was TTAGGG, and in chromosome 17, TTACGG.
Chromosome 18 was distinguished by coinciding peaks in the
distribution of two repeats, TTACGG and TTATGG (Fig. 7a).
In the long arm of chromosome 9, in the region of constitu-
tive heterochromatin adjacent to the pericentromeric region
with an excess of TTATGG, there was a long stretch with a
predominance of TTACGG.

Obviously, the cases of co-localization or oppositely phased
localization of TTANGG repeats in non-telomeric regions are
not due to point mutations in the TTAGGG repeat but reflect
the presence of repeating elements containing one or two of
these hexanucleotides in these loci. In contrast, point mutations
in the first position of the G,-run of the telomeric repeat should
be most obvious in the regions consisting mainly of TTAGGG,
that is, in the telomeres proper and intrachromosomal blocks
of telomere-like repeats. To analyze the frequency of sub-
stitutions in such regions, we have singled out the telomeric
regions and intrachromosomal blocks where at least 100 co-
pies of the TTAGGG repeat were found in 100-kb bins. They
were divided into shorter 100-bp bins. A bin filled with only
TTAGGG repeats corresponds to 16 or 17 copies (depending
on the position of the first complete hexanucleotide in the bin).
The bins containing at least 9 TTAGGG copies, accounting
for more than half the bin length, were selected for analysis.

Counting the occurrence of TTAAGG, TTACGG, and
TTATGG in the studied regions revealed clear significant
enrichment of G— A substitutions at the first position of the
G;-run compared to G—C and G—T substitutions (Table 2).
In comparison with G—A, the total number of G—C and
G—T changes was fivefold lower, and their frequencies did
not differ significantly from each other. Thus, although telo-
meric repeats serve as preferential sites of guanine oxidation,
this is not reflected in the increased frequency of G—T point
mutations. The difference between the representation of A and
C+T at the 5'-flanking position of GG dinucleotides between
telomeric repeats and the rest of the genome may indicate the
existence of a mutational process in telomeres that is distinct
from G oxidation at the 5'-position of GGG.

Conclusion

In conclusion, the analysis of the nucleotide context of G-
runs in a set of 62 complete prokaryotic genomes and in the
human T2T genome revealed that the representation of T at
the position adjacent to G-runs is generally increased, which
is consistent with the model of G oxidation at the 5'-position
of the runs followed by G—T mutations. Other patterns in
the distribution of 5’-flanking nucleotides were also identi-
fied: uneven nucleotide frequency at the position adjacent
to A-runs, increased representation of C at the 5'-side of
long G-runs in the human genome, and the predominance of
G— A substitutions at the 5'-position in telomeric repeats. The
hypothesis that G-run elongation may lead to a shift in the
specificity of single-nucleotide mutations from G—T to G—C
due to a change in the nature of the precursor lesion can be
tested experimentally. The characteristic mutation spectrum
in telomeric repeats may be caused by their tendency to fold
into G-quadruplex structures, which hinder the movement of
DNA polymerases (Pfeiffer, Lingner, 2013; Higa et al., 2017,
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Table 2. Representation of TTANGG in telomeres and intrachromosomal blocks of telomere-like repeats

Number of TTAGGG in 100-nt bins  TTAGGG TTAAGG TTACGG TTATGG Yoazc=1)" Yoa-n™
Telomeres

17 7361 0 0 0 - -

16 6512 3 0 0 0.0498 0.0833

15 1935 9 1 1 0.00297 0.0114

14 980 26 0 3 8.12x 10710 1.95x107°

13 715 23 1 2 1.85x 1078 2.67x107°

12 468 14 2 2 3.35x107* 0.00270

11 341 6 0 0 0.00248 0.0143

10 490 16 1 0 6.97x1077 6.33x107°
9 327 8 0 0 335x107* 0.00468

Intrachromosomal blocks

16-17 16 0 0 0 - -

15 45 0 1 0 0.368 -

11-14 221 0 0 0 - -

10 90 2 1 2 0.818 1.000
9 99 10 0 4 0.00439 0.109

Combined

17 7361 0 0 0 - -

16 6528 3 0 0 0.0498 0.0833

15 1980 9 2 1 0.00865 0.0114

14 1022 26 0 3 8.12x1071° 1.95x107°

13 767 23 1 2 1.85x 1078 2.67x107°

12 540 14 2 2 3.35x107* 0.00270

11 396 6 0 0 0.00248 0.0143

10 580 18 2 2 8.84x1076 335%x107*
9 423 18 0 4 5.12x1078 0.00284

* %2 values for the null hypothesis of equal representation of A, Cand T.
**y2 values for the null hypothesis of equal representation of Aand T.

Bonnell et al., 2021), but this proposal requires a detailed
study of the fidelity of human replicative DNA polymer-
ases on intact and damaged templates of this structure. For
A-runs, the existence of preferential sites of DNA damage is
not known; given that A-runs are longer than G-runs (Fig. 2),
the difference in the relative representation of C, G, and T in
the 5’-flanking position may not be associated with the muta-
tional process. The explanation of all these identified patterns
requires further research.
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