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Mario Kehler,[a] Kaixin Zhou,[a] Aurino M. Kemas,[b, c] Alicia del Prado,[d]
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Yi Zhong,[b, c] Oryn Purewal-Sidhu,[a] James Haslam,[a] Elisée Wiita,[a] Heather Gildie,[a]

Karolina Singerova,[a] Zuzanna Szaruga,[a] Ingrid Almlöf,[a] Femke M. Hormann,[a]

Kang-Cheng Liu,[c, g] Olov Wallner,[a] Florian Ortis,[a] Evert J. Homan,[a] Opher Gileadi,[c, g]

Sean G. Rudd,[a] Pål Stenmark,[e] Miguel de Vega,[d] Thomas Helleday,[a, h]

Nicholas D. D’Arcy-Evans,[a] Volker M. Lauschke,[b, c, i, j, k] and Maurice Michel*[a, c]

8-oxoGuanine DNA glycosylase 1 (OGG1) is the first known target
of organocatalytic switches (ORCAs), which rewrite the biochem-
ical function of the enzyme through redirection of its preferred
substrate from 8-oxoG to AP sites. Previously, different ORCA
chemotypes were shown to enhance the operational pH window
for OGG1, possibly through direct involvement in proton trans-
fer events during DNA strand cleavage. Accordingly, compound
pKa is a crucial and necessary consideration for the identification
and application of future OGG1 ORCAs. Here, we identify a min-
imal structure of organocatalytic switches–4-anilino pyridines
and 6-anilino pyrimidines–which are dimethyl-amino-pyridine
(DMAP)-type Brønsted bases binding the active site of OGG1.

Systematic interrogation of compound basicity through modula-
tion of electron-withdrawing (EWG) and electron-donating (EDG)
substituents reveals that a pKa less or equal to the assay pH
is a viable parameter for prediction of compound activity. The
lead structure (AC50 13 nM, pKa 7.0) was then identified as a
potent scaffold from a screen in a patient-derived 3D model of
metabolic dysfunction-associated steatohepatitis (MASH), where
it reduced hepatic fibrosis by 35%. Collectively, these findings
deepen the knowledge of this novel modulator class, with
important implications for future enzyme targets and probe
development.
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1. Introduction

Among the most prevalent oxidative DNA lesions is 8-
oxoguanine (8-oxoG), formed from the reaction of the guanine
nucleobase with ubiquitous reactive oxygen species (ROS),
generated from ordinary cellular metabolism. At the outset
of the repair process, 8-oxoguanine DNA glycosylase 1 (OGG1)
recognizes, binds to, and excises 8-oxoG from the DNA strand,
generating an apurinic site (AP site), which initially remains
tethered to OGG1 through a reversibly formed Schiff base.
Release of OGG1 requires the onset of downstream enzyme
apurinic/apyrimidinic endonuclease 1 (APE1), which performs
an incision of the phosphate ester along the DNA strand.
OGG1 itself may meagerly replicate this behavior through a
β-elimination process from the tethered Schiff base, but this is
slow and inefficient in vitro and without relevance in a cellular
setting. Although often referred to as bifunctional, this renders
OGG1 a de facto monofunctional glycosylase with cleavage of
the Schiff base as the rate-determining step for the initiation of
the ensuing base excision repair cycle.[1]

Notably, elevated levels of OGG1 and subsequent activity
have shown promising potential for the treatment of numerous
diseases and senescence. For example, boosting OGG1 con-
centration can protect against neurodegeneration, such as in
Alzheimer’s disease, by controlling the levels of 8-oxoG in the
brain.[2,3] Similarly, transgenic mice with increased mitochon-
drial OGG1 levels are shielded from weight gain and obesity in
high-fat diets.[4,5] Therefore, improving repair of oxidative DNA
damage is an auspicious strategy for treatment or prevention of
diseases linked to high oxidative stress.[6]

Next to its role in DNA repair, OGG1 influences tran-
scriptional processes through recognition and binding of 8-
oxoG in gene promoter regions. It has been established that
the enzyme acts here as a transcription co-activator of NF-
κB-mediated pro-inflammatory signaling.[7] Along these lines,
metabolic dysfunction-associated steatohepatitis (MASH) is an
example of a disorder characterized by secretion of extensive
amounts of pro-inflammatory cytokines. Besides inflammation,
oxidative stress is an important contributor to disease pro-
gression by causing stellate cell activation, fibrogenesis, and
hepatic scarring. Furthermore, redox imbalance can raise DNA
damage levels via oxidative pathways, and indeed, DNA dam-
age response (DDR) can result in pathological polyploidization,
thereby linking MASH to hepatocellular carcinoma.[8]

Functional enhancement of OGG1 activity has recently been
achieved through the development of small molecules that pro-
mote the capacity for β-elimination through recognition of the
intermediate state resulting from 8-oxoG excision.[9] Here, the
affinity to this Schiff base-DNA-OGG1 conjugate locks the small
molecule structure into position within the active site, facilitat-
ing abstraction of the acidic α-proton from the activated Schiff
base by means of the compound’s character as a Brønsted base.
This triggers a strand cleavage event in the form of accelerated
β-elimination, traditionally termed β-lyase activity. OGG1 and the
small molecule are then released from the product and can enter
a new catalytic cycle of excision and incision.

In cells, these compounds transform OGG1 function from a
DNA glycosylase into an AP-lyase, effectively slowing 8-oxoG
excision and instead enhancing the repair of multisource and
more abundant AP sites. Due to these properties and the mod-
ified substrate preference they induce, small molecules in this
class are termed organocatalytic switches, or ORCAs.[10,11] Indeed,
applying OGG1 ORCAs in a patient-derived MASH model, we
previously observed reduced collagen I excretion, DNA damage,
and inflammation, as well as increased hepatocyte regeneration,
reversing most of the hallmarks of liver fibrosis.[12] Similarly, we
previously showed that treatment of cells under high oxidative
stress with an ORCA resulted in an enhanced rate of DNA repair
in the telomeric regions, highlighting the potential of these
compounds to combat multiple hallmarks of aging.[13]

However, as a relatively new modulator class, key properties
of ORCAs remain understudied. Besides the required selectivity
between apo- and Schiff base-bound enzyme, the role of ORCAs
as chemical bases is less well understood. Following the logic of
elimination reactions, it has been shown recently that nitrogen
base properties appear to guide the activity of the entire cat-
alytic system.[10] As a descriptor of proton transfer reactions, pKa

is therefore uniquely suited to monitor compound activity. Since
the dissociation constant describes the degree of protonation
at a given pH, intuitively, the pKa of an ORCA should be close
to physiological pH to ensure a sufficiently large active mole
fraction for catalysis. Despite this, the basic residues required
for phosphate backbone binding mean that the local pH of the
active site microenvironment of DNA-binding proteins is more
difficult to estimate and is likely elevated.[14]

Still, the limiting factors in thoroughly investigating the role
of compound pKa are as follows: (1) the number of possibly
active basic nitrogen atoms in currently known OGG1-ORCAs,
(2) the limitation of available chemical space to install electron-
withdrawing (EWG) or -donating groups (EDG) in these struc-
tures, and (3) a workflow that allows compound comparison
across several conditions.[10,13]

Based on these considerations, we set out to identify a
minimal structure of ORCAs targeting OGG1. Having previously
optimized the active site affinity handle in the form of 3,4-
dichloroaniline,[10,15] we synthesized single-ring heterocycles to
generate 4-anilino pyridines and 6-anilino-pyrimidines as a min-
imal structure of OGG1 organocatalytic switches. After observing
improved OGG1 activity, we generated a panel of matched pairs
to systematically tune the pKa of the involved nitrogen. Assess-
ing each generated compound in four different pH environments
revealed that the pKa of the catalytically active nitrogen can be
used as a stop-go strategy to design highly potent OGG1 ORCAs
within the tolerated substitution pattern. In addition, we orthog-
onally confirmed that OGG1 ORCAs catalyze β-elimination at AP
sites. Outstanding compounds were active below protein con-
centration, fulfilling the definition of catalysts. We further con-
firmed active site binding by assessing OGG1 mutant enzymes
and obtained a co-crystal structure of an ORCA and OGG1. Using
these compounds in a previously developed patient-derived
screening model of MASH, we observed that this improved series
outperformed tool compound TH10785 in resolving the fibrotic

Chem. Eur. J. 2025, 0, e202500382 (2 of 10) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH

 1
5
2
1
3
7
6
5
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ch
em

istry
-eu

ro
p
e.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ch

em
.2

0
2
5
0
0
3
8
2
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

9
/0

5
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se



Chemistry—A European Journal
Research Article

doi.org/10.1002/chem.202500382

organoid state. This study reveals valuable insights in the rational
design of analogues of this novel compound class and informs
future campaigns for the identification of chemical probes and
drugs for OGG1 and related targets.

2. Results

2.1. 4-Anilino-pyridine and 6-Anilino-pyrimidine are Minimal

Structures of Organocatalytic Switches

Previously, we investigated the binding of small molecule
inhibitors at the deep catalytic pocket of OGG1, and further-
more, optimized aniline substituents as the preferred scaffold of
organocatalytic switches (Table 1).[10,15] While evaluating nucle-
obase structures as the modified core, Hank et al. synthesized
a number of purine derivatives (a–c) and a first pyrimidine ana-
logue (d). Here, to potentially identify a minimal structure of
organocatalytic switches, we started by combining small six-
membered heterocycles with the preferred 3,4-dichloroaniline
affinity handle (1–6, Table 1). All compounds were tested for
AC50[13] using a fluorophore-quencher-based enzyme activation
assay and target engagement of OGG1 using Nano-DSF.[10,13,15]

This initial investigation revealed that modulating the nucle-
obase pyrimidine character by removing hydroxy groups and
one ring nitrogen boosted the activity of the compound in a
stepwise manner. Compound 1 started to show an effect at
100 μM, and hydroxy-pyridine 2 exhibited a substantial improve-
ment, with activity at low μM concentration. Removing all
hydroxy groups, 6-anilino pyrimidine 3 and the corresponding
4-anilino-pyridine 4 resulted in an AC50 of 540 and 13 nM,
respectively, improving the compound activity by over 10,000-
fold compared to 1. To confirm the apparent 1,4-relationship of
the aniline substituent and active center nitrogen, we gener-
ated analogues 5 and 6, which were inactive. Interestingly, the
identification of 4 highlighted the combination of active site
affinity and the previously reported Brønsted base character of
the compound.[10] 4 resembles the commonly used organic base
DMAP, appended with an active site affinity to OGG1, and is so
far the smallest and simplest structure for robust activation of
the weak incision capability of OGG1.

2.2. Modulating Base Properties by Installing EDG and EWG

Having identified a minimal structure in pyridine 4, we set out
to produce analogues that modulate the electronics of the ring,
and therefore the pKa of the active nitrogen, through installa-
tion of various EWGs and EDGs at the 2- and 3-positions. The
AC50 was then determined for the compounds, and protein
stabilization was assessed using Nano-DSF.

Adding EDGs at the 2-position generally stabilized the
protein, producing potent analogues with methyl (7), amino
(8), and methoxy (9) substitution. Similarly, installation of
small EWGs such as chloro (10) and trifluoromethyl (12) groups
retained scaffold potency and stabilized OGG1. Interestingly,
mesomerically withdrawing nitro (11) and cyano (13) groups

Table 1. Removing pyrimidine nucleobase character identifies the smallest
structures of organocatalytic switches.

#
Structure,
R1 = 3,4-Dichloroaniline

AC50 (CI95)
[μM] DSF [K] pKa

a Inactive n.d. n.d.

b
6.20
(4.70–8.20)

n.d. n.d.

c Inactive n.d. n.d.

d Inactive n.d. n.d.

1 >100 1.5 9.2

2
4.80
(3.60–6.60)

0.9 9.7

3
0.540
(0.250–1.200)

0.1 4.2

4
0.013
(0.010–0.016)

0.7 7.0

5 Inactive 1.0 n.d.

6 Inactive 1.5 n.d.

CI95, 95% confidence interval 95, n.d. not determined. Compounds with
letters were reported earlier[ 10] and compounds with numbers were
synthesized in this study.
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either showed reduced levels of stabilization or lowered com-
pound activity up to 100-fold. The carboxylic acid and its
derivatives (14–16) showed poorer levels of enzyme activation
or complete inactivity and weak stabilization, suggesting inef-
ficient active site binding. In turn, generating the 3-position
matched pairs of amino (17) and cyano (20) groups saw an
overall improvement of AC50, with nitro (18) as the least active
compound. Fluorine analogue 19 was equally potent as lead
compound 4 and is the second outstanding member of this
chemical series. Finally, we generated the pyrimidine matched
pairs (22,23) of amino- and chloro-substituted pyridines (10,17)
and observed reduced activity compared to the pyridine series.

2.3. β-Elimination by OGG1 is Mediated by Selective Binding

of 4 to the Active Site

To substantiate the mode of action of this series of OGG1
ORCAs, we independently confirmed the activity of 4 using
SDS-PAGE. For both substrates, 8-oxoG and an AP site gener-
ated through E.coli uracil DNA glycosylase, an acceleration of
the intrinsic β-elimination of OGG1 was observed in the pres-
ence of 4 (Figure 2A), generating a 3′-phospho α,β-unsaturated
aldehyde (3′PUA). As established previously, TH10785 instigated a
β ,δ-elimination, also generating a 3′-phosphate (3′P).[13]

To determine the binding mode of 4, we solved the X-
ray co-crystal structure of mouse OGG1 complexed with the
ligand to 2.64 Å resolution (Table S1). Unambiguous electron
density for 4 was observed in the substrate binding pocket
(Figure 1B). Due to more significant amenability to crystalliza-
tion, mouse OGG1 was used for structural studies as it has an
identical active site to human OGG1. 4 is positioned by H-bonds
between the dichlorobenzene ring and the sidechain of Gln315,
as well as an H-bond between the secondary amine linker and
the backbone oxygen of Gly42. Furthermore, 4 engages in a
π -stacking interaction with Phe319 and additional hydrophobic
interactions involving Phe45, Phe144, Ile152, Ile155, Met257, and
Pro266 (Figure 2B).

Comparison of the complexed 4-mouse-OGG1 crystal with
the previously reported structure of TH10785 (PDB ID: 7AYZ)[13]

shows the good agreement between the two superimposed
complexes with minor differences in Gly42 and Asp268, which
are shifted slightly between the structures (Figure S1A/B). While
the ligands occupy the same general area in the substrate bind-
ing pocket, their overall orientations differ considerably from one
another (Figure 1SA). Specifically, TH10785 interacts through an H-
bond with the sidechain of Asp268, which is not observed in the
complex with 4. Furthermore, residue Gln315 does not form any
H-bonds with TH10785, as is observed for 4. However, both lig-

ands form an H-bond with the backbone oxygen of Gly42, and
both are positioned by an important π -stacking interaction with
Phe319, confirming our previously report and the SAR outlined
above (Figure S1B).

The observations from the co-crystal structure confirming
active site binding were corroborated by assessing the level
of boosted activity upon treatment with 4 for the wild-type
enzyme (wtOGG1) and OGG1 mutants: S326C, C253Y, F319A, and
K249W. Improved β-lyase activity was observed for wtOGG1 and
S326C, but no activation was observed for mutants containing
active site permutations, further supporting proposed model of
orthosteric binding of 4 (Figure 1C).

To further study the enzyme-compound complex, we per-
formed studies in saturation kinetics using the substrates 8-oxoA
and an AP site opposite cytosine (Figure 1D–F). We observed that
upon treatment with 4, OGG1 addressed AP sites much more
efficiently than 8-oxoA, with a 40-fold rate enhancement for the
former and an 8-fold rate enhancement for the latter, compared
to untreated OGG1. Notably, for both substrates the acceleration
effect was measurable at compound concentrations below pro-
tein concentration at 10 nM, demonstrating catalytic behavior of
the small molecule.

We wondered whether this rate enhancement was general
for OGG1-mediated AP site cleavage and therefore determined
the slope of the reaction at AP sites opposite the three remain-
ing canonical nucleobases, as well as in single-stranded DNA. At
a concentration of 125 nM, the presence of 4 facilitated enhanced
cleavage of AP sites opposite adenine (38.7%), guanine (40.5%),
and thymine (27.3%), compared to cytosine. On the contrary,
OGG1 remained inactive in single-stranded DNA (Table S2). These
results demonstrate that the presence of 4 imparts the complete
biochemical profile of AP-lyase capability to OGG1 for double-
stranded DNA substrates. Furthermore, the rate enhancements
observed for the AP sites were all higher than the combined rate
of base excision and AP site incision for 8-oxoA:C (17.5%), sug-
gesting that the rate-limiting step in the canonical biochemical
cascade has shifted from AP-lyase DNA binding to excision of the
oxidized nucleobase.

Last, we determined the selectivity of compound 4 for OGG1.
Screened on an in-house panel of DNA glycosylases and NUDIX
family members, no effect was observed, confirming selectiv-
ity for OGG1 over other proteins binding DNA and nucleotides
(Table S3).

2.4. pKa of Minimalist Organocatalytic Switches Control

Enzymatic Activity in Distinct pH Environments

We then sought to determine whether the pKa of the pyridine
and pyrimidine structures would influence enzymatic activity.
Using the Schrödinger Maestro module Epik,[16] we calculated
the pKa for each compound (Tables 1 and 2) and the slope of
OGG1 activity on 8-oxoA was measured in four different pH envi-
ronments: 6.7, 7.1, 7.4, and 8.0. We then plotted the compounds
as a function of pKa and their resulting slope as a function of
activation of strand break generation at each pH (Figure 2).
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Figure 1. Organocatalytic switch 4 acts from within the active site and establishes β-elimination at concentrations lower than that of OGG1. (A) PAGE using
32P-labeled DNA oligos indicates a β-elimination catalyzed by 4 in interplay with OGG1 on both AP-site and 8-oxoG substrate, oligo sequence as indicated;
UDG, NaOH, DMSO, and TH10785 serve as controls. (B) The recognition of 4 by mouse OGG1: amino acids contributing to ligand binding are depicted as
sticks; C atoms are colored blue, O atoms red, N atoms dark blue, and S atoms gold. 4 is shown as a stick model; C atoms colored yellow, N atoms
coloured dark blue, and Cl atoms coloured green. Hydrogen bond interactions are shown as dashed lines. The 2Fo−Fc electron density map around 4 is
contoured at 1.0 σ (blue), and the Fo−Fc electron density maps are contoured at−3.5 σ (red) and + 3.5 σ (green). Figure produced with PyMOL (v.2.3.3,
Schrödinger). (C) Activity of OGG1 mutants indicates active site binding, the slope of the reaction was measured on 8-oxoA substrate in the presence of
DMSO or 100 nM organocatalytic switch 4, wild-type (wt) OGG1, C253Y, F319A, and K249W at 10 nM; S326C at 50 nM; substrate at 10 nM, �F/s change of
fluorescence per second; (D–F) Saturation kinetics reveal boosted incision activity at concentrations lower than that of OGG1, saturation kinetics with 4

were performed at 40 nM of both DNA substrates (40 nM) (D) and for all indicated concentrations separately on 8-oxoA (E) and AP-sites (F); n�F/s change
of fluorescence per second normalized for DMSO, AP-sites were generated from U:C using UNG2. 40 nM conditions in (E) and (F) are identical in (D).

In accordance with literature,[10,13] OGG1 alone exhibited inac-
tivity (pH 6.7) and weak activity (pH 7.5) at all other conditions.
With APE1 present, the activity slope was increased for all con-
ditions, indicating that OGG1 is outside of functional pH for AP
site incision while retaining glycosylase activity. Consequently,
ten compounds demonstrated activation of OGG1 at a pH of
6.7. Compound 10 demonstrated the highest reactivity with the
largest activity slope at 3.4 FU/s, achieved at 3.125 μM. Interest-
ingly, for those compounds that appear active at pH 6.7, the
majority have a low pKa with values in the range of 0.84 (23) to
5.27 (9). Whereby, for those compounds with a pKa greater than
or equal to assay pH (6.7), only entry 7 and entry 8 showed activ-
ity with pKa values of 8.23 and 8.10, respectively. Notably, entry 7
was an equally potent compound to 10 at pH 6.7 with a slope of
3.4 FU/s.

At pH 7.1, the APE1-coupled condition exhibited a maximum
slope at this pH (3.9 FU/s) with an increased reaction rate, yet
four organocatalytic switches activated OGG1 beyond APE1. Of
these, three compounds–entries 10, 18, and 3–had a pKa between
2.98 and 4.21, while entry 7 remained highly active. The two most

activating compounds at pH 7.1 (entries 3 and 18) led to a >1.6-
fold increase in slope relative to the APE1 condition, with slopes
of 6.3 and 6.4 FU/s, respectively. Both compounds achieve a max-
imum slope at this pH compared to all other pH conditions.
Additionally, entry 18 at 25 μM has led to a 39-fold increase in
rate of reaction compared to OGG1 alone at the same pH (0.16
FU/s). More broadly, at least one concentration of 18 out of 23
organocatalytic switches led to an enhancement in slope at this
pH relative to OGG1 alone. Overall, the greatest activity enhance-
ment has been observed in going from pH 6.7 to 7.1, in which the
compounds are with a pKa at or below assay pH.

At pH 7.5, the results indicated that APE1 was still highly effi-
cient (3.1 FU/s) and OGG1 alone was performing its rudimentary
bifunctionality at a maximum rate (0.33 FU/s). As before, the
most potent compounds had a lower pKa, and this time closer
to the assay pH. Compounds that saw their maximum slope at
pH 7.1 exhibited a decrease in slope at pH 7.5, such as entries
16 (3.8 FU/s to 2.8 FU/s) and 3 (6.3 FU/s to 2.3 FU/s). Meanwhile,
compounds with slightly higher pKa continued to enhance OGG1
activity against AP sites at a higher, and apparently optimal pH
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Figure 2. Modulation of OGG1 biochemistry across pH is dominated by compound pKa : Compounds were tested in four different pH environments. OGG1
was incubated with different concentrations, and vo was measured for all conditions in �F/s. As a control, OGG1 alone and OGG1 + APE1 were added. In
the final plot, compounds are arranged according to their individual pyridine nitrogen pKa (left, green to yellow) and compared to vo (blue, via white to
red) of each condition defined by pH and compound concentration. The average reaction slope was calculated for independent replicates, each in
duplicate.
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Table 2. Focused SAR for the modulation of nitrogen pKa in a series of
organocatalytic switches based on pyridine and pyrimidine.

# Scaffold R2 R3 AC50 (CI95) [μM] DSF [K] pKa

7 A ─H ─Me 0.160 (0.130–0.190) 1.5 8.2

8 A ─H ─NH2 0.080 (0.060–0.090) 1.5 8.1*

9 A ─H ─OMe 0.410 (0.250–0.670) −1.8 5.3

10 A ─H ─Cl 0.200 (0.160–0.240) 1.4 3.08

11 A ─H ─NO2 9.50 (6.10–14.6) 1.2 1.15

12 A ─H ─CF3 0.440 (0.280–0.690) 2.4 1.9

13 A ─H ─CN 3.08 (1.87–5.09) 0.3 2.6

14 A ─H ─COOH Inactive 0.7 6.7

15 A ─H ─COOMe 1.63 (1.37–1.92) 0.7 4.8

16 A ─H ─CONH2 3.69 (3.03–4.48) 0.6 4.3

17 A ─NH2 ─H 0.100 (0.080–0.120) 1.1 7.9*

18 A ─NO2 ─H 1.09 (1.06–1.12) 0.8 3.6

19 A ─F ─H 0.010 (0.009–0.011) 0.9 5.009

20 A ─CN ─H 1.10 (1.10–1.20) 0.9 3.9

21 A ─COOH ─H Inactive 0.7 5.7

22 B ─NH2 ─H 2.00 (1.30–3.00) 0.7 5.0

23 B ─H ─Cl 6.00 (4.50–7.90) 2.1 0.8

* The most basic nitrogen is amine. CI95 confidence interval 95.

7.5. The average pKa of the three most potent compounds at pH
7.5 was 5.70 compared to an average pKa of 3.58 for the three
most potent compounds at pH 7.1. The largest slopes in this con-
dition were achieved by entries 19, 20, and 7 at 6.6 FU/s, 6.7 FU/s,
and 6.9 FU/s, respectively.

In the final assay condition, pH 8.0, OGG1 alone exhibited a
very weak AP-lyase activity comparable to that seen at pH 7.1
(0.2 FU/s at pH 6.7; 0.2 FU/s at pH 8.0). Activity of APE1 also
decreased relative to both pH 7.1 and 7.5, reaching a slope of 2.1
FU/s. Beyond these control conditions, all previously active com-
pounds saw a considerable decrease in activity at the higher pH.
The exception was compound 20, whose ability as an organocat-
alytic switch appears only to improve as pH increases. It led to
the single highest slope recorded in this study at 10.6 FU/s, yet
at a relatively high concentration of 100 μM. This is a 62-fold
improvement on the rate of OGG1 alone and a 5-fold increase in
rate compared to the APE1-coupled condition. Even across pH,
this slope is nearly 33 times greater than the fastest observed
OGG1 activity against AP sites (pH 7.5) and almost three times
faster than the quickest APE1-coupled activity (pH 7.1).

2.5. Chemical Tuning of OGG1 Modulators Enhances

Antifibrotic Efficacy

To advance our findings toward therapeutic applications, we
had previously identified that OGG1 modulation could exert anti-
fibrotic effects in a patient-derived ex vivo model of metabolic
dysfunction-associated steatohepatitis (MASH).[12] Among the
tested molecules, TH10785 and 4 emerged as top candidates
that significantly reduced pro-collagen I levels (Figure 3A). Here,

Figure 3. ORCA 4 exerts significant anti-fibrotic effects in a patient-derived
3D MASH model. (A) Previous screening results of anti-fibrotic compounds
in a spheroid MASH model identified TH10785 and 4 as top candidates.[ 12]

(B) Treatment with 4 (10 μM) significantly reduced pro-collagen I secretion
in independent experiments. Note the improved efficacy compared to
TH10785 (10 μM). n = 4–12 biological replicates. (C) Immunostaining of
COL1A1 in cryo-sectioned MASH spheroids confirmed a dose-dependent
reduction in collagen I expression after one week of exposure to
compound 4. Numbers in grey indicate the total number of cells analyzed.
Scale bar = 50 μm. P values refer to the two-sided Student’s t-test,
comparing the treatment groups to MASH. Data are presented as
mean ± s.e.m.

we sought to test whether the increased chemical understand-
ing of original ORCA TH10785 yielded previously[10] and above
would also result in enhanced biological activity of 4. Indeed,
treatment of MASH 3D cultures with 4 significantly reduced pro-
collagen I secretion by 35% compared to untreated controls,
which exceeded the efficacy of TH10785 (Figure 3B). These results
were corroborated by COL1A1 immunostaining of cryo-sectioned
spheroids, which revealed a dose-dependent reduction in colla-
gen I deposition (Figure 3C).

3. Discussion

Organocatalytic switches are a novel, yet understudied, modal-
ity. As reagents, they partake in the biochemical reaction of the
enzyme of interest, however, little is known about the proper-
ties necessary to monitor during compound optimization. ORCAs
unite both active site affinity and a reactive center in one
molecule,[11] properties that reveal two potential new parameters
to be optimized during a medicinal chemistry campaign. First,
while active site affinity is commonly optimized when designing
competitive inhibitors, organocatalytic switches of OGG1 require
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a selectivity for binding the Schiff-base-DNA-enzyme conjugate
over merely blocking the active site of the enzyme. Second, the
reactive center of an ORCA brings with it a nitrogen atom with
suitable pKa in an appropriate position for proton abstraction
from the α-carbon of the Schiff base.

The comparably simple solution to the former challenge
is the measurement of biochemical activity of OGG1 in the
presence of an ORCA, which referred to as the AC50 in the
literature.[10,13] The lower an AC50, the more active a compound
is in the interplay with OGG1. Should the ORCA also have an
affinity for the apoenzyme and thus exclude some of the sub-
strate from conversion, selectivity might be impaired. Due to the
connectivity between two enzymatic activities of OGG1, inactiv-
ity or inhibition is observed when the affinity is measurable as
an IC50 and is close to the AC50–in other words, no AP lyase
activity will be observed if no base excision has occurred prior
to that. In contrast, a significant difference in the two values
will lead to a bell-shaped activity curve, which was previously
observed for TH10785 and other compounds.[10,13] The goal of an
optimization is then the removal of affinity to OGG1 alone or
an increased selectivity window between AC50 and competitive
concentration. In the literature, a 30-fold difference is accepted
to be selective within the protein family or for relevant closely
related targets.[17] Due to the nature of the optimization problem
of targeting the same protein in two different but intercon-
nected activity states, it appears that a 30-fold selectivity is still
too unspecific, and future research and the community need to
thoroughly investigate and judge the challenge. However, we
have successfully triaged the selectivity challenge for a number
of compounds before with either no competition effect in the
assessed concentration range up to 100 μM or sufficient, greater
than 50-fold, selectivity.[10,13]

The second challenge was traditionally hampered by the
presence of a larger number of nitrogen atoms within reported
ORCAs. In addition, due to the complexity of the molecules
on the one hand and the limited space for binding in the
Schiff-base-DNA-enzyme conjugate on the other hand, han-
dles to modulate nitrogen pKa are challenging to identify. To
address this, we first set out to identify a minimum structure
of OGG1-ORCAs. Removing nucleobase character indeed led to
the identification of very potent ORCAs of the 4-anilino-pyridine
type (Table 1). While confirming a 1,4-relationship of active center
nitrogen and aniline substituent, it also conveniently yielded a
molecular series with only two positions available for immediate
pKa modulation. We then assembled a set of the smallest ORCA
structures reflecting a breadth of nitrogen pKa (0.8–8.2) and AC50
ranging over 1000-fold from 10 to10 nM (Table 2).

Anilino-pyridine 4 as the minimum structure was then further
studied to assess the mode of action. A 32P-labeled DNA gel con-
firmed an increased β-elimination on both 8-oxoA and AP site
substrates (Figure 1A). This agreed with the logic of an elimina-
tion reaction in organic chemistry, where a proficient chemical
base induces a larger amount of E2-type eliminations. To corrob-
orate the required vicinity of the chemical base, that is, ORCA,
and substrate, we then assessed OGG1 mutants for their activ-
ity, confirming occlusion of the ligand by mutation of the active
site, while mutants from outside the active site were boosted

in their activity.[6] Furthermore, a co-crystal structure of OGG1
and 4 established that the 4-amino pyridine series indeed binds
the active site of OGG1 (Figure 1B,C). Despite the co-crystal struc-
ture being resolved without the Schiff base conjugate, overlay
with the previously obtained structure of TH10785 indicated an
orientation of 4 within OGG1 suitable for catalysis.[9,13]

We then performed saturation kinetics using the system of 4
and OGG1. Given an excess of DNA substrates, each OGG1 copy
would be required to undergo several cycles of substrate binding
and Schiff-base incision. Indeed, titration of 4 then revealed that
a stimulation of OGG1 (10 nM) on AP sites (40 nM) was already
visible at 1.9 nM, indicating high affinity of the compound to the
intermediate conjugate (Figure 1D,F). The corresponding rate for
the substrate 8-oxoA was significantly lower but still increased
compared to the DMSO control (Figure 1E). This confirmed that
in the presence of compounds like 4, resolving the AP sites is
no longer the rate-determining step of OGG1 catalysis on 8-oxoA
substrates. Future research needs to establish whether extrusion,
recognition, excision, or a combination thereof is dominating the
turnover rate of OGG1 in this specific scenario.[18,19]

In a next step, we assessed whether the range of pKa installed
in the derivatives of 4 indeed influenced activity in different
pH environments. The data presented in Figure 2 provided the
opportunity to identify an optimal pKa range to aim for in the
design of novel organocatalytic switches. Here, the pKa range for
all compounds that stimulated OGG1 beyond the APE1-coupled
condition regardless of pH was 0.8 to 8.2. This is of course, a
wide range and relatively unhelpful, however, narrowing the cri-
teria down to the three most rate-enhancing compounds at each
pH is more revealing. The average lowest pKa for the three most
potent compounds was 3.4 while the average highest pKa for the
three most potent compounds was 6.1. A pKa range of 3.4 to 6.1
is narrow enough to be a helpful guideline, as it follows the prin-
ciple demonstrated thus far: organocatalytic switches perform
best at an assay pH that is similar to or higher than their pKa
and yet sufficient to accommodate an enzyme in near-optimal
condition.

The data provided here offers a representative glimpse into
the first challenge of ORCA optimization, mentioned earlier in
the discussion. Many analogues indeed follow a bell-shaped
curve (Figure 3) with high activity at lower concentrations and
rising to a maximum level at intermediate concentration. Further
increasing the concentration then reduced the observed acceler-
ation effect again. This observation is important, since it reveals
that ORCAs may benefit from assessment in a range of concen-
trations spanning from μM to nM concentrations, biochemical
assays indicate such an activity profile. In addition, while 4 has
a favorable pKa and convinces with an extreme AC50 of 13 nM,
other analogues of the series are far superior in their ability
to induce β-elimination events. However, their reactivity pro-
file follows that of a bell-shaped curve at higher concentrations
reflecting a less selective behavior. The bell-shaped profile of 4
(Figure 1D) is significantly shifted toward concentrations at low
nM with a selectivity for competition of above 50-fold, making it
the most convincing member of the series.

To gain further insight into the potential of this
detailed chemical tuning, we then screened members in a
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preclinical patient-derived assays for MASH and fibrosis.[12]

MASH is currently the leading cause of liver transplants with
limited pharmacological treatment options.[20,21] DNA damage
induced by reactive oxygen species is known to play a central
role in disease progression due to its detrimental effects on
cell cycle regulation and polyploidization of hepatocytes.[8] By
showing that compound 4 resulted in a higher anti-fibrosis
efficacy compared to TH10785, we demonstrated that chemical
tuning can provide rationally designed candidate molecules
with higher potency and more favorable pKa.

Collectively, these findings inform strategies for designing
organocatalytic enzyme modulators to target DNA repair path-
ways and may guide the development of drugs targeting oxida-
tive damage-induced chronic diseases, including but not limited
to MASH.
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Organocatalytic switches are small
molecules that combine active site
affinity and a nitrogen-centered base
for catalysis, effectively removing the
rate-determining step of the OGG1
biochemical cascade. Here, we iden-

tify a minimal structure and modulate
the active nitrogen pKa, enabling
the catalysis of ultrafast AP site inci-
sions in a range of pH environments.
Importantly, improved compounds
exhibit potent anti-fibrotic effects in a
patient-derived model of MASH.
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