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The guanine oxidation product 5-carboxamido-5-formamido-2-
Iminohydantoin induces mutations when bypassed by DNA
polymerases and is a substrate for base excision repair
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Abstract

Guanine (G) is a target for oxidation by reactive oxygen species in DNA, RNA and the nucleotide
pool. Damage to DNA yields products with alternative properties toward DNA processing
enzymes compared to the parent nucleotide. A new lesion, 5-carboxamido-5-formamido-2-
iminohydantoin (2Ih) bearing a stereocenter in the base, was recently identified from the oxidation
of G. DNA polymerase and base excision repair processing of this new lesion has now been
evaluated. Single nucleotide insertion opposite (S-2Ih and (R)-2lh in the template strand catalyzed
by the DNA polymerases Klenow fragment exo™, DPO4, and Hemo KlenTaqg demonstrate these
lesions to cause point mutations. Specifically, they promote threefold more GeC — CeG
transversion mutations than GeC — TeA, and (9-21h was twofold more blocking for polymerase
bypass than (R)-2Ih. Both diastereomer lesions were found to be substrates for the DNA
glycosylases NEIL1 and Fpg, and poorly excised by endonuclease I11 (Nth). The activity was
independent of the base pair partner. Thermal melting, CD spectroscopy, and density functional
theory geometric optimization calculations were conducted to provide insight into these
polymerase and DNA glycosylase studies. These results identify that formation of the 21h lesions
in a cell would be mutagenic in the event that they were not properly repaired.
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Introduction

DNA damage has been implicated in aging, carcinogenesis, and neurological disorders.!
Reactive oxygen species (ROS) represent one of the key threats that effect damage to the
genome yielding strand breaks and base lesions. Base lesions have the ability to stall or
cause replicative polymerases to incorporate the incorrect nucleotide that can lead to
mutations.23 To avoid mutations, biology has a repair system, of which the base excision
repair (BER) pathway is one approach to maintain the integrity of the genome.34 Mutation
profiles observed in a number of cancers have identified critical mutations at guanine
nucleotides.?

The heterocyclic base of 2’-deoxyguanosine (G) is the most susceptible to oxidative damage
because it has the lowest redox potential among the four DNA bases.® Oxidation of G by
two electrons yields 8-0xo-7,8-dihydro-2’-deoxyguanosine (OG).”:8 The four-electron
oxidation of G yields two diastereomers of spiroiminodihydantoin-2’-deoxyribonucleoside
(Sp), two diastereomers of 5-guanidinohydantoin-2’-deoxyribonucleoside (Gh), and 2,5-
diaminoimidazolone-2’-deoxyribonucleoside (1z) that hydrolyzes to 2,2,4-triamino-2H-
oxazol-5-one-2’-deoxyribonucleoside (Z) and other products.”-9-19 Lastly, a second two-
electron oxidation product resulting from G oxidation is the diastereomeric pair 5-
carboxamido-5-formamido-2-iminohydantoin-2’-deoxyribonucleoside (21h, Figure 1).20-28
In eukaryotic and prokaryotic models, many of these lesions have been detected;2%-33
however, 2lh has not yet been the subject of such an investigation.

Lesions in templating strands of DNA can induce misinsertions of nucleotides opposite the
lesion that are determined by the polymerase active site and the base pairing properties of
the lesion. Previous studies have demonstrated that DNA polymerases can synthesize past
OG and incorporate dATP or dCTP opposite the lesion, that upon further replication cause
G+C — TeA transversion mutations in the absence of repair.34-36 When Sp or Gh are in the
template strand, they show preference for incorporation of dATP or dGTP, in which dGTP
is more efficiently incorporated opposite Gh than Sp. These polymerase studies identify both
lesions as inducing either GeC — CG or GsC — TeA transversion mutations.3437-41 Three
common classes of DNA polymerases include those that are replicative and replicate the
genome, those involved in the DNA damage response whose role is to bypass damaged
nucleotides, and PCR polymerases used in sequencing applications. Ideally, mutations are
avoided by the action of multiple repair enzymes that remove the damage before polymerase
bypass can occur.

The base excision repair (BER) pathway is one mechanism responsible for removal of
damaged DNA nucleatides. The first step in the BER process employs a DNA glycosylase
to recognize and remove the damaged base. The repair process is then completed by the
actions of an endonuclease yielding a gap at the damage site, followed by polymerase filling
of the gap, and finally a ligase seals the nick to furnish a repaired strand.#2 The ability to
repair OG has been found in bacterial and mammalian cells.? In E. coli, MutM (i.e., Fpg)
can remove OG from an OGeC base pair, while MutY removes A from an OGeA base
pair.343-45 In mammalian cells, OGG1 acts on the OG+C lesion while MUTYH acts on the
A in an OGeA base pair.*® Endonuclease V111 (Nei) and endonuclease 111 (Nth) in
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prokaryotes have the ability to repair oxidized pyrimidines,34344 while the oxidized purines
such as Z, Gh, and Sp are substrates for these glycosylases with reduced activity.4”48 A
“Nei-like” glycosylase in humans (NEIL1) has been identified and characterized.® NEIL1,
like Fpg and Nei, is a bifunctional repair enzyme (glycosylase/lyase) that catalyzes N-
glycosidic bond hydrolysis and p-,5-elimination reactions to affect strand scission.2:3:42
NEIL1 was originally found to cleave Fapy-G, Fapy-A, thymine glycol (Tg), 5-
hydroxycytosine (5-OHC), and 5-hydroxyuracil (5-OHU);30-52 however, the best substrates
found so far for NEIL1 are the diastereomers of Gh and Sp. Furthermore, the efficient
removal of Sp or Gh is not dependent on the base opposite in dsSDNA.47:53-55 Gh and Sp
have also been found to be substrates for Fpg.%6->7 As new lesions to DNA are found, their
ability to be repaired by BER DNA glycosylases should be assessed to determine if the
lesion will persist in DNA and cause problems during polymerase activity.

To date, the ability of 21h to cause mutations via incorrect polymerase activity or to evade
the BER pathway has not been evaluated. In this study, we investigated polymerase activity
toward (R)-21h or (S)-21h in the template strand using the three polymerases Kf exo™
(replicative), DPO4 (translesion synthesis), and Hemo KlenTag (PCR). Next, we
investigated the excision of (R)-21h and (S§)-2Ih lesions with the BER DNA glycosylases
Fpg, Endonuclease 111 (Nth), and human NEIL1. These polymerase studies identify the
diastereomers of 21h to induce mutations when bypassed by all three polymerases studied,
and the 21h isomers are substrates for Fpg and NEIL1, but are poorly acted on by Nth.

Experimental

Materials and Methods

All chemicals were obtained from commercially available sources and used without further
purification. All oligodeoxynucleotides (ODNs) were synthesized by the DNA/peptide core
facility at the University of Utah and then cleaved, deprotected, and purified following
standard protocols.®® NiCR was synthesized by a literature protocol by Dr. James G. Muller
(University of Utah).>®

Synthesis of Oligonucleotides containing 2lh or Sp

The 2lh-containing ODNSs were synthesized by oxidizing ODNs 1 (18 mer) and 3 (15 mer)
when X and Y = G (Table 1), respectively, in the presence of the nickel(ll) complex NiCR
as catalyst with KHSOg as oxidant yielding 21h at the only G site via a method previously
described by our laboratory.2260 Briefly, 10 uM ODN in 20 mM NaP; buffer (pH 7.4) and
100 mM NaCl was incubated with 5 pM NiCR at 37 °C for 20 min prior to the addition of
100 puM KHSOs, and the reaction was allowed to progress for 30 min. The reaction was
quenched by adding 50 mM HEPES (pH 8). The Sp-containing ODNs were used as a
standard to compare how polymerases and BER enzymes react with 21h-containing ODNS.
The Sp-containing ODNSs were synthesized by oxidizing ODNs 1 and 3, in which X and Y =
OG. To 10 uM ODN in 20 mM NaP; buffer (pH 7.4) and 100 mM NaCl was added 100 pM
NaylrClg at 37 °C for 30 min. The 2lh- and the Sp-containing ODN diastereomers were
separated and purified by an analytical ion-exchange HPLC column in which mobile phase
A =10% CH3CN and 90% ddH,0, and B = 1.5 M NaOAc (pH 7) in 10% CH3CN/90%
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ddH,0 running at 1 mL/min while monitoring the absorbance at 260 nm. The
absoluteconfigurations for the diastereomers of 21h and Sp have previously been
determined, as well as their elution order in an ODN on the ion-exchange HPLC column
used in the present studies.59:61 These ODNs were further purified by HPLC to obtain >
95% purity before use. The ODNSs with 21h or Sp were characterized by either ESI-MS for
ODNs 1 (G: caled 5357.5, found 5356.9; (S)-21h or (R)-21h): calcd 5391.5, found 5391.0
and 5391.1, respectively; a mixture of the Sp diastereomers: calcd 5389.5, found 5389.6) or
MALDI-MS for ODNs 3 (G: calcd 4463.8, found 4464.2; mixture of 21h diastereomers:
calcd 4497.8, found 4498.2; mixture of Sp diastereomers: calcd 4495.8, found 4496.6).

Thermal denaturation studies (T,,) and CD measurements

ODNs 3and 4 (Y =G, (9-2lh, or (R)-2lh,and N = A, C, G, or T, Table 1) were annealed in
a ratio of 2:1, respectively, at 10 uM duplex in analysis buffer (20 mM NaP; (pH 7.4) and
100 mM NaCl), followed by heating to 90 °C for 5 min and then allowing to cool slowly to
room temperature (~3 h). The samples were kept at 4 °C prior to their analysis. The T,
analysis was conducted by monitoring the absorbance at 260 nm while heating the samples
from 15 to 80 °C ramped at 1 °C per min and then cooling down to 15 °C via the same rate.
The CD spectra for these samples (5 uM) were obtained on a JACSO 815 CD
spectrophotometer. The wavelength scanned ranged from 200 to 320 nm while maintaining
the temperature at 20 °C.

ODN labeling

For the polymerase studies, ODN 2 (primer, Table 1) was radiolabeled at the 5’ end using
T4-polynucleotide kinase and [y-32P]-ATP at 37 °C for 30 min following literature
methods.>8 Unreacted [y-32P]-ATP and enzyme were removed using a Microspin G-25
column (GE Health Sciences) following the manufacturer’s protocol. The primer was
annealed to the template ODN 1 (X = (S§-2lh, (R)-2lh, (S-Sp, or (R)-Sp) in 100 uL of buffer
solution (10 mM Tris-HCI, 5 mM MgCl,, and 7.5 mM DTT, pH 7.5) with a molar ratio 2:1
template:primer. In the BER studies, ODNs 3 (Y = (9-21h, (R)-2Ih, (9-Sp, or (R)-Sp) were
labeled at the 5’ end following the same procedure prescribed above, and then were
annealed with 20% excess complementary strand ODN 4 (N = A, C, G, or T) in annealing
buffer (10 mM EDTA, 150 mM NaCl, and 20 mM Tris-HCI at pH 7.6).

Polymerase studies

Single nucleotide insertion or full primer extension reactions were conducted using the DNA
polymerases Kf exo™, DPO4, or Hemo KlenTag. The polymerization was initiated by
mixing a solution containing the labeled template/primer ODNSs (final concentration = 50
nM), 10 uM of each dNTP (for the single nucleotide insertion studies), or a mixture of the
four dNTPs (for the full primer extension studies), and polymerase (0.2 unit of Kf exo™, 0.5
unit of DPOA4, or 0.5 unit Hemo KlenTaq). Reaction mixtures were incubated at 37 °C for 30
min, then quenched with 5 uL of termination solution (95% formamide, 0.1% bromophenol
blue, and 0.1% xylene cyanol) and heated to 90 °C for 5 min. These samples were applied to
a 20% polyacrylamide gel in the presence of 7 M urea, electrophoresed at 45 W for 2 h, and
then put on a phosphor screen for 18 h. The screen was imaged by phosphorimager

Chem Res Toxicol. Author manuscript; available in PMC 2016 September 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alshykhly et al. Page 5

autoradiography, and the band intensities were quantified using ImagQuant software. The %
yields were based on the intensity of the extended strand relative to the total intensity of the
reaction.

Glycosylase studies

Single-turnover experiments where [Enz] > [DNA] were conducted by mixing 50 nM of
labeled ssODN or dsODN and 500 nM enzyme (Fpg, NEIL1, or Nth) in assay buffer (20
mM Tris-HCI, pH 7.5, 10 mM EDTA, 0.1 mg/mL BSA, and 150 mM NacCl) at 37 °C for 20
min. In order to measure the glycosylase activity, these samples were quenched by adding 5
uL of 0.5 N NaOH and heating to 90 °C for 2 min. The samples were analyzed by gel
electrophoresis as described for the polymerase assays. The % yields were based on the
intensity of the cleaved strand relative to the total intensity of the reaction. The Fpg and Nth
were from commercial sources, while NEIL1 was a kind gift from Dr. Sheila David
(University of California-Davis).

Density functional theory calculations

All density functional theory (DFT) energy minimization calculations were conducted using
the Gaussian 09 software package.52 Each structure was geometrically optimized using the
B3LYP functional®3:64 and 6-31G basis set,5°:66 while implicitly defining the solvent as
water with the polarizable continuum model (PCM).87:68 Scans of the dihedral angles
provided lowest energy conformations for the 21h diastereomers.

Results and Discussion

Synthesis of 2lh in oligodeoxynucleotides

The modified nucleoside containing 21h is not available in the form of a phosphoramidite,
nor is there a suitable precursor to this lesion other than guanine. Therefore, the only
available synthetic route to 21h incorporation into a specific site in an oligodeoxynucleotide
is oxidation of an oligomer that contains only one G. This imposes a limitation on the
number of sequence contexts that can be studied. Additionally, the yield of 2lh is ~10%
under ideal conditions, requiring HPLC purification before biochemical studies can be
performed. Although 21h is formed from a variety of reactive oxygen species including
hydroxyl radical formed by iron and copper Fenton-like reactions,?128 we have found that
nickel(Il)-catalyzed decomposition of monoperoxysulfate is a high yielding method for
conversion of G to 21h.22 The square-planar coordination compound NiCR, formed by
Schiff base condensation of 2,6-diacetylpyridine with 1,5,9-triazanonane, is a convenient
catalyst for this reaction.22

Polymerase studies

To investigate how polymerases would process 21h in a template strand, a series of standing
start and full extension assays were conducted with the replicative polymerase Kf exo™,
DNA damage response polymerase DPO4, and the PCR polymerase Hemo KlenTag. The
template ODN 1 (18 mer; X = G, (9-21h, (R)-2lh, (9-Sp, or (R)-Sp) was annealed with the
5’-labeled primer ODN 2 (15 mer) for the single nucleotide insertion and full primer
extension experiments. In this study, the concentration of dNTPs was initially studied at near
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physiological concentrations (10 uM) for Kf exo™ and DPO4,59 and Hemo KlenTaq was
studied with the standard 100 uM dNTP concentrations. However, DPO4 had activity too
low to be reliably quantified at physiological dNTPs, and therefore, the ANTP
concentrations were increased threefold.

The control experiment with a template G led to the expected result with Kf exo™ in which
dCTP was inserted opposite; however, when dTTP was the only possible nucleotide, it was
inserted in 39% vyield, likely due to a feasible GeT wobble base pair (Figure S6). The
(R)-2lh-containing template showed insertion of dGTP (40%) more than dATP (14%);
similarly (§-2lh-containg templates showed insertion of dGTP (19%) more than dATP (7%,
Figure 2A). In these assays, dTTP or dCTP were not observed to be inserted opposite either
diastereomer of 21h in a yield >1% (Figure S6), and for this reason, only dGTP and dATP
insertion data are shown in Figure 2A. Next, all dNTPs were added to the reaction mixture
to determine if full primer extension could occur. The control study with a template G
showed 95% full extension (Figure S6). When (R)-2Ih was in the template 30% full
extension was observed, while a template (§-21h led to only 11% full extension (Figure
2B). These studies with the replicative polymerase Kf exo™ demonstrate that when either
diastereomer of 21h was in the template, dGTP insertion was threefold greater than dATP
insertion. Additionally, higher yields of dNTP insertion were observed for the R isomer
relative to the Sisomer of 2Ih. Lastly, bypass of (R)-2lh was threefold greater than bypass of
(9-21h when all dNTPs were present.

A comparison was then made between the 2Ih data and the diastereomers of Sp in the
template strand (Figure 2A). First, it should be noted that the geometric configurations for
the Risomers of 2Ih and Sp or Sisomers of 2Ih and Sp are essentially the same; the only
difference is that in 21h, the five-membered ring attached to the sugar is ring opened
compared to Sp (Figure 3) and the oxidation state of what was C8 of G is reduced in 2lh
compared to Sp.8961 When (R)- or (S)-Sp were in the template, JATP (R = 19% and S=
8%) was inserted more often than dGTP (R = 15% and S= 5%). For both template Sp
diastereomers, dATP vs. dGTP were selected in nearly equal amounts. Next, when all
dNTPs were added to the mixture, primer extension past both Sp diastereomers was not
observed with physiologically relevant amounts of dNTPs (Figure 2B). A comparison of 2lh
with Sp identifies the diastereomers of 21h to show a much stronger preference for base
pairing with G over A (3:1) compared to the ~1:1 preference opposite Sp. Furthermore, 2lh
is more easily bypassed than Sp under identical conditions.

The lesion bypass polymerase DPO4 was then analyzed for nucleotide insertion opposite
21h. Insertion of dGTP opposite (R)-2lh was observed in a yield of 7%, (S-2lh at a 3% yield
and no dATP insertion was observed at physiological concentrations of dNTPs (Figure S8).
When the dNTP concentrations were increased to 30 UM, the single nucleotide insertion
opposite (R)-21h and (S)-21h yielded more dGTP (R = 25% and S= 9%) than dATP (R=6%
and S= 2%) opposite the lesion (Figure 2A). No insertion of dCTP or dTTP opposite the 21h
diastereomers was observed with DPO4. When all four nucleotides were added to the
reaction mixture, DPO4 was able to provide full extension in a yield of 49% and 23% for
(R)-2Ih and (9)-2Ih, respectively (Figure 2B). These results demonstrate that (R)-21h is more
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easily bypassed by DPO4 than (S)-2Ih, and dGTP is inserted nearly five times more than
dATP opposite either diastereomer.

Comparisons were then made between DPO4 activities with template 21h vs. Sp (Figure 2).
Insertions opposite the Sp diastereomers were not observed with 10 pM dNTPs; however,
increasing the dNTP concentrations to 30 uM produced insertion opposite the Sp isomers.
Specifically, insertion opposite (R)-Sp and (S)-Sp gave dATP (R= 12% and S= 4%) and
dGTP (R=10% and S= 3%) in nearly equal yields. When all four dNTPs were added to the
mixture, (R)-Sp was extended by 10% and (S)-Sp was extended by 8%. This observation
demonstrates that DPO4 shows similar activity with the Sp diastereomers; in contrast, DPO4
accommodated the R diastereomer of 21h better than the Sisomer leading to more efficient
bypass, and both 2Ih isomers yielded dGTP insertion fivefold more than dATP.

In the last study, the PCR polymerase Hemo KlenTaq was allowed to insert dNTPs opposite
a template (R)- or (9-21h diastereomer. At the typical 100 pM dNTP concentration used in
PCR amplification, template (R)-21h or (S-21h gave more dGTP (R=17% and S= 11%)
insertion than dATP insertion (R=10% and S= 7%). When all four dNTPs were added to
the mixture, the (R)-21h was extended with a 34% yield and (S-21h was extended in a 21%
yield (Figure 2). These observations demonstrate when 2lh is present in DNA to be PCR
amplified by Hemo KlenTagq, these strands will be poorly extended to full length amplicons,
and they will have twofold more GeC — C+G than GsC — TeA transversion mutations. The
(R)-21h isomer showed less inhibition for Hemo KlenTaq bypass than (§-21h. The (R)-Sp
and (S)-Sp diastereomers were shown to yield insertion for dATP (20% and 9%) or dGTP
(17% and 7%) by Hemo KlenTaq with full primer extension of 8% and 5% observed for
(R)- and (9-Sp, respectively (Figure 2).

These results illustrate how three polymerases select dNTPs when either of the 2-1h
diastereomers were in the template strand. The incorporation efficiencies were found to be
polymerase dependent. All three polymerases studied incorporated dGTP opposite 21h more
than dATP; in contrast, when Sp was in the template, there was a nearly identical level of
insertion of dGTP vs. dATP opposite. Because 2lh and Sp have similar structures in the B
ring (Figure 3), the large contrast in dNTP insertion opposite them was unexpected. Thus,
selection of dNTPs opposite 21h or Sp must be determined by other features than their
similar B-ring structures or similarity in the geometric arrangement of atoms for the
diastereomers (Figure 3). Full extension of the primer with either 2Ih diastereomer in the
template could be extended with all three polymerases, but not with high efficiency like that
observed for a template G. According to this, 21h lesions can inhibit the replication by
polymerases during in vitro DNA synthesis. These results identify that 21h lesions in DNA
can predominantly induce GeC — CeG transversion mutations and to a lesser degree cause
G+C — TeA transversion mutations. The Sp lesions showed a higher inhibition and cause
greater blocking for polymerases compared to 2lh. The Sp lesions cause nearly equal
amounts of GeC — C+G and G+C — TeA transversion mutations, a result consistent with
previous studies.37:38
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DNA Glycosylase activity toward the diastereomers of 2lh

DNA glycosylase activity was measured using ODN 3 (Y = (R)-2lh, (9-21h, (R)-Sp, and
(9-Sp) for a sSODN context with NEIL1, and ODN 3 (Y = (R)-21h, (§-2Ih, (R)-Sp, and (S)-
Sp) annealed with ODN 4 (N = A, C, G, or T) as a dsODN context with the NEIL1, Fpg, or
Nth enzymes. Repair activity was analyzed by PAGE after the reactions were run for 20 min
and quenched with NaOH (0.2 M) and heat (90 °C for 2 min). NEIL1 successfully cleaved
2lh-containing dsODNs and showed a 50% yield for (R)-21h«C and a 25% yield for
(9-21heC (Figure 4A and B). These reactivities were compared to Sp-containing dSODN
that gave > 95% cleavage for (R)-SpsC and 45% for (S)-SpC. From this comparison, the
activity of NEIL1 toward 2lh-containing dsODNs was half that observed with Sp.
Therefore, 21h is a substrate for NEIL1, but not as good as Sp in this context. Next, NEIL1
activity toward (R)-21h and (§)-21h-containing dsODNSs with different bases (A, C, G, or T)
opposite showed the repair efficiency to be independent of the base-pair partner (Figure 4A
and B). When Fpg was assayed for cleavage of (R)-21h- and (S)-2lh-containing dSODNSs,
35% and 20% product formation was observed, respectively (Figure 4A and B). The
cleavage activity of Fpg toward (R)-2lh and (S-21h was a little lower than observed for (R)-
SpeC (40%) and (S)-Sp=C (25%). When the base pair partners were changed, Fpg showed a
similar activity toward (R)-21h and (S)-21h opposite any of the four nucleotides. The 21h
lesions were shown to be substrates for Fpg with similar cleavage efficiency as observe for
Sp. Finally, Nth was able to cleave the dSODNs with (R)-2lh (15%), (S-21h (10%), (R)-Sp
(16%), (9-Sp (11%, Figure S15). Compared to Fpg and NEIL1, Nth showed the lowest
activity toward 21h and Sp lesions, the latter result is consistent with literature reports.4” The
DNA glycosylase activity toward 2lh-containing dsODNSs, both the R or Sisomers were
found to give activity in the order of NEIL1> Fpg> Nth. NEIL1 was able to cleave the 21h-
containing sSODN to 50% yield for (R)-2lh and 20% yield for S-2lh (Figure 5). The Sp-
containing ssODNs containing either R or Sisomers were better substrates than 21h-
containing ssODNs, and (R)-Sp cleavage was 70% while 25% cleavage was observed for

(9-Sp.

When DNA lesions cause polymerases to miscode the original message, they cause a
mutation if not repaired.370 The ability of NEIL1 to initiate repair of the 21h lesions in
ssODN and dsODNs suggests that cells can defend against them. NEIL1 showed a higher
cleavage activity toward Sp in agreement with previous studies.>3-5° The 2Ih lesions are
viable candidate substrates for cleavage by NEIL1. Fpg was able to cleave both 2lh and Sp
in dsODN with slightly lower efficiency compared to NEIL1 (Figure 4A and B). Again, the
Sp lesion cleavage by Fpg was in agreement with previous studies.®67 The 21h lesion is a
potential substrate for Fpg to act upon, similarly to other modified purines’? including the
initially identified substrates Fapy-G and OG.43.72.73

Nth has shown good activity toward several modified pyrimidine bases,’4~"8 and very low
activity toward modified purines such as Z, Gh, and Sp.47:48 In this study, Nth has the
lowest activity among the glycosylases to remove 21h and Sp. The results showed that the R
isomer of either Sp or 21h was always a better substrate for BER glycosylases than the S
isomer. The preference of (R)-Sp over (S)-Sp for NEIL1 is not in agreement with what was
previously reported in our laboratory.53:54 This difference may indicate that DNA
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glycosylase activity is dependent on the configuration of lesions as well as the sequence
context. The length of the ODN in our previous studies was 30 nucleotides with a context of
5’-CXT-3’ (X = (R)-Sp or (9-Sp), while the present ODN was 15 nucleotides with the
context of 5’-CXA-3’ (X = (R)-Sp or (9-Sp). Further studies with different sequence
contexts and different lengths of ODN would address the importance of sequence length and
context for repair activity by NEIL1.

Tm and CD analysis of 2Ih in dsODNs

Next, experiments were conducted to address the favorability of dGTP insertion opposite
2lh in a template strand by a DNA polymerase. As a first test, the halfway points through the
melting transition (T,) for duplexes containing 2Ih and their CD spectra were measured.
The duplex ODN comprised of the 15-mer ODN 3 with (R)-21h or (§)-21h opposite all four
canonical nucleotides in ODN 4 (N = A, C, G, or T) allowed T,, and CD spectra of these
dsODNs in comparison to a control dsODN containing a GeC base pair. The T, of ODN
with a GeC base pair was 58.5 °C (Figure 6). The T, of ODNs with (R)-21heG and
(9-21heG base pairs were 11.0 and 9.5 °C less than the G+C base pair, respectively. The
(R)-2lheA and (9)-21heA base pairs showed a T, of 16.5 and 16.0 °C lower than the GC
base pair, respectively. The 2lheA base pairs gave T, values 6.5 °C less than the 21heG base
pair. The Ty, of dsSODNs when 21h was base paired opposite C or T was relatively lower
than the 21heG or 2lheA base pairs, and was as follows: (R)-21heC was 39.0 °C, (§-2lhsC
was 39.5 °C, while (R)-2lheT and (S)-21heT were 38.5 °C (Figure 6). From these results, the
thermal stability of duplexes containing 21h was significantly reduced compared to duplexes
with unmodified G. The thermal stability for all duplexes followed a trend decreasing from
2lheG > 2lheA > 2lheC ~ 2IheT. These results indicate that 2lh-containing ODN duplexes
with G opposite are the most stable. This adds one line of evidence why dGTP was the
preferred nucleotide inserted opposite the 21h lesions. Further reasoning for dGTP selection
opposite the 21h lesions may include hydrogen bonding and base stacking. These properties
will be determined when a high resolution structure is solved of a duplex with the 2Ih base
pairs.

The CD spectra for dSODNs with a GeC base pair as a control and (R)-21h or (S)-2lh when
base paired with A, C, G, or T were measured. These CD spectra showed no significant
difference in the Amax (277 nm) and Amin (240 nm, Figure 7) between the control duplex and
those bearing the 21Ih lesions. These results highlight that 21h does not significantly distort
the structure of a 15-mer duplex. Previous studies also demonstrated that the Sp
diastereomers did not significantly distort the CD spectra for a short duplex.”® These studies
support the structural hypothesis that 21h and Sp only lead to local disruption of the duplex
structure. In the case of Sp, molecular dynamic simulations found that Sp distorted two base
pairs 5" and 3 to the lesion,8% 21h most likely has a similar impact on the duplex structure.

Determination of energetically preferred conformations for the 2lh diastereomers by DFT

calculations

Inspection of the 21h nucleosides identifies three rotatable bonds that could lead to
energetically favorable conformations (Figure 3). A series of DFT calculations were
conducted to scan the dihedral angles of these bonds to identify the lowest energy
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conformations for the two diastereomers. To allow these calculations to finish in a
reasonable amount of time, scans of the energy vs. bond angle were conducted for the
C1’/,N9 bond and the C4,C5 bond when they were locked (Figure S16), while letting the
N9,C8 bond to freely rotate during each calculation. The bond angles were scanned in 18°
increments for each bond (400 total calculations) in the diastereomers utilizing the B3LYP
functional and 6-31G basis set while implicitly defining the solvent as water with the PCM
model. Lastly, methyl groups were placed on the 3’ and 5’ alcohols to prevent these groups
from acting as H-bond donors. The energy minimization calculations identified distinct
conformations, and these lowest energy conformations from the scans were resubmitted to
geometric optimization calculations in which all bonds were allowed to freely rotate. These
final structures are the ones reported in Figure 8.

The computational geometric optimizations identified two low energy conformations for
(R)-21h that differed in energy by 2.5 kcal/mol and one low energy conformation for (S)-2lh.
A few key structural features were identified from these energy minimization calculations.
The lowest energy structures were all observed to have H-bonds (distance ~1.6 — 2.0 A)
between the base and sugar, a feature that was not observed in the higher energy structures.
Specifically, the lowest energy (R)-21h conformer has two H-bonds (N3-O5, and N2-05'),
while the second lowest energy conformation has one H-bond (N3-O5%’, Figure 8). The
lowest energy (S-21h conformation has two H-bonds (N3,03’, and N2,05’, Figure 8)
between the base and sugar. The ability to H-bond between the base and sugar is a feature
that has not been observed for the diastereomers of Sp.81 These structures provide initial
clues to the stereochemical dependency of the polymerase and BER assays previously
described; however, these calculations do not provide a complete understanding of the
molecular interactions. Full molecular details of enzyme interactions with 2lh-containing
DNA strands will better be modeled by molecular dynamics, an approach that has been
successful in understanding enzyme interactions with Sp-containing DNA substrates.82 The
polymerase studies consistently found the R diastereomer of 2lh to yield twofold greater
insertion of dNTPs and bypass relative to the Sisomer (Figure 2 and 3). Further, this
stereochemical dependency is independent of the polymerase studied suggesting that
polymerase activity is dependent on the lesion. The selection of dGTP vs. dATP was nearly
the same for the two diastereomers of 21h. Polymerase activity on lesion-containing DNA
templates will be most efficient if the lesion has complementary H-bonds with an incoming
dNTP and the lesion does not distort the polymerase active site preventing the ability to
catalyze further polymerization of dNTPs. The 2Ih diastereomers are not planar, and based
on the calculations the closed ring is poorly positioned to select a dNTP based on H-bonding
potential. Therefore, selection of dGTP or dATP could be due toH-bonds to the amide or
formamide groups. Alternatively, if selection is based on dNTP size, slightly larger dGTP
would be favored over dATP. Confirmation of nucleotide selection will be best answered
when an x-ray crystal structure is solved for 21h in the active site of a polymerase. In
contrast to the 21h results, the Sp diastereomers yielded nearly equal amounts of dATP and
dGTP insertion (Figure 2), an observation that identifies dNTP selection is not entirely
sterochemically dependent.
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Lesion bypass for distorting lesions, such as the 21h diastereomers, will show the greatest
yield for the isomer that is most accommodating for dNTP insertion after processing of the
lesion. On the basis of the DFT scans, the R isomer of 21h has a greater degree of flexibility,
likely allowing greater bypass. In contrast, the Sisomer of 21h adopts one conformation that
is stabilized by two internal H-bonds leading to a potentially more rigid structure that could
be more challenging for polymerases to bypass (Figure S16 and 8). Further, this structure
provides a nonplanar base for the next dNTP to w stack with, leading to lower bypass
efficiency. In contrast, the Sp diastereomers with two fused rings are more poorly bypassed
by polymerases than 21h (Figure 2). This observation results from the propeller shape of the
Sp base, a feature that has previously been described in the literature.80

Lesion selection and cleavage rate by BER enzymes will be dependent on a number of
factors. First, lesion recognition by the DNA glycosylase, and the ability for the active-site
nucleophilic lysine residue (Fpg = Lys57 and NEIL = Lys53)83:84 to initiate N-glycosydic
bond hydrolysis and strand scission are lesion structure dependent. Again, the DFT
calculations identified (R)-21h to adopt more conformations than (S)-2Ih. This greater degree
of flexibility may allow the R isomer to be more easily processed than the Sisomer. This
claim is consistent with the experimental results in which (R)-21h was more efficiently acted
on by Fpg and NEIL1 than (S-21h (Figure 4 and 5). Experiments that evaluate the
stereochemical dependency of 2Ih to be repaired and cause mutations in vivo will ultimately
determine if these structure based arguments hold in the cell. A similar set of comparative
studies have been conducted for the Sp diastereomers that found the in vitro work to provide
some explanations for the in vivo studies.37:40

These comparative studies between 21h and Sp as substrates for polymerases and BER DNA
glycosylase removal have identified properties of 21h that might be characteristic of this
lesion in the cell. First, the diastereomers of 21h will lead to twofold greater GeC — C+G
transversion mutations than GeC — TeA,; in contrast, the Sp diastereomers gave nearly equal
amounts of GeC — C+G and G*C — TeA transversion mutations. Further, the R
diastereomer of 21h was most easily bypassed by polymerases leading to a greater degree of
mutations in the cell. On the basis of these studies, 21h will not be as efficiently removed by
DNA glycosylases compared to Sp. This feature supports a hypothesis that 2lh is a highly
mutagenic lesion in DNA.

Conclusions

This study demonstrates that the G-oxidation lesion 21h when bypassed by DNA
polymerases induces misinsertion of dGTP and to a lesser extent dATP during replication in
vitro and leads to a significant block for DNA elongation. The insertion of dGTP or dATP
opposite 2Ih leads to GeC — CeG and GeC — TeA transversion mutations in the absence of
repair. Transversion mutations at G similar to those identified in these studies for 21h have
been characterized in a number of cancers and diseases.® These studies also verify that 21h is
a substrate for certain BER DNA glycosylases. The NEIL1 DNA glycosylase showed
activity toward 2lh in sSODN and dsODNs. Curiously, NEIL1 was able to remove 2Ih in
dsODN:s regardless of which base was in the opposite strand. Lastly, Fpg and Nth were able
to remove 2Ih in dsSODNSs with lower efficiency compared to NEIL1. Fpg was similar to
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NEIL1 with removal of 2lh being independent of the base opposite. These results suggest
that polymerases maintain a low degree of activity when 2lh is in the template strand and
DNA glycosylases can initiate the BER process to avoid mutations derived from this lesion.

In comparison to its close analog Sp, 21h shows greater differences between the (R) and (S
diastereomers when being processed by either polymerases or BER glycosylases.
Additionally, the extent of lesion bypass was significantly greater for both 21h diastereomers
compared to Sp but particularly high for (R)-21h, while the extent of repair was lower for 2lh
compared to Sp. These results suggest that 2-1h, particularly the (R) diastereomer, could
accumulate in the genome, inducing GeC — CeG and, to a lesser extent, GeC — TeA
transversion mutations.

The present work paints an initial picture of the potential mutational profile of the 21h
lesions. We recently showed that 2lh is formed in vitro from ionizing radiation and Fenton-
catalyzed oxidation to a similar extent as OG,21:28 suggesting that it is a significant lesion in
vivo. While the OG lesion is very readily bypassed, it also benefits from an efficient repair
system for both the OG:C and OG:A base pairs in DNA.2 OG has been widely studied in
various contexts in DNA and RNA, and these studies benefit from the synthetic availability
of the OG phosphoramidite. Until a better synthetic route to oligomers containing 21h in
specific sequence contexts is available, further biochemical studies of 21h remain
challenging.
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Abbreviations

21h 5-carboxamido-5-formamido-2-iminohydantoin
d 2/-deoxyribose

BER base excision repair

CD circular dichroism

dATP adenosine-2’-deoxynucleoside-5"-triphosphate
dCTP cytidine-2’-deoxynucleoside-5’-triphosphate
DFT density functional theory
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dGTP guanosine-2’-deoxynucleoside-5'-triphosphate

dNTP(s) 2’-deoxynucleoside-5’-triphosphate(s)

dsODNs double-strand oligonucleotides

dTTP thimidine-2’-deoxynucleoside-5'-triphosphate

ESI electrospray ionization

Fapy-G 2,6-diamino-4-hydroxy-5-formamidopyrimidine

Fpg formamidopyrimidine-DNA glycosylase

G guanine

Gh 5-guanidinohydantoin

1z 2,5-diaminoimidazolone

MALDI matrix-assisted laser desorption ionization

MS mass spectrometry

NEIL1 human endonuclease VIlI-like 1

Nth endonuclease 111

ODN(s) oligonucleotide(s)

oG 8-0x0-7,8-dihydroguanine

PAGE polyacrylamide gel electrophoresis

ROS reactive oxygen species

Sp spiroiminodihydantoin

sSODNs single-strand oligonucleotides

Tm thermal melting temperature

4 2,2,4-triamino-2H-oxazol-5-one
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Figure 1.
Products observed from the oxidation of 2’-deoxyguanosine.
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Figure 2.

Comparison of the relative amount of nucleotide insertion opposite (R)-21h, (S-2Ih, (R)-Sp,
and (9-Sp by Kf exo™, DPO4, and Hemo KlenTaq polymerases. (A) Single nucleotide
insertion, the dCTP and dTTP insertions were studied but they were not incorporated in a
yield >1% and data for these studies are provided in Figures S6, S7, and S8. (B) Full
extension of the primer in the presence of all four nucleotides. The error bars represent the
standard deviation obtained from three independent reactions.
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Comparison of the geometric configurations for the diastereomers of 21h and Sp that are

products resulting from the oxidation of G.
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Figure 4.
Comparison of NEIL1 or Fpg DNA glycosylase activity toward dsODNs containing 2Ih or

Sp lesions. (A) Studies when (R)-21h was base paired with A, C, G, or T and compared to
(R)-SpeC, and (B) studies when (S)-21h base paired with A, C, G, or T was compared to (9-
SpeC. The error bars represent the standard deviation obtained from three independent
reactions.
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Figure 5.
Glycosylase activity of NEIL1 toward ssODNs containing (R)-21h, (9-21h, (R)-Sp, and (S)-

Sp. The error bars represent the standard deviation obtained from three independent
reactions.
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Figure 6.
Tm analysis data for the 15 mers dsODN, when Y = (R)-2lh or (§-2lhand N= A, C, G, or

T. The error bars represent the standard deviation obtained from three independent reactions.
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CD analysis data for the 15 mers dsODN, when Y = (R)-2lh (Top) or (§-2Ih (Bottom)) and

N=ACG,T.
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(R)-2lh Conformer 1

(R)-2Ih Conformer 2 (+2.5 kcal/mol)
(S)-2lh Conformer 1

AR

The lowest energy conformations for the 21h diastereomers identified by DFT dihedral scan
calculations.
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Table 1

Oligodeoxynucleotide sequences used in the polymerase and repair enzyme studies.

ODN1 5’-AAX CCA CCT ACACACCTC-3’
ODN25’-GAG GTG TGT AGG TGG-3’ ( primer)
ODN3 5’-AAT CCACYA CACCTC-3’

ODN4 5’-GAG GTG TNG TGG ATT-3’

XorY =G, 0G, (S2lh, R-2lh, SSp,or R-Sp), N=A,C,G,or T
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