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Graphical abstract: OGG1 activators acting from within the catalytic pocket are organocatalytic switches that enhance

DNA repair through stimulating rudimentary activities or establishing de novo enzymatic functions on a widened sub-
strate scope.
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ABSTRACT: Bifunctional DNA glycosylases employ an active site lysine or the N-terminus to form a Schiff base with the
abasic site (AP site) base excision repair (BER) intermediate. Cleaving this reversible structure is the rate-determining step in
the initiation of 8-oxoguanine (8-0x0G) repair for 8-oxoguanine DNA glycosylase 1 (OGG1). The OGG1 AP lyase activity
can be increased using small molecule binders, called organocatalytic switches, to cleave the DNA backbone in a similar
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manner as a bifunctional DNA glycosylase. In search for novel organocatalytic switches we here identify 8-Substituted 6-thi-
oguanines and 6-amino-pyrazolo-[3,4-d]-pyrimidine derivatives as potent and selective scaffolds enabling OGG1 to cleave AP
sites opposite any canonical nucleobase by B-elimination, shaping a complete, artificial AP-lyase function. These new tool
compounds enhance the cellular repair of 8-0xoG and AP sites, activating a rudimentary but canonical enzymatic activity.

Oxidative damage in the form of 8-0x0G is the most common DNA lesion in our cells. An accumulation of 8-0x0G,
its oxidation products or subsequent mutations caused through their presence leads to deterioration of cellular health
and ultimately to neurodegenerative!?! and cardiovascular B! diseases, as well as cancer.>*) OGG1 is the enzyme
responsible for the removal of 8-0x0G and the literature suggests that targeting of OGG1 function may be a viable
strategy to counter-act these effects.[” In addition to an allosteric mechanism,” pharmacological OGG1 activation
has been reported to act by enhancing an otherwise rudimentary AP-lyase activity.!'” This AP-lyase activity is most
likely controlled by product-assisted catalysis; a distinct mode of action compared to classic allosteric regulation.!!!
Here, 8-0x0G acts as a weak chemical base and abstracts a proton from the Schiff base intermediate formed between
the AP site and OGG1 active site Lys249. In vitro, this process results in a weak AP-lyase activity through f-elim-
ination, which leads to 3’-DNA strand incision and removal of OGGI1 from the product. In cells, this effect is
negligible and OGGl is thus a monofunctional glycosylase. OGGI is only released from the Schiff base interme-
diate through the function of recruited apurinic/apyrimidinic endonuclease 1 (APE1),!'? rendering it the rate-deter-
mining step in the initiation of BER.

In agreement with the product-assisted catalysis mechanism postulated by Fromme et al.,!'!) we have recently re-
ported OGG1 activators, also called organocatalytic switches, of an artificial §,d-elimination, releasing a 5’-incised
DNA product. These compounds comprise a two-component system, containing a heterocyclic nitrogen center with
Bronsted base-like character and a structural handle with active site affinity. Furthermore, we used 8-bromoguanine
as a more soluble analogue of 8-0xoG and confirmed it to be an activator of f-elimination (Figure 1). To investigate
the mechanism of this fS-elimination in detail and the chemical space surrounding purine-based organocatalytic
switches of OGG1, we started by screening a 500 compound in-house library of nucleobase analogues. Using our
in-house fluorescence-based assay, we measured the concentration of half maximal activation (ACso)!'”! to quantify
the enhancement of OGG1 mediated DNA incision. We counter-screened all active compounds for DNA interca-
lation, auto-fluorescence and APE1 interaction. Among the primary hits were the FDA approved drugs thioguanine
1 and azathioprine 2 (Figure 1, Figure S1), 8-substituted thioguanines 3-5 and compounds combining guanine with
amines in the 6-position (6-9).

Based on these screening results, we initially directed our attention towards the hits within the 6-thioguanine series.
We generated a number of analogues of 8-substituted 6-thioguanines with larger substituents (Table 1, Table S1A).
Interestingly, only small substituents were tolerated in the 8-position, as observed for compounds 3 and 10. We then
explored the apparent necessity of an unsubstituted 6-thio modification by generating analogues with thioether or
sulfone modifications (Table S1B). Again, small substituents gave better results, while extended systems were in-
active below 100 uM. A combination of small substituents in both the 6-thioether as well as the 8-position failed to
further improve the activity of thioguanine based organocatalytic switches of OGG1. These studies suggest a highly
specific structure activity relationship (SAR) for thioguanines, allowing only minor modifications to the core sys-
tem.

To follow up on the primary hits with a 6-amino substituted guanine core (Table 1, Table S2), we generated ana-
logues using different amines. With the exception of the 3,4-dichloro analogue 11 (Figure S2), aniline substitution
did not lead to improved compound properties. Further, we generated matched pair compounds for the thioguanines
synthesized previously. Given active site binding, this comparison suggested that guanines require a secondary
amine, namely an R;R,—NH, between the two parts of the molecule to be able to activate OGG1. This informed the
requirement for H-bonding in addition to m-stacking with the bicyclic hetero-aryl system. Having established the
3,4-dichloroaniline substituent, we then investigated the scope of accepted nucleobase analogues and purine scaf-
folds, replacing guanine with adenine, uracil and other heterocycles (Table S3A). A 6-amino-pyrazolo-[3,4-d]-py-
rimidine derivative 12 surpassed guanine analogue 11 in the biochemical assay (Table 1). Following this finding,
we assembled a number of matched pairs based on previously synthesized 6-aminoaryl-guanines (Table S3B) and
observed that all members of the pyrazolo-[3,4-d]-pyrimidine series surpassed the activity of their guanine coun-
terparts. These results suggest that a series of OGG1 organocatalytic switches derived from nucleobases may be
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informed by previously observed OGG]1 inhibitor chemical space to optimize the affinity handle of the mole-
cules.!"3 At the same time, the polar and nitrogen-rich scaffold of nucleobases appears suitable to stimulate proton
abstraction during OGGI catalysis.

Figure 1: Screening for 0GG1 organocatalytic switches based on substrate similarity: A number of 0GG1 organo-
catalytic switches have previously been reported. As an 8-0xoG analogue, 8-bromoguanine is a known OGG1 activator
catalyzing the inherent 3-elimination activity of 0GG1. Based on substrate similarity we screened an in-house library
of diverse modified nucleobases and discovered 8-methylpurines as potent 0GG1 organocatalytic switches (3-5). Ad-
ditional classes covered thioguanine analogues including FDA-approved drugs (1, 2), as well as 6-amino-substituted
guanines (6-9) but not adenines or 9-substituted nucleobases. Assay Details in Methods and Material.
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Table 1: Optimization towards potent and selective 0GG1 organocatalytic switches: Assay Details in Methods and
Material. ACso in pM, CI95 confidence interval 95% in pM; * compound only reaches ACss due to a bell-shape activity

curve.
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We then elucidated the exact nature of the observed OGG1 biochemical activity using a **P-radiolabelled substrate
and resolution by PAGE (Figure 2A, Figure S3). Compounds 13 and 3 as members of their respective nucleobase
series were confirmed as activators of the inherent B-lyase activity. In short time frames, the phosphatase activity
of T4PNK "I 'had no effect on the 3’-phospho unsaturated aldehyde product generated through 13 and 3, as opposed
to TH10785 which generated a 5’-phosphate product as substrate for T4PNK. Longer incubation with 13 and 3 also

generated minor amounts of the 5’-phosphate product (Figure S3).
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Due to the need to utilize a nucleophilic lysine residue and cleavage of a Schiff base via proton abstraction, OGG1
functions optimally at a pH close to 8.1" We previously observed a pH optimum of 7.5 for activity of TH10785
and thus performed all ACso measurements during screening and optimization at a pH of 7.5. Given this dynamic
interplay between OGG1 modulator and enzyme, we then assessed the artificially controlled AP-lyase activity
across a range of pH values. We measured the initial rate of the reaction using the 8-0x0A substrate and compounds
3, TH10785 and 14 (Figure 2B). Choosing the most potent concentrations of each compound, we observed that all
compounds showed a tendency to activate OGG1 at a pH closer to their individual pKa (TH10785 (1N: 6.55 +
1.13),3 (9N: 2.59 £ 2.22) and 14 (9N, 13.53 +2.00)). These findings confirmed the crucial role of a basic nitrogen.
Investigating the effects on the entire system, we assessed protein stability using the melting temperature at different
pH and in the presence of the compounds using Nano-DSF (Table S4). The presence of the employed compounds
led to a general increase in protein stability, as well as an increase in stability at extreme pH similar to compound
pKa, which may partly explain the observed enhancement of enzymatic activity in the biochemical assay through
binding of the compounds to OGG1. Using D,0 as solvent, we further investigated a solvent isotope effect within
the in-house fluorescence-based assay and observed challenged incision efficacy evidenced by the slower rate of
the reaction compared to conditions using H,O (Figure S4). Altogether, these investigations draw a complex picture
of protein stability, compound binding, proton abstraction and transfer, as well as substrate and leaving group solv-
ation during elimination events.

Since OGG1 has a preference for 8-0xoG opposite cytosine,!™! we hypothesized that a substantially increased AP-
lyase function could overwrite this cytosine selectivity. Thus, we performed saturation kinetics with OGG1 against
the substrates 8-0x0A:C and AP:A, AP:C, AP:G and AP:T, generated from their respective uracil containing pre-
cursors using UNG?2. Using 3 and TH10785 to evaluate a potential influence of f- or f,J-elimination capabilities,
we found that both compounds pronounced the inherent preference for cytosine (Figure 2C, Figure S5). Further,
both compounds exhibited a strong saturation effect for the 8-0x0A substrate that surpassed those observed for the
AP-site substrates. This indicated competition through active site binding.!'"” In contrast to TH10785, 3 was able to
stimulate a significant OGG1 AP-lyase function on all substrates, suggesting that compound potency and not the
type of AP-lyase function governs the reaction on AP-sites.

To confirm active site binding we evaluated the biochemical activity of 3 and 14 on OGG1 mutant variants. While
incision through wtOGG1 and Ser326Cys were enhanced, active site mutants Phe319Ala, Cys253Tyr and
Lys249Trp were not affected by incubation with the compounds, suggesting that the activity of the compounds is
exerted from within the active site (Figure 2D). This finding was corroborated by solving the X-ray co-crystal
structures of mouse OGG1 in complex with 3, 10, 14 and 15 confirming active site binding (Figure 2E-H, Figure
S6). The binding poses of compounds 14 and 15, interacting both with Phe319 and Gly42, confirmed the selectivity
observed within the structure activity relationship. An overlay with the 8-oxoG-bound human OGG1 (PDB ID:
1HUO)!"" indicated no significant rearrangements in the core protein structure for all structures solved. Identical
placement of 3, 10 and 8-0x0G (Figure 2G-H, Figure S7) suggests a binding mode that allows for enhanced product-
assisted catalysis. The heterocyclic ring systems of 14 and 15 are observed to be shifted outwards due to their more
spacious 6-amino substitution and are also flipped compared to one another, which may explain the lower activity
observed for this series in all assays (Figure S7).

To rule out any unwanted effects of the molecules regarding potential toxicity or off-target effects, we extensively
profiled TH10785, 3 and 14 using an in-house functional panel of enzymes consisting of DNA glycosylases,!®
NUDIX family members!'”'® and a set of protein kinases probed using thermal stability.!'”! All tests returned neg-
ative for off-targets (Table S6-7). Cultivation of an immortalized cell line, BJ-TERT, and an oncogene driven cell
line, BJ-Ras,!?*2! over several days in the presence of a dose response of the compounds confirmed the absence of
any toxicity between these two cell lines (Table S8).

Using the selective and non-cytotoxic scaffolds 10 and 14, we investigated whether OGG1 function was indeed
improved in a cellular setting. We induced DNA damage using KBrO3 and profiled both 8-0xoG and AP sites. As
before, we observed increased levels of nuclear 8-0xo0G over 6 hours post exposure (Figure 2I). This effect was
rescued by OGG1 organocatalytic switches. The cellular efficacy thereby followed the biochemical activity for
organocatalytic switches of the -elimination, as 10 was superior to 14, with TH10785 being most efficient. This
indeed indicated an increased cellular repair of 8-0xoG lesions in DNA. However, considering that the compounds
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redirect OGGI function towards resolving AP sites, we expected a more pronounced effect for analogues 10 and
14 when assessing the levels of this particular type of DNA damage. Using the aldehyde reactive probe!*?! and
fluorescence-activated cell sorting we observed reduced numbers of AP sites for compound 10, performing at the
level of TH10785 (Figure 2J). 14 was found to be inactive at these concentrations, indicating inactivity on the
OGG]1 enzyme. Collectively, these studies confirm enhanced, compound-mediated OGG1 activity in repairing ox-
idative DNA damage in vitro and in cells.

We here present our efforts in profiling the nucleobase chemical space for organocatalytic switches of the enzyme
OGG1 and discover two distinct selective chemical series. These molecules activate the canonical but rudimentary
f-elimination activity of OGGI from within the active site of the protein. Active site affinity and a reactive center
in the form of a basic nitrogen are combined in one molecule, as evidenced by studies involving OGG1 mutants,
substrate scope, generated products and enzymatic activity covering a range of pH environments. Co-crystal struc-
tures of a number of analogues further confirm the product-assisted hypothesis of Fromme ef al. and paint a detailed
picture of functional enhancement of enzymatic activity on Schiff bases.

In conclusion, we demonstrate that a chemical space beyond TH10785 exists, that increases the repair of OGG1.
Importantly, we here show that these OGG1 organocatalytic switches may act through a distinct mechanism of
action and in contrast to TH10785 primarily stimulate the B-elimination during OGG1 catalysis. OGG1 modulators
that enhance enzymatic activity are the first chemical entities that rewrite an enzymatic function in cells, allowing
for increased DNA damage repair. Considering the widespread implications of OGG1 function within a number of
diseases, including neurodegeneration,!?! obesity®#! and inflammation,!”-**! these small molecules are novel, pow-
erful tools to unravel disease biology, and offer the potential for further development into promising drug candi-
dates.

Figure 2: Nucleobase inspired organocatalytic switches stimulate DNA repair by OGG1: A) Effect of the com-
pounds on the AP-lyase activity of hOGG1 on 80x0G:C-containing DNA. The assay was performed as described in Mate-
rials and Methods using 2 nM of the indicated [32P]5’-labeled 8-0x0G-containing substrate, in the presence of 10 nM
hOGG1, 20 mM EDTA and either 10% DMSO or 6.25 uM for TH10785, 13 and 3; 50 uM for TH5487 reflecting the best
concentrations from the corresponding fluorescence based biochemical assay. After incubation for the indicated times
at 37°C, reactions were either stopped or further incubated 10 min in the presence of T4 PNK (+). After incubation
samples were analyzed by 7M urea-20% PAGE and autoradiography. Position of products is indicated. Longer incuba-
tion shown in Supporting Information. B) Compound pKa governs pH range of enzymatic activity: left: 3 activates 0GG1
at a pH closer to 7 and below; middle: TH10785 follows a bell-shaped curve with a maximum at pH 7.5; right: 14 has a
high pKa and thus controls OGG1 function at a pH above 8. 10 nM 8-oxo0:A was used as substrate and was incubated
with 10 nM hOGG1. Compounds were used at most effective concentation as indicated and vo was measured within the
initial linear slope of the reaction. C) Saturation kinetics for TH10785 and 3 against a number of AP site substrates and
8-0x0A:C. left: TH10785 activates OGG1 on AP sites opposite any canonical nucleobase; right: 3 follows a similar pattern
and all AP sites are more efficiently addressed than 8-oxo substrates. vo of reaction was measured. 10 nM 8-oxo0:A was
used as substrate and was incubated with 10 nM hOGG1. U:X substrate was used to gnerate AP sites opposite canoncial
nucleobases using 1 nM UNG2. vo was measured within the initial linear slope of the reaction. Details in Materials and
Methods. D) Assessment of 0GG1 mutants confirms activation of variants with changes outside but not within the active
site: left: 3 and right: 14 are enhancing wtOGG1 and the S326C mutant, but not F319A, C253Y and K249W. 10 nM 8-
0x0:A was used as substrate and was incubated with 10 nM hOGG1. Compounds were assayed with the respective mu-
tants and the initial slope was measured. Assay details in Materials and Methods; E) Superposition of mOGG1-15
(green) and mOGG1-14 (blue) and hOGG1-DNA-80x0G (magenta, PDB ID: 1HUO) monomers. DNA from the 80xoG com-
plex is coloured light orange. Ligands are depicted as sticks; C atoms are coloured green (15), blue (14) or magenta (8-
0x0G), 0 atoms red, and N atoms dark blue; F) Comparison of ligand binding between the structures. Amino acids which
contribute to ligand positioning are depicted as thin sticks; G) Superposition of mOGG1-3 (green) and mOGG1-10 (blue)
and hOGG1-DNA-8-0x0G (magenta, PDB ID: 1HUO) monomers. DNA from the 8oxoG complex is coloured light orange.
Ligands are depicted as sticks; C atoms are coloured green (3), blue (10) or magenta (8-0xoG), O atoms red, N atoms
dark blue and S atoms gold; H) Comparison of ligand binding between the structures. Amino acids which contribute to
ligand positioning are depicted as thin sticks; I) Effect of activators (TH10785, 14 and 10) in cells. Quantification of
nuclear 8-0xoG levels across different time points in U20S cells exposed to organocatalytic switches or DMSO, under
oxidative stress conditions (20mM of KBrOs for 1h). Each bar represents the mean * SEM. Data are the average of three
independent experiments. For each experiment, 25 fields and around 1000 cells were captured per condition. Statistical
significance was calculated using two-way ANOVA for multiple comparisons. ns, non-significant; *P < 0.05; ****P <
0.0001;J) A comparative analysis of ARP-STREP_PE signal induction over DMSO, reported in percentage, is shown. Each
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bar represents the mean * SD. Data are the average of five independent experiments with at least three biological rep-
licates each. Statistical significance was calculated using an unpaired two-tailed Student’s t-test. ns, non-significant;
P < 0.001; ***P < 0.0001.
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