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Bifunctional DNA glycosylases employ an active site lysine or the N-terminus to form a Schiff base with

an abasic (AP) site base excision repair intermediate. For 8-oxoguanine DNA glycosylase 1 (OGG1),

cleaving this reversible structure is the rate-determining step in the initiation of 8-oxoguanine (8-oxoG)

repair in DNA. Evolution has led OGG1 to use a product-assisted catalysis approach, where the excised

8-oxoG acts as a Brønsted base for cleavage of a Schiff base intermediate. However, the

physicochemical properties of 8-oxoG significantly limit the inherent enzymatic turnover leading to a

weak, cellularly absent, AP lyase activity. We hypothesized that chemical synthesis of purine analogues

enables access to complex structures that are suitable as product-like catalysts. Herein, the nucleobase

landscape is profiled for its potential to increase OGG1 Schiff base cleavage. 8-Substituted

6-thioguanines emerge as potent and selective scaffolds enabling OGG1 to cleave AP sites opposite any

canonical nucleobase by b-elimination. This effectively broadens the enzymatic substrate scope of

OGG1, shaping a complete, artificial AP-lyase function. In addition, a second class of compounds,

6-substituted pyrazolo-[3,4-d]-pyrimidines, stimulate OGG1 function at high pH, while thioguanines

govern enzymatic control at acidic pH. This enables up to 20-fold increased enzyme turnover and a de

novo OGG1 b-elimination in conditions commonly not tolerated. The tool compounds employed here

are non-toxic in cells and stimulate the repair of AP sites through a natural, APE1 dependent pathway, as

opposed to previously reported b,d-lyase stimulator TH10785.

Oxidative damage in the form of 8-oxoG is the most common
DNA lesion in human cells. An accumulation of 8-oxoG, its
oxidation products or subsequent mutations caused through
their presence leads to deterioration of cellular health and
ultimately to neurodegenerative1,2 and cardiovascular3,4 dis-
eases, as well as cancer.5,6 OGG1 is the enzyme responsible
for the removal of 8-oxoG through its glycosylase function and
literature suggests that stimulative targeting of OGG1 function
may be a viable therapeutic strategy.7,8

Targeting OGG1 to improve 8-oxoG repair could be achieved
using small molecule activation, increased enzyme levels or by
upregulation of post-translational modifications that enhance
enzyme activity. Interestingly, enhancement of OGG1 activity has
been demonstrated through HDAC1-mediated deacetylation9 or
through allosteric activation.10 Furthermore, we have previously
reported on the activation of OGG1 through its weak AP-lyase
activity by a small molecule (TH10785, Fig. 1).11
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Currently, it is assumed that the weak intrinsic AP-lyase
activity of OGG1 is controlled by product-assisted catalysis, a
distinct mode of action compared to classic allosteric regula-
tion (Scheme S1).12 After OGG1 has extruded and recognized 8-
oxoG, the base lesion is removed employing the efficient
glycosylase function of the enzyme and forming a Schiff base
between OGG1 residue Lys249 and the resulting apurinic site
(AP site). Then, the previously excised 8-oxoG may act as a weak
chemical base and abstract a proton from the Schiff base
intermediate. In vitro, this process results in a weak AP-lyase
activity through b-elimination, which leads to 30-DNA strand
incision and removal of OGG1 from the product. In cells, this
effect is negligible and OGG1 is thus a monofunctional
glycosylase.13 Instead, recruited apurinic/apyrimidinic endonu-
clease 1 (APE1) blocks rebinding of AP sites through OGG1 by
its nuclease function, effectively preventing duration of Schiff
base complexes.11,14,15

Since the recruitment and binding to the AP site by APE1
requires time,16 release of OGG1 from the Schiff base or alter-
natively its cleavage is the rate-determining step in the initiation
of base excision repair (BER).17 Activating the AP-lyase activity of
OGG1 through small molecules therefore leads to increased repair
of AP sites, potentially by avoidance of APE1 recruitment. Accel-
erated release of OGG1 from the Schiff base would then (a)
immediately stimulate AP site repair and (b) increase the capacity
for 8-oxoG repair as an effect of increased OGG1 release.11,18

In agreement with the product-assisted catalysis mechanism
postulated by Fromme et al.,12 we reported OGG1 lyase-
activators that establish proton-abstraction events to foster an
artificial b,d-elimination generating a gap flanked by 50P and
30P ends. With the AP lyase activity being stimulated, this novel
elimination overwrites the dominant glycosylase function of
OGG1 in cells, rendering it a b,d-AP lyase that creates products
whose repair pathways are independent of APE1.18

Fig. 1 Screening for OGG1 organocatalytic switches based on substrate similarity: a number of OGG1 organocatalytic switches have previously been
reported. As an 8-oxoG analogue, 8-bromoguanine is a known OGG1 lyase-activator catalyzing the inherent b-elimination activity of OGG1. Based on
substrate similarity, we screened an in-house library of diverse modified nucleobases and discovered 8-methylpurines as potent OGG1 AP lyase activators
(3–5). Additional chemotypes covered thioguanine analogues including FDA-approved drugs (1, 2), as well as 6-amino-substituted purines (6–9) but not adenines
or 9-substituted nucleobases. Assay details in Materials and methods.
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Since small molecule activators typically bind allosteric sites
and activate an already present function, we termed the bifunc-
tional compounds organocatalytic switches (ORCAs) since they:

(a) contain a heterocyclic nitrogen center with Brønsted
base-like character,

(b) bear a structural handle with active site affinity,11

(c) partake in the biochemical reaction,
(d) are not changed in the process, and
(e) as a result, alter, i.e. switch, the protein function
As a relatively new concept in the literature, several critical

points remain to be addressed. The first question raised was
whether there are additional chemical series that activate
OGG1, especially if compounds derived from the natural
substrate 8-oxoG could act as ORCAs. Indeed, we confirmed
8-bromoguanine (8-BrG), a more soluble analogue of 8-oxoG,
to activate OGG1, however only by stimulation of the residual
b-elimination function (Fig. 1). Secondly, while b,d-elimination
additionally requires bifunctional polynucleotide phosphatase/
kinase (PNKP1) function for end cleansing, controlling OGG1
incision through b-elimination leads to dependance on APE1
only.19 At the current, this distinct initiation of base excision
repair is incompletely understood in the literature. To more
deeply investigate the potential and structure–activity relation-
ships (SAR) of b-elimination activators, we sought to establish a
series of purine-based ORCAs of OGG1 based on the chemotype
of 8-BrG.

Here, we screened a library of nucleoside and nucleobase
analogues and discovered two chemical series of nucleobase-
based molecules that activate OGG1 on AP sites. Chemical
modification has revealed a detailed SAR and enzymatic assays
complimented by co-crystal structures suggest active site bind-
ing and not allosteric regulation as the mode of action. We
observed that very potent ORCAs of this series control OGG1
function opposite any canonical nucleobase and that different
scaffolds can be employed to govern enzymatic function in a pH
range distinct from naı̈ve OGG1. The compounds developed
enable OGG1-mediated repair of AP sites dependent on APE1
and are powerful tools to investigate increased loading of this
canonical pathway within base excision repair.

Results
Screening of in-house library

We started by screening a 500-compound in-house library
enriched for nucleosides and nucleobases, which was built up
from compounds available through the National Cancer Insti-
tute’s Developmental Therapeutics Platform (NCI DTP). Addi-
tionally, we manually added compounds that were synthesized
during our campaigns for nucleobase binding proteins, such as
the NUDIX proteins and alternative DNA glycosylases to
OGG1.20–24 Previously, we introduced the concentration of
half-maximal activation (AC50), which reflects the activity of
10 nM OGG1 with a given compound concentration that reaches
50% assay turnover compared to 10 nM OGG1 with 2 nM APE1.
Consequently, the AC50 may be altered depending on assay

conditions and the amount of APE1 used. Thus, as a quantita-
tive readout to compare compound activity with APE1 function,
we determined AC50 for all screened compounds on the sub-
strate 8-oxoA:C through kinetic readout instead of a single
point read for inhibitors. 8-oxoA was incorporated instead of
8-oxoG, since the latter is prone to further oxidation and could
therefore jeopardize the reproducibility of results.25 For details
of this screening assay (Z0 = 0.853), the workflow and data
handling, please see Fig. S1.25

Among the primary hits were the FDA approved drugs
thioguanine 1 and azathioprine 2 (Fig. 1 and Fig. S2), 8-
substituted thioguanines 3–5 and compounds combining the
purine scaffold with amines in the 6-position (6–9). Interest-
ingly, a number of 8-monosubstituted thioguanines, but not
adenines, were found to be particularly active. In addition, we
found that N9-modified analogues or nucleoside structures
were inactive in the assay, suggesting the necessity of an
unsubstituted nitrogen in that position of the molecule
(Fig. S2).

Investigation of thioguanine analogues

Based on the promising screening results for the 6-thioguanine
chemotype, we initially directed our attention towards hits
within this series. First, we confirmed purity and identity,
and reordered solid material from NCI DTP for the determina-
tion of AC50. Then we generated a number of analogues of 8-
substituted 6-thioguanines with larger substituents (10 and
S23–S26, Table 1, Table S1A). Interestingly, only small substi-
tuents were tolerated in the 8-position, as observed for com-
pounds 3 and 10. We observed a decrease in potency upon
extension of the synthetic system via propyl (10), methylamino
(S25) and inactivity for a more extended N-Boc substituent
(S26). Next, we explored the apparent necessity of an unsub-
stituted 6-thio modification by generating analogues with
thioether or sulfone modifications (S27–S39, Table S1B). Again,
small substituents such as ethyl (S28), iso-propyl (S29) and
propene (S31) gave better results, while extended systems (S14,
S15 and S36–39) were inactive below 100 mM. Finally, a combi-
nation of small substituents in both the 6-thioether as well as
the 8-position failed to further improve the activity of this
chemical series (S33–S35). These studies suggest a highly
specific SAR for thioguanines, allowing only minor modifica-
tions to the core system.

Investigation of 6-amino substituted purines

To follow up on the primary hits with a 6-amino substituted
purine core (6–9, Table 1 and Table S2), we confirmed identity,
reordered solid material from NCI DTP and determined AC50 as
before. Previously, we had shown that OGG1 inhibitor
modifications25 combined with the quinazoline core of
TH10785 would still yield activating molecules.11 This investi-
gation was performed to show that the combination of affinity
to the target and reactivity on the substrate within one small
molecule was both possible and necessary to activate OGG1
on AP sites. To build on the screening results for 6–9 and to
assess whether these earlier observations could be further
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corroborated in a scaffold hopping approach, we generated
matched pairs of different amines with the core structure of hit
molecule 6 (Table S2). Using a mix of acidic and alkaline
coupling conditions, a number of derivatives were synthesized
(11 and S40–S45). As a readout for activity, the biochemical
assay was performed which showed that with the exception
of 6 and 11, 6-aniline modified analogues are not significantly
activating OGG1 below 100 mM. Thereby, 11, bearing a 3,4-
dichloroaniline substituent, exhibited a bell-shaped activity curve
peaking at a concentration of 12.5 mM but below an AC50 value
(AC35, Fig. S3). Previously, we observed similar behavior for
TH10785 and concluded that this curve reflects a competition
with the 8-oxoA substrate in higher concentrations.11

Further, we generated matched pair compounds for some of
the thioguanines synthesized previously and observed
improved activity of the amine analogues (S36 vs. 13 and S38
vs. 6, Tables S1B and S2). If these molecules indeed bind the
active site, this comparison suggested that the hit scaffold
requires a secondary amine, namely an R1R2–NH, between
the nucleobase core (R1) and the 6-modification (R2) to be able
to activate OGG1. In contrast, a panel of additional sp2-richer
amines (S18–20, Fig. S2, S42 and S43, Table S2) indicated a
preference for small substituted tertiary amine rings. Pre-
viously, we had observed that the N-methyl version of
TH10785, TH11735, was still able to induce activation of
OGG1, albeit with more modest turnover.11

6-Substituted pyrazolo-[3,4-d]-pyrimidine are activators of the
OGG1 AP lyase activity

Having identified the 3,4-dichloroaniline derivative (11) as the
most promising member among the 6-substituted purines, we
then investigated the scope of accepted nucleobase analogues,
replacing the guanine alike core with adenine, uracil and other
heterocycles (12 and S46–S49, Table S3A). Interestingly, while 9-
methylated analogue S49 and uracil derivative S48 remained
inactive, the 6-amino-pyrazolo-[3,4-d]-pyrimidine derivative
12 surpassed purine analogue 11 in the biochemical assay,
with an AC50 similar to the peak effect of 11. In addition,
6-unsubstituted pyrazolo-[3,4-d]-pyrimidine S47 activated
OGG1, while adenine analogue S46 remained inactive. Follow-
ing this finding, we assembled a number of matched pairs
based on previously synthesized 6-aminoaryl-imidazo-[3,4-d]-
pyrimidines (13, 14 and S50–S56, Table S3B) and observed that
all members of the pyrazolo-[3,4-d]-pyrimidine series surpassed
the activity of their imidazo counterparts (11 vs. 12, 13 vs. 14).

Organocatalytic switches bind the active site of OGG1

To investigate whether the identified molecules bind to the
active site during OGG1 catalysis, we evaluated the biochemical
activity of 3 and 14 on OGG1 mutant variants in the
fluorescence-based assay. 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 (Fig. 2). 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 (Fig. 3A–D and Fig. S4). The binding poses of com-
pounds 14 and 15, interacting both with Phe319 and Gly42,
confirmed the selectivity observed within the SAR. An overlay
with the 8-oxoG-bound human OGG1 (PDB ID: 1HU0)12 indi-
cated no significant rearrangements in the core protein struc-
ture for all structures solved. Identical placement of 3, 10 and 8-
oxoG (Fig. 3C and D, Fig. S4) suggests a binding mode that
allows for enhanced product-assisted like catalysis. The hetero-
cyclic 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 (Fig. S4).

Table 1 Optimization towards potent and selective OGG1 stimulators:
assay details in Materials and methods. AC50 in mM, CI95 confidence
interval 95% in mM

# Structure AC50 (CI 95) [mM]

3 0.32 (0.27–0.39)

10 0.55 (0.26–1.20)

11 12.5a

12 13.1 (2.3–75.1)

13 4100

14 11.7 (5.5–24.9)

15 28.2 (10.0–79.8)

a Compound only reaches AC35 due to a bell-shape activity curve.
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In addition, this observation supports the finding during SAR
optimization of the thioguanine series, where 6-substitution

led to a reduced activity compared to 6-unsubstituted
analogues.

Fig. 2 Assessment of OGG1 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-oxo:A was used as a substrate and was incubated with 10 nM
hOGG1. Compounds were assayed with the respective mutants and the initial slope was measured in the fluorophore-quencher assay. Assay details in
Materials and methods. Structures of compounds 3 and 14 depicted in Table 1. Placement of relevant amino acids shown in Fig. S4 and S5.

Fig. 3 Organocatalytic switches bind the active site of OGG1 and closely overlap with 8-oxoG position: (A) superposition of mouse OGG1 bound 15
(green) and mouse OGG1 bound 14 (blue) and human OGG1 bound DNA-8-oxoG (magenta, PDB ID: 1HU0) monomers. DNA from the 8-oxoG complex
is coloured light orange. Ligands are depicted as sticks; C atoms are coloured green (15), blue (14) or magenta (8-oxoG), O atoms red, and N atoms dark
blue; (B) Close up comparison of ligand binding between the structures in (A). Amino acids which contribute to ligand positioning are depicted as thin
sticks; (C) superposition of mouse OGG1 bound 3 (green) and mouse OGG1 bound 10 (blue) and human OGG1 bound DNA-8-oxoG (magenta, PDB ID:
1HU0) monomers. DNA from the 8-oxoG complex is coloured light orange. Ligands are depicted as sticks; C atoms are coloured green (3), blue (10) or
magenta (8-oxoG), O atoms red, N atoms dark blue and S atoms gold; (D) close up comparison of ligand binding between the structures in (C). Amino
acids which contribute to ligand positioning are depicted as thin sticks. Structures of compounds 10, 14 and 15 depicted in Table 1.
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Nucleobase based organocatalytic switches increase b-lyase
activity of OGG1 depending on pH

To determine whether the synthesized structures were activat-
ing a b,d-elimination in OGG1 similar to previously reported
structures TH10785 and analogues,11 we first elucidated the
exact nature of the observed biochemical activity, i.e. b- or b,d-
AP-lyase. Therefore, we assessed the reaction of compound and
protein on the substrate using a 32P-radiolabelled substrate (see
Materials and methods) and further resolution of the products
by PAGE. Compounds 13 and 3 (Table 1) – as members of two
different nucleobase series – were chosen for evaluation in
this way. Both compounds 3 and 13 were confirmed as activa-
tors of the inherent b-lyase functionality of OGG1 after 2 and
4 minutes respectively (Fig. 4). The corresponding reaction
product of b-elimination, 30phospho unsaturated aldehyde

(30-PUA), was rapidly formed by OGG1 in the presence of 13
and 3. This product was also observed with TH10785, although
in this case OGG1 rendered an additional band with a higher
electrophoretic mobility and corresponding to a b,d-
elimination 30-P product, as previously reported.11 As expected,
the phosphatase activity of T4PNK had no effect on the 30-PUA
product common to 3, 13, and TH10785 (Fig. S6). For TH10785,
the enzyme removed the phosphate group from the 30P pro-
duct, generating a product with slightly reduced electrophoretic
mobility, confirming its identity as the b,d-elimination product.
Extended incubation periods of 30 minutes or longer gave the
b,d-elimination product in the cases of 3 and 13, possibly
through unspecific cleavage since DMSO and the OGG1 inhi-
bitor TH5487 showed a similar response (Fig. S6). Although
devoid of b,d-AP-lyase activity, the intensity of the substrate and

Fig. 4 Effect of compounds 3 and 13 on the AP-lyase activity of hOGG1 on 8oxoG:C-containing DNA. Upper panel: PAGE gel after autoradiographic
readout. The assay was performed using 1 nM of the [32P]50-labeled uridin-containing substrate, previously treated with 0.2 U of E. coli UDG to obtain a
natural AP site, incubated with 10 nM hOGG1, 20 mM EDTA and either 10% DMSO or 6.25 mM TH10785, 20 mM 13 and 20 mM 3. After incubation for the
indicated times at 37 1C, reactions were stopped and samples further analyzed by 7 M urea-20% PAGE and autoradiography. C1: control of no UDG-
treated DNA incubated for 8 min at 37 1C; C2: control of UDG treated DNA incubated for 8 min at 37 1C; C3: alkaline degradation of the UDG treated DNA.
Lower panel: bar chart of the AP lyase activity (n = 3; means � SEM). Significance of the results was determined with a two-tailed paired t-test. *P o 0.05;
P o 0.01; ***P o 0.001. 30-PUA – 30 phospho unsaturated aldehyde. Structures of compounds 3 and 13 depicted in Table 1.
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product bands confirmed 3 was a quantitatively stronger acti-
vator than TH10785 and 13.

Due to the necessity of employing a nucleophilic lysine
residue and cleavage of a Schiff base via proton abstraction,
OGG1 functions optimally in a pH close to 8, where both
glycosylase and AP lyase processes are ensured to progress in
a reasonable time frame. Since we previously observed a pH
preference for TH10785, all AC50 measurements during screen-
ing and optimization were performed at a pH of 7.5. This
ensured that compounds were profiled in a way that also
included their possible activity in slightly more acidic or more
alkaline conditions but mainly their putative activity in a
cellular system. Due to this dynamic interplay between OGG1
modulator and enzyme, we next assessed the artificially con-
trolled AP-lyase activity across a pH range of 6.7 to 8.4. For this,
we measured the initial rate of the reaction in the fluorescence-
based biochemical assay using the 8-oxoA substrate and com-
pounds TH10785, 3 and 14. We chose the most potent concentra-
tions of each compound, according to their activity profile. As
indicated in Fig. 5, 14 pronounced the already increased OGG1
enzymatic turnover at higher pH close to or over 8. The highest
fold increase in function was however observed at lower pH. Like
3 (5 mM) and TH10785 (6.25 mM), 14 (100 mM) also allowed OGG1
to cleave AP sites even in a slightly acidic reaction buffer of pH 6.7,
installing a de novo function. Interestingly, the effect of 3 was the
strongest at low pH. Finally, TH10785 stimulated OGG1 function
the most around a pH of 7.5. A weakened effect was seen for high
pH, where OGG1 function was unchanged in the presence of
TH10785.

To investigate the effects of compound binding to OGG1
further, we assessed protein stability using the melting tem-
perature 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.

Lastly, to assess whether proton transfer reactions have
an influence on compound activity, we applied D2O as
solvent, investigating a potential solvent isotope effect. In the
fluorescence-based assay we observed challenged incision effi-
cacy evidenced by the slower rate of the reaction compared to
conditions using H2O (Fig. S7). These investigations draw a
complex picture of protein stability, compound binding, proton
abstraction and transfer, as well as substrate and leaving group
solvation during elimination events.

Strongly activated OGG1 cleaves AP sites opposite all canonical
nucleobases

Since OGG1 has a preference for 8-oxoG opposite cytosine,27 we
hypothesized that a substantially increased AP lyase function
could overwrite this cytosine selectivity. Thus, we investigated
the reaction of OGG1 under saturating concentrations of sub-
strates 8-oxoA:C and AP:A, AP:C, AP:G and AP:T, generated from
their respective uracil containing precursors using UNG2.
Using 3 and TH10785 to evaluate a potential influence of b-
or b,d-elimination capabilities, we found that both compounds
pronounced the inherent preference for cytosine (Fig. 6, Fig.
S8A and B). Further, both compounds exhibited a competition
effect for the 8-oxoA substrate, where higher concentrations
lead to reduced rates. This effect was less prominent for AP site
substrates, where the rate is plateauing instead. In contrast to
TH10785, 3 was able to stimulate a significant OGG1 AP lyase
function on all substrates, suggesting that compound potency
rather than type of AP lyase function governs the reaction on
AP-sites. We further rule out unspecific acceleration of strand
cleavage by compound 3 in absence of OGG1 by control
experiments on AP:C substrate alone (Fig. S8C).

Organocatalytic switches are selective, non-toxic and stimulate
the repair of AP sites in cells

To rule out any unwanted effects of the molecules regarding
potential toxicity or off-target effects, we extensively profiled
TH10785, 3 and 14 using a functional panel of enzymes con-
sisting of DNA glycosylases,21 NUDIX family members20,28 and

Fig. 5 Compound pKa governs pH range of enzymatic activity: left: 3 activates OGG1 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-oxoA was used as substrate
and was incubated with 10 nM hOGG1. Compounds were used at most effective concentation as indicated and v0 was measured within the initial linear
slope of the reaction in the flourophore-quencher assay. Structures of compounds 3 and 14 depicted in Table 1, structure of TH10785 depicted in Fig. 1.
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a set of protein kinases which was probed using thermal
stability.29 Limited inhibition below 50% was observed within
the family of DNA glycosylase at 100 mM, indicating over 100-
fold selectivity for 3 and TH10785. All other tests returned
negative for off-targets (Tables S6, S7 and Fig. S9, S10).

Further, considering that some thioguanines are approved
cytotoxic drugs we sought to exclude an effect on cell viability.
Cultivation of an immortalized cell line, BJ-TERT, and an
oncogene driven cell line, BJ-Ras,23,30 over three 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 these selective and non-cytotoxic scaffolds, we inves-
tigated whether either of the OGG1 functions were indeed

improved in a cellular setting. Determining thermal stabili-
zation using DSF revealed that 10 (1.5 K) and 14 (0.5 K)
stabilized OGG1 more than 3 (0.5 K) and 13 (0.1 K). Thus, we
applied 10 and 14 moving forward and induced DNA damage in
U2OS cells using KBrO3 and profiled 8-oxoG, AP sites and
gH2AX as a general marker for DNA damage. We observed
increased levels of nuclear 8-oxoG over 6 hours post exposure
(Fig. 7A). This effect was rescued by the OGG1 organocatalytic
switches. Cellular efficacy followed the biochemical activity
for ORCAs of the b-elimination, as 10 was superior to 14,
with TH10785 being most efficient as a stimulator of
b,d-elimination. This indeed indicated an increased cellular
repair of 8-oxoG lesions in DNA, possibly through more free
protein after accelerated repair.11 However, considering the

Fig. 6 Reaction velocity for TH10785 and 3 against saturating concentration of AP site substrates and 8-oxoA:C: left: 3 activates OGG1 on AP sites
opposite any canonical nucleobase; right: TH10785 activates OGG1 on AP sites in the same manner and no incision dependant efficiency is observed; v0

of reaction was measured. 10 nM 8-oxo:A was used as substrate and was incubated with 10 nM hOGG1. U:X substrate was used to generate AP sites
opposite canonical nucleobases using 1 nM UNG2. v0 was measured within the initial linear slope of the reaction in the fluorophore-quencher assay.
Details in Materials and methods. Structures of compound 3 and TH10785 depicted in Fig. 1.

Fig. 7 Organocatalytic switches stimulate removal of 8-oxoG and AP sites: (A) effect for compounds TH10785, 14 and 10 at 10 mM in a cellular setting.
Quantification of nuclear 8-oxoG levels across different time points in U2OS cells exposed to organocatalytic switches or DMSO, under oxidative stress
conditions (20 mM of KBrO3 for 1 h). 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 o 0.05; ****P o 0.0001; (B) a comparative analysis of ARP-STREP_PE signal induction over DMSO, reported in percentage, is shown
for compounds TH10785, 14 and 10 at 10 mM. Each bar represents the mean � SD. Data are the average of five independent experiments with at least
three biological replicates each. Statistical significance was calculated using an unpaired two-tailed Student’s t-test. ns, non-significant; ***P o 0.001;
****P o 0.0001. Structures of compounds 10 and 14 depicted in Table 1, structure of TH10785 depicted in Fig. 1.
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compounds redirect OGG1 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 probe31 and fluorescence-activated cell
sorting we indeed observed reduced numbers of AP sites for
compound 10, performing at the level of TH10785 (Fig. 7B). 14
was found to be inactive at these concentrations, possibly due to a
suboptimal concentration in relation to its biochemical activity.
Lastly, gH2AX levels were unaltered between the different com-
pounds (Fig. S11), indicating sustainable DNA repair upon faster
initiation of BER. Collectively, these studies confirm enhanced,
compound-mediated OGG1 activity in canonical repair of oxida-
tive DNA damage in vitro and in cells. The effects observed suggest
OGG1 is rendered an AP lyase in presence of potent OGG1-ORCAs.

Discussion

Removal of 8-oxoG from DNA is necessary to maintain cellular
health and genomic integrity. At the same time, the presence of
8-oxoG is crucial to recruit repair enzymes and transcription
factors to remodel cellular responses in inflammation,32,33 after
physical activity and in human disease.34,35 Both scenarios
benefit from a tight control of human BER, in which OGG1
recognizes and removes 8-oxoG as the initiating enzyme. While
bifunctional enzymes with similar substrate scope exist in
lower organisms,36 OGG1 appears to have a negligible AP lyase
function which cleaves the reaction product, an AP site.
Whether this occurred as a result of an evolutionary advantage
has not been thoroughly investigated. However, literature
indicates that an AP lyase function is at the center of transcrip-
tional processes, since both OGG1 and the succeeding enzyme
APE1 are implicated in the recruitment of transcription factors
to genomic regions rich in potential substrates.17,37

Still, APE1 is recruited to relieve OGG1 from the AP site. Due
to the required unbinding of the AP site from OGG1, rebinding
of APE1 and incision through APE1, significant rearrangements
are accomplished within the repair complex. Furthermore,
when bound to an AP site via a reversible Schiff base, OGG1
remains unavailable for additional excision events. In scenar-
ios, such as neurodegenerative and cardiometabolic diseases as
well as rapid aging, this delay of repair may cause an accumula-
tion of 8-oxoG as well as AP sites. Mutations and excessive DNA
damage may be the result, threatening genomic integrity. Thus,
improving OGG1 function by enhancing a weak AP lyase activity
has recently gained traction with first applications in patient-
derived models of liver fibrosis.38,39

The discovery of TH10785, an organocatalytic switch, has
been reported that improves AP site cleavage of OGG1 inde-
pendent of APE1.11 The small molecule binds the active site
and removes an activated proton from the Schiff base inter-
mediate. This effectively shapes an b,d-elimination reaction
that resembles the AP lyase function of DNA glycosylases from
lower organisms, such as Fpg from bacteria.36

At the same time, human BER has evolved to accomplish
different DNA-end cleansing depending on the elimination
reaction that was performed. b-Eliminations generate a

30-PUA which is still a substrate of APE1. b,d-Eliminations,
however, require PNKP1 before the reaction product converges
again with the stream resulting from b-elimination. Thus,
TH10785 rewires the initiation of base excision repair to
become independent of APE1 and to rely on PNKP1 instead.

OGG1 can employ the excised 8-oxoG for a weak b-
elimination and we have shown that 8-bromo guanine indeed
activates this reaction further. Thus, we hypothesized that
complex nucleobase space may present (a) additional more
potent analogues and (b) offer insight in the mechanistic
differences of OGG1 b- and b,d-eliminations. Therefore, we
profiled the nucleobase chemical space for organocatalytic
switches of OGG1 using a fluorophore-quencher assay and
discovered two distinct selective chemical series, including 6-
thioguanines and 6-aminopurines. An early indication of active
site binding was observed in the inactivity of 9-substituted
analogues during the screen. Assuming an orientation similar
to 8-oxoG during catalysis, these analogues would not be able to
abstract protons from the intermediate Schiff base.

Investigation of the SAR revealed that 6-thioguanine toler-
ated only minor groups in the 8-position, with an AC50 of up to
0.32 mM, which was later supported by obtained co-crystal
structures. 6-Aminoguanine derivatives on the other hand were
optimized to bear substituted aniline substituents, reaching
moderate mM activity while their thioguanine counterparts
displayed only weak (compound S36) or no activation (com-
pound S38, Table S1). This apparent requirement for H-donor-
bonding in addition to a p-stacking with the bicyclic hetero-aryl
system agreed with the current knowledge on organocatalytic
switch binding, requiring both interactions with OGG1 active
site amino acids Gly42 and Phe319. Especially the adaptation of
the aniline substitution pattern from previously published
OGG1 inhibitors increased the potency of these 6-amino pur-
ines. Finally, investigating the space of alternative scaffolds we
observed that members of a pyrazolo-[3,4-d]-pyrimidine series
surpassed the activity of the corresponding imidazo-pyrimidine
series. Taken together, these results suggest that previously
optimized OGG1 inhibitor chemical space can be utilized to
optimize the affinity handle of a series of OGG1 organocatalytic
switches.25 At the same time, the polar and nitrogen-rich
scaffold of nucleobases appears suitable to stimulate proton
abstraction during OGG1 catalysis.

In an attempt to rationalize the observed SAR, we then
assessed key molecules in the catalysis of OGG1 mutants. As
before,11 we only saw a stimulation of mutants outside of the
active site. This confirmed an orthosteric binding of the small
molecules. The exact orientation of compounds 3 and 10 which
was further elucidated using co-crystal structures was in line
with the 8-oxoG binding mode (PDB ID: 1HU0), enabling for a
mechanism like the product-assisted catalysis. All four
obtained co-crystal structures confirmed the established SAR,
with the small molecules engaging key amino acid residues
Gly42 and Phe319. Especially, the thioguanine series showed
excellent similarity to the placement of 8-oxoG during catalysis.
This overlapping in binding mode confirmed the observed SAR
and the limited toleration of substituents in 8-position. At the
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same time, the co-crystal structures of 14 and 15, offered deeper
insight into the activity of nucleobase analogues. The spacious
aniline derivatives led to a outwards shifted position of the
entire molecule, as visible by the position of active site residue
Cys253 (Fig. S4). Together, the crystal structures suggest, that a
combination of 6- and 8-substitution would be too sterically
demanding for the active site, explaining the lower activity of
these analogues.

Assessment in the fluorophore-quencher assay allowed to
compare compounds to a pathway stimulated by APE1, but
does not provide the identity of the reaction product. We
therefore used a 32P-labelled DNA substrate and resolved the
reaction of OGG1 with 3, 13 and TH10785 by PAGE. As before,
TH10785 induced b,d-elimination while 3 and 13 catalyzed an
b-elimination in accordance with their previously established
AC50. Although, these findings confirmed the earlier observa-
tion of Fromme et al. that guanine analogues are assisting in
catalysis driven by product-alike properties, the absence of a
b,d-elimination catalyzed by potent analogues such as 3, sug-
gest that TH10785 acts through a distinct mechanism. Pre-
viously, it was assumed that a cascade b,d-elimination occurs
through the stimulation of an initiating b-elimination by
TH10785. The fact, that potent molecules identified in this
study fail to control the second elimination, warrants further
investigation.

Since proton abstraction and the lysine attack are both
processes that thrive in more basic conditions, we hypothesized
that compound pKa and pH environment play a role in OGG1
activity. 3 promoted an AP lyase activity in slightly acidic
conditions, while 14 was more active at higher pH over 8. As
observed earlier, TH10785 performed best around pH 7.5.
These findings pointed towards the presence of a basic nitro-
gen or a changed protonation state of the enzyme binding site.
With respect to the former, the observed activity enhancement
was in accordance with the calculated26 pKa of the nitrogen
bases within the used compounds, TH10785 (1N: 6.55 � 1.13),
3 (9N: 2.59 � 2.22) and 14 (9N: 13.53 � 2.00) demonstrating
that compounds 3, 14 and TH10785 are more potent in catalyz-
ing reactions that are closer to their individual pKa. Since the
AC50 is dependent on pH, compound pKa can have important
ramifications on attenuating activity in different biological
compartments.

Since a number of processes during glycosylase and AP lyase
function require proton abstraction, we investigated protein
stabilization by the compounds as well as a solvent effect using
D2O as solvent. While stabilization was indeed pH dependent
and followed the general trend of compound pKa, the use of
D2O indicated significant slower incision events in the
fluorophore-quencher assay. The active center nitrogen of the
compounds experiences a vivid proton or deuterium exchange
in solution. Thus, this result points towards challenged proton
abstraction from the a-carbon of the Schiff base intermediate.
Altogether, these investigations draw a complex picture of
protein stability, compound binding, proton abstraction and
transfer, as well as substrate and leaving group solvation during
elimination events. The question of whether pKa is the driver of

the elimination reaction or favors protein-Schiff base binding
remains elusive. Given, that all structures used in this study
bear multiple nitrogen atoms with a variety of pKa, we see the
need to identify a minimum structure of organocatalytic
switches. Modulating the pKa of a minimalist structure would
then allow to assess whether active nitrogen pKa is an addi-
tional descriptor for the development of ORCAs.

Another evolutionary selection that OGG1 underwent, is the
selectivity for an 8-oxoG:C pair as opposed to for example the
selectivity of MUTYH for 8-oxoG:A. With the AP lyase activity
stimulated, we thus asked the question whether OGG1 con-
tinues to discriminate against the other canonical nucleobases.
Generating AP sites opposite adenine, cytosine, guanine and
thymine and assessing the burst phase of the reaction of OGG1
with 3 and TH10785, we observed a continued selectivity for
cytosine independent of incision mode. Still, incision events
were markedly stimulated for all substrates used, enabling
cleavage of all AP sites in double stranded DNA. The reduction
of reaction rates in the presence of higher concentrations of
compound 3 or TH10785 strongly occurs for 8-oxoA, but less for
AP site containing substrates. These observations indicated
competition with substrates that require extended space within
the active site which is obstructed when a compound binds
prior to the excision of the damaged base.11 Additionally,
OGG1-independent acceleration of substrate cleavage by the
compounds 3 or 14 was ruled out by enzyme-free control
experiments.

These properties prompted us to evaluate the effects of the
compounds in cells. Since OGG1 is able to incise AP sites in the
presence of organocatalytic switches as a new substrate in
addition to the removal of 8-oxoG, we set out to assess the
levels of both substrates after a burst in oxidative DNA damage.
We determined the levels of 8-oxoG and AP sites using immu-
nofluorescence using an anti-8-oxoG-antibody and quantifica-
tion of AP sites through an aldehyde reactive probe and FACS,
respectively. As a proxy of target engagement, we used DSF to
prioritize one compound per series, i.e. 10 and 14. We observed
both reduced levels of 8-oxoG and AP sites using compound 10
confirming an acceleration of initiation of base excision repair.
No such effect was observed for 14, which was likely connected
to the fact that the concentration used is close to the com-
pound’s AC50. In addition, it may be possible that compounds
are less active in certain cellular environments, depending on
their individual pKa. Future research will need to address the
possibility with a chemical series that allows for robust pKa

modulation, as mentioned above.
The presented molecules activate the canonical but rudi-

mentary b-elimination activity of OGG1 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 structures of a number of analo-
gues further confirm the product-assisted hypothesis of
Fromme et al. and paint a detailed picture of functional
enhancement of enzymatic activity on Schiff bases.
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In conclusion, we demonstrate that a chemical space beyond
TH10785 exists that increases the repair of OGG1. Importantly,
we show that these OGG1 ORCAs may act through a distinct
mechanism of action and in contrast to TH10785 primarily
stimulate the b-elimination during OGG1 catalysis. At the
current time, it remains a challenge to explain why some
molecules assist in b-elimination and why others stimulate a
b,d-elimination. Future research will have to show whether
distinct chemical series can stimulate a cascade event or more
readily abstract the g-proton for an additional elimination
reaction.

Still, OGG1-ORCAs are the first chemical entities that rewrite
an enzymatic function in cells by partaking in the biochemical
reaction, allowing for increased DNA damage repair. Consider-
ing the widespread implications of OGG1 function within a
number of diseases, including neurodegeneration,1,2 obesity3,4

and inflammation,7,32 these small molecules are novel, power-
ful tools to unravel disease biology, and offer the potential for
further development into promising drug candidates.38,40
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B. M. F. Hanna, O. Mortusewicz, V. Rajagopal, J. J. Albers,
D. W. Hagey, T. Bekkhus, S. Eshtad, J. M. Baquero, G.
Masuyer, O. Wallner, S. Müller, T. Pham, C. Göktürk, A.
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M. Scobie, O. Loseva, I. Almlöf, J. E. Unterlass, A. Pettke,
J. Boström, M. Pandey, H. Gad, P. Herr, A.-S. Jemth, S. El
Andaloussi, C. Kalderén, S. Rodriguez-Perales, J. Benı́tez,
H. E. Krokan, M. Altun, P. Stenmark, U. W. Berglund and
T. Helleday, Targeting OGG1 arrests cancer cell proliferation by
inducing replication stress, Nucleic Acids Res., 2020, 48,
12234–12251.

7 M. Hussain, X. Chu, B. Duan Sahbaz, S. Gray, K. Pekhale,
J.-H. Park, D. L. Croteau and V. A. Bohr, Mitochondrial
OGG1 expression reduces age-associated neuroinflamma-
tion by regulating cytosolic mitochondrial DNA, Free Radical
Biol. Med., 2023, 203, 34–44.

8 B. A. Baptiste, S. R. Katchur, E. M. Fivenson, D. L. Croteau,
W. L. Rumsey and V. A. Bohr, Enhanced mitochondrial DNA
repair of the common disease-associated variant,
Ser326Cys, of hOGG1 through small molecule intervention,
Free Radical Biol. Med., 2018, 124, 149–162.

9 P.-C. Pao, D. Patnaik, L. A. Watson, F. Gao, L. Pan, J. Wang,
C. Adaikkan, J. Penney, H. P. Cam, W.-C. Huang, L. Pantano,
A. Lee, A. Nott, T. X. Phan, E. Gjoneska, S. Elmsaouri, S. J.
Haggarty and L.-H. Tsai, HDAC1 modulates OGG1-initiated
oxidative DNA damage repair in the aging brain and Alzhei-
mer’s disease, Nat. Commun., 2020, 11, 2484.

10 G. Tian, S. R. Katchur, Y. Jiang, J. Briand, M. Schaber, C.
Kreatsoulas, B. Schwartz, S. Thrall, A. M. Davis, S. Duvall,
B. A. Kaufman and W. L. Rumsey, Small molecule-mediated
allosteric activation of the base excision repair enzyme 8-
oxoguanine DNA glycosylase and its impact on mitochon-
drial function, Sci. Rep., 2022, 12, 14685.

11 M. Michel, C. Benı́tez-Buelga, P. A. Calvo, B. M. F. Hanna,
O. Mortusewicz, G. Masuyer, J. Davies, O. Wallner, K. Sanjiv,
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M. Studham, B. Lundgren, C. Wählby, E. L. L. Sonnhammer,
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T. Pham, U. W. Berglund, J. Colinge, K. L. Bennett,
J. I. Loizou, T. Helleday, S. Knapp and G. Superti-Furga,
Stereospecific targeting of MTH1 by (S)-crizotinib as an
anticancer strategy, Nature, 2014, 508, 222–227.

31 K. Kubo, H. Ide, S. S. Wallace and Y. W. Kow, A novel sensitive
and specific assay for abasic sites, the most commonly
produced DNA lesion, Biochemistry, 1992, 31, 3703–3708.
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