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Abstract. The ABH2 enzyme belongs to the AlkB-like family of Fe(ll)/a-ketoglutarate-dependent dioxygenases. Vari-
ous non-heme dioxygenases act on a wide range of substrates and have a complex catalytic mechanism involving
a-ketoglutarate and an Fe(ll) ion as a cofactor. Representatives of the AlkB family catalyze the direct oxidation of alkyl
substituents in the nitrogenous bases of DNA and RNA, providing protection against the mutagenic effects of endo-
genous and exogenous alkylating agents, and also participate in the regulation of the methylation level of some
RNAs. DNA dioxygenase ABH2, localized predominantly in the cell nucleus, is specific for double-stranded DNA sub-
strates and, unlike most other human AlkB-like enzymes, has a fairly broad spectrum of substrate specificity, oxidizing
alkyl groups of such modified nitrogenous bases as, for example, N'-methyladenosine, N3-methylcytidine, 1,N%-ethe-
noadenosine and 3,N*-ethenocytidine. To analyze the mechanism underlying the enzyme’s substrate specificity and
to clarify the functional role of key active-site amino acid residues, we performed molecular dynamics simulations of
complexes of the wild-type ABH2 enzyme and its mutant forms containing amino acid substitutions V99A, F124A and
S125A with two types of DNA substrates carrying methylated bases N'-methyladenine and N3-methylcytosine, respec-
tively. It was found that the V99A substitution leads to an increase in the mobility of protein loops L1 and L2 involved
in binding the DNA substrate and changes the distribution of n-1 contacts between the side chain of residue F102
and nitrogenous bases located near the damaged nucleotide. The F124A substitution leads to the loss of m-it stacking
with the damaged base, which in turn destabilizes the architecture of the active site, disrupts the interaction with the
iron ion and prevents optimal catalytic positioning of a-ketoglutarate in the active site. The S125A substitution leads
to the loss of direct interaction of the L2 loop with the 5’-phosphate group of the damaged nucleotide, weakening
the binding of the enzyme to the DNA substrate. Thus, the obtained data revealed the functional role of three amino
acid residues of the active site and contributed to the understanding of the structural-functional relationships in the
recognition of a damaged nucleotide and the formation of a catalytic complex by the human ABH2 enzyme.
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AHHoTauusA. HK-grnokcnreHasa yenoseka ABH2 otHocutca K cemencty AlkB-nofo6HbIX HEremMoBbIX AUOKCMIeHas,
KOTopble Ae/CTBYIOT Ha LUNPOKUIA CNEKTP CybCcTpaToB 1 06M1aatoT COXKHBIM KaTaMTUYECKIM MEXaHU3MOM C yyac-
TUeM a-KeTornyTapaTta 1 noHa Fe(ll) B kauecTBe KodakTopa. MNpencrtasutenu cemericta AlkB KaTanusmpyioT npamoe
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OyHKUMOHanbHaa ponb octatkoB V99, F124 1 S125
OHK-anokcnreHasbl yenoseka ABH2

OKMCJIeHMe aNKWUbHbIX 3amecTuTenei B a3oTncTbix ocHoBaHuAx [JHK n PHK, obecneyrBas 3awjuty ot MyTareHHOro
BO3[eNCTBMA SHAOTEHHbIX N 3K30r€HHbIX anNKUINPYIOLWKMX areHTOB, a TakKe y4acTBYA B PErynaLMmn YPOBHA METUN-
poBaHuA HekoTopbix PHK. ®epmeHT ABH2, nokan3oBaHHbIN NperMyLLeCTBEHHO B A4Pe KNeTKNU, MPoABAAeT cneuun-
duuHoCTb K AByuenoyeyHbiM JHK-cy6cTpatam 1, B oTnmnyme ot 6onblinHcTBa gpyrux AlkB-nogo6Hbix pepmeHTOB
yenoeka, obnagaeTt [OBOJSIbHO WMPOKNM CMEKTPOM Cy6CTpaTHON cneunduyHOCTY, OKUCAA ankuibHble rpymnnbl
TaKNX MOAUGULIVPOBAHHbIX a30TUCTbIX OCHOBAaHUIA, KaK, Hanpumep, N'-meTtunageHosuH, N3-metununutnaus, 1,N8-3te-
HOaZeHO3UH 1 3,N*-3TeHouUTMAMH. B AaHHOM paboTe C Lienblo aHanm3a MexaHri3ma, obecrneunsaiolLlero cybcTpaTHyto
cneundunyYHOCTb GepmMeHTa, 1 BbIACHEHNA GYHKLMOHANbHOM POSIM aMUHOKMCIIOTHBIX OCTaTKOB B COCTaBe akTUBHO-
ro LeHTpa HaMm1 BbIMOJIHEHO MOJIEKYNAPHO-AVHaMMYECKOe MOLENNPOBaHNe Komnnekcos depmeHta ABH2 gukoro
TUMA N ero MyTaHTHbIX GOpM, cofepKalnx aMUHOKUCIOTHbIE 3ameHbl VIO9A, F124A unu S125A, ¢ aBymA Trnamu
OHK-cy6cTpaTtoB, Hecywmx MeTUnMpoBaHHble ocHoBaHusA N'-meTunageHuH unn N3-MeTunuuTosnH. YCTaHOBMEHO,
41O 3ameHa VI9A NprBOANT K yBENMYEHMIO MOABMKHOCTM 6enkoBbix netenb L1 1 L2, yyacTBytowmx B CBA3bIBAHUN
[HK-cy6cTpaTta, 1 M3MeHsieT pacnpefeneHmne T-T-KOHTakToB 60KOBOW Lienu ocTaTka F102 ¢ a30TUCTbIMU OCHOBaHU-
AMY, PACMONIOXKEHHBIMW PALOM C NOBPEXAEHHbIM HyKneoTugom. 3ameHa F124A npnBogmnT K notepe TT-T-CTIKMUHIA C
NOBPEXAEHHbIM OCHOBAHUEM, YTO, B CBOIO ouepefb, 4eCTabUNN3NPYET apXUTEKTYPY aKTUBHOMO LIEHTPA, Bbi3blBaeT
HapyLleHne B3auMOAEeNCTBMA C MIOHOM Xene3a U NpenATCTBYeT ONTMManibHOMY KaTaMTUYecKoMy Nno3nLmMoHpOoBa-
HUIO a-KeTornyTapaTta B akTMBHOM LieHTpe. 3ameHa S125A nprBoauUT K noTepe NpAMOro B3anmoaencTena netnm L2 c
5'-pocdaTHO rpynmnoi NoBpeKAeHHOro HyKeoTAa, ocnabnas ceasbiBaHe pepmeHnTta ¢ [JHK-cybcTpaTom. Takum
06pa3om, NoslyyeHHble flaHHble NO3BONNIIN YCTAHOBUTb GYHKLIMOHANIbHYIO POJIb TPEX aMUHOKUCTIOTHBIX OCTAaTKOB aK-
TUBHOTO LieHTPa M paclpUTb MOHUMaHKE CTPYKTYPHO-OYHKLMOHANbHbIX CBA3EW B NpoLeccax y3HaBaHUA NOBPeX-
LEHHOro Hykneotuga v GopMMpoBaHMsA KaTalnTYeCckoro Komnnekca pepmeHtom ABH2 uenoseka.

KnioueBble cnoBa: penapauna AHK; metunuposaHne ocHoBaHui; AHK-guokcureHasa yenoseka ABH2; M-monenu-
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Introduction

The stability of genetic information encoded in the form of
nucleotide sequences in DNA is extremely important for nor-
mal functioning and survival of individual cells, organisms,
and species as a whole (Travers, Muskhelishvili, 2015). At the
same time, cellular DNA of all living organisms is regularly
subjected to damaging effects of various endogenous and
exogenous factors, such as chemically reactive reagents and
metabolites, ionizing and UV radiation, and others (Ougland
et al., 2015). Living organisms evolved multiple different re-
pair pathways for damage occurring in genomic DNA, some
of which are represented by a single enzyme, while others
involve sequential and coordinated work of entire enzymatic
cascades (Yi et al., 2009; Li et al., 2013; Muller, Hausinger,
2015; Ougland et al., 2015).

So, among enzymes participating in recognition and
removal of non-bulky individual damage to DNA nitro-
genous bases, the following can be distinguished: 1) DNA
glycosylases that remove damaged nitrogenous bases with
the formation of apurinic/apyrimidinic sites in DNA, which
are then processed with restoration of the original DNA
structure by other enzymes of the base excision repair (BER)
pathway (Ringvoll et al., 2006; Chen et al., 2010; Li et al.,
2013); 2) O%-alkylguanine-DNA-alkyltransferases (AGT)
that transfer the alkyl adduct to their own cysteine residue
(Ringvoll et al., 2006); 3) photolyases responsible for the
removal of UV-induced photodamage such as cyclobutane
pyrimidine dimers and pyrimidine-pyrimidine photoproducts
(i, He, 2013); 4) dioxygenases of the AIkB family, belonging
to the superfamily of Fe(II)/a-ketoglutarate(aKG)-dependent
dioxygenases that use non-heme iron as a cofactor and aKG as
a cosubstrate for direct oxidation of alkyl groups in damaged
DNA bases (Yang et al., 2009; Yi et al., 2009; Kuznetsov et al.,
2021). It should be noted that the diversity of repair pathways
for non-bulky DNA lesions is related to the great diversity of
possible chemical modifications of nitrogenous bases.

Representatives of the Fe(I1)/aKG- dependent dioxygenase
AIlkB family found in humans have attracted particular interest
in recent years due to their participation in the repair of alky-
lated DNA bases. It is believed that enzymes of this family may
play an important role in the progression of some oncological
diseases since they are often overexpressed in tumor cells and
neutralize the effect of alkylating drugs used in chemotherapy.
ABH?2 is one of the first identified human representatives of
the AlkB-like dioxygenase family (Duncan et al., 2002; Aas
et al., 2003). It is known that changes in ABH2 expression
levels affect the efficiency of removal of certain toxic DNA
damages in tumor cells, making this enzyme a potential marker
for cancer diagnostics and a possible therapeutic target (Wilson
etal., 2018).

To date, it is known that ABH2 exhibits activity against
at least 8 different alkylated DNA bases, namely N1-meth-
yladenosine (m!A), N3-methylcytidine (m3C), N3-methyl-
thymidine (m3T), N3-ethylthymidine (N3-EtT), 1,N6-etheno-
adenosine (¢A), 3,N*-ethenocytidine (¢C), 1,N2-ethenoguano-
sine (1,N2-¢G), and 5-methylcytidine (m°C) (Fig. 1) (Falnes,
2004; Ringvoll et al., 2006, 2008; Bian et al., 2019).

Methylation is the most common type of DNA base damage
caused by exposure to alkylating agents (Sall et al., 2022),
and mIA and m3C are substrates most effectively removed by
ABH2 from double-stranded DNA (dsDNA) (Duncan et al.,
2002; Aasetal., 2003; Xu etal., 2021). D.H. Lee et al. showed
that ABH2 oxidizes m*A and m3C in the context of dsSDNA
at least twice as efficiently compared to single-stranded DNA
(ssDNA) (Lee et al., 2005).

Currently known structural data allow suggestion of specific
features of ABH2 enzyme functioning and the mechanism
providing its substrate specificity. ABH2 contains a highly
conserved catalytic domain — a double-stranded B-helical
domain (DSBH) of the Fe(II)/aKG-dependent dioxygenase
superfamily. The unstructured N-terminal fragment of ABH2
also includes a proliferating cell nuclear antigen (PCNA)
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Fig. 1. Alkylated nitrogenous bases that are substrates for human DNA
dioxygenase ABH2.

binding motif (Xu et al., 2021). A triplet consisting of two
histidine amino acid residues and one aspartate (H171, H236,
and D173) coordinates the Fe(ll) cofactor in the enzyme’s
active site (Giri et al., 2011; Xu et al., 2021). D173 amino
acid residue, through interaction with R254 residue, also par-
ticipates in formation of a hydrogen bond network including
N159, Y161, R248, T252, and R254 amino acid residues, that
coordinate the aKG cosubstrate in the enzyme’s active site
(Waheed et al., 2020).

The ABH2 active site is surrounded by four functional
loops, L1-L4 (Fig. 2). These loops play a key role in stabili-
zing the position of the DNA substrate in the enzyme’s active
site (Xu et al., 2021). Loop L1, including amino acid residues

L3

S125 F124

V99

L2

L1

Functional role of amino acid residues V99, F124 and S125
of human DNA dioxygenase ABH2

98-107, contains a hydrophobic hairpin V101-F102-G103,
through which “testing” of base pair stability in the substrate
occurs. If a damaged base forms an unstable pair with its
partner from the complementary strand, V101 and F102
residues induce flipping of the damaged nucleotide into the
active site. Herewith the vacated space in the DNA duplex is
filled by F102 residue, stabilizing the flipped-out position of
the nucleotide through n-m interaction with the surrounding
bases (Chenetal., 2010, 2014; Yietal., 2012; Xuetal., 2021).

Loop L2, including amino acid residues 122-129, together
with loop L1 forms the so-called “nucleotide recognition lid”
(NRL). Y122 amino acid residue participates in a hydrogen
bond network forming the catalytically competent state of
the enzyme’s active site (Davletgildeeva et al., 2023), S125
residue forms a hydrogen bond with the 5'-phosphate of the
flipped damaged nucleotide; F124 and H171 amino acid
residues form n-n stacking with the flipped nitrogenous base
(Chenetal., 2010, 2014; Lenz et al., 2020). S125 amino acid
residue also participates in forming the wall of the damage-
binding pocket alongside V99, R110, and 1168 residues
(Davletgildeeva et al., 2023).

It should be noted that V99 holds an important position in
the network of hydrophobic residues formed by V101, V108,
F124, and L127 (Monsen et al., 2010). Loop L3, including
amino acid residues 198-213, and loop L4, including amino
acid residues 237-247, play an important role in binding to the
dsDNA substrate. R198, R203, and K205 amino acid residues
in loop L3 and the RKK sequence (R241-K242-K243) in loop
L4 form contacts with the DNA strand complementary to the

Fig. 2. Crystal structure of the ABH2 complex with dsDNA containing m'A (PDB ID 3BUC).
Loops L1-L4 are marked, damaged nitrogenous base mlA, aKG and Mn2* ion, as well as the amino acid residues considered

in this work (V99, F124, and S125) are shown.
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damaged strand, thereby ensuring effective binding of the
dsDNA substrate by the ABH2 enzyme (Yang et al., 2008;
Yi et al., 2009; Waheed et al., 2020).

Molecular dynamic analysis of structural data and experi-
mental verification of activity of recombinant preparations of
wild-type ABH2 and several of its mutant forms, conducted
by our group previously, allowed establishment of the role
of Y122, 1168, and D173 amino acid residues, which form
direct contacts with bases mA, m3C, as well as m®C, in the
active site pocket (Davletgildeeva et al., 2023). Comparative
analysis of enzymes revealed the influence of substitutions of
these amino acid residues on the enzyme’s catalytic activity,
and only a slight decrease in DNA binding efficiency. The
obtained data suggested that these residues are responsible
for precision positioning of the flipped damaged nucleotide
in the active site, which ensures effective catalytic reaction
(Davletgildeeva et al., 2023).

It should be noted that the broad spectrum of substrate
specificity of the ABH2 enzyme and the complex catalytic
mechanism of action, including cofactor and cosubstrate
for reaction implementation, complicate detailed studies of
the molecular mechanism of damaged DNA recognition and
catalytically competent complex formation as well as local
conformational changes affecting catalytic reaction efficiency.
Due to the above, in the present study, with the aim of further
elucidating the mechanism of substrate specificity of human
DNA dioxygenase ABH2 using molecular dynamics methods,
analysis of the functional role of three amino acid residues,
V99, F124, and S125, participating in the formation of the
pocket where the flipped-out damaged nucleotide is located,
was conducted.

Materials and methods

Complex models were built based on crystallographic struc-
tures of the ABH2-dsDNA complexes with metal ion (Mn2*)
and oKG: 3BUC (for m*A), and 3RZJ (for m*C) (Yang et al.,
2008; Yi et al., 2012). DNA sequence changes, correction of
unresolved amino acid residues and enzyme modifications
were performed using Chimera and Modeller (Sali, Blundell,
1993), protonation optimization of ionizable groups was done
using the H++ server (Anandakrishnan et al., 2012). MD
modeling was performed in GROMACS (Abraham et al.,
2015). The complex was placed in a dodecahedral cell with
TIP3P water and 50 mM KCI (Jorgensen et al., 1983; Joung,
Cheatham, 2008), the AMBER14SB/OL15 force field was
used to describe the complex (Cornell et al., 1996; Zgarbova
et al., 2011, 2015; Maier et al., 2015).

Parameterization for m!A, m3C and oKG was performed
using the Antechamber module (AMBER package), RESP
charges were calculated on the REDD server, topologies of
modified residues were converted to GROMACS format us-
ing ACPYPE (Bayly et al., 1993; Wang et al., 2004, 2006;
Vanquelef et al., 2011; Sousa da Silva, Vranken, 2012).

In order to preserve octahedral coordination geometry of
Fe2* ion under possible active site perturbations introduced by
amino acid residue substitutions, a distributed charge model
was used to describe the ion (Jiang et al., 2016). The follow-
ing parameters were used for MD calculations: system energy
minimization by the steepest descent method, van der Waals

2025
29.7

OyHKUMOHanbHaa ponb octatkoB V99, F124 1 S125
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interaction cutoff value set to 10 A, long-range Coulomb in-
teractions accounted for by the PME (Particle Mesh Ewald)
method (Essmann et al., 1995), hydrogen atom covalent bond
vibration restriction by the LINCS method (Hess et al., 1997).

After minimization, the system was heated to 310 K in NVT
ensemble for 500 ps using a V-rescale thermostat (Bussi et al.,
2007). Then equilibration in NPT ensemble was performed for
1 ns, pressure was maintained at 1 bar using a Parrinello-Rah-
man barostat (Parrinello, Rahman, 1981).

Classical molecular dynamics calculations were performed
for 250 ns duration at least three times. Trajectory analysis was
performed using built-in GROMACS tools and the MDTraj
library (McGibbon et al., 2015). Distribution changes between
stable states of wild-type ABH2 enzyme complexes and its
mutant forms with DNA substrates are shown in distance
distribution graphs between key atoms during modeling.
Interatomic distance distributions in MD trajectory are pre-
sented as histograms with 0.1 A step and step height equal
to the percentage of trajectory frames in which the distance
falls within the corresponding range of values. For each tra-
jectory, the sum of fractions across the entire distance range
equals 100 %.

Results and discussion

Model of the ABH2 V99A enzyme-substrate

complex with damaged DNA

When modeling enzyme-substrate complexes both with the
mlA-containing dsDNA substrate (hereafter mIA-DNA,
Fig. 3a, b), and with the m3C-containing dsDNA substrate
(hereafter m3C-DNA, Fig. 3c, d), the V99A substitution led
to changes both in the region of loops L1 and L2 interacting
with the nucleotide flipped into the enzyme’s active site and
the adjacent dsDNA region, and in the cosubstrate binding
region. Thus, in the model complex with m*A-DNA, the side
chain of F124 amino acid residue lost n-n stacking interac-
tions with the base of the nucleotide flipped into the active site
(Fig. 3a, b). This reduced the lifetime of the hydrogen bond
between the hydroxyl group of Y122 and the exocyclic amino
group of the damaged base (Fig. 4a). In the model complex
with the m3C-containing dsDNA substrate, partial loss of
contact between the hydroxyl group of the Y122 side chain
and the carboxyl group of the E175 side chain also occurred
(Fig. 4b), which also disrupted the contact network stabilizing
the flipped-out base.

The V99A substitution induced a change in the position of
F102 residue, which intercalates into DNA and is part of loop
L1. Herewith, in the complex with m*A-DNA, redistribution
of m-m contacts formed by F102 occurred from the nitrogenous
base of the complementary strand in the wild-type enzyme
(dG in Fig. 3a) to the nitrogenous base of the damaged strand
in case of ABH2 V99A (dA in Fig. 3b).

The values of the dihedral angle C-Ca-CB-Cy at F102
residue were 148.1 + 55.3° for wild-type enzyme and
127.2 + 47.7° for the V99A mutant form, indicating stability
of these positions during molecular dynamics. Meanwhile, in
the complex with m3C-DNA, the V99A substitution induced a
significant increase in the mobility of its side chain (dihedral
angle C-Ca-CB-Cy equals 135.6+58.6° and 100.24+100.3° for
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Fig. 3. Representative MD structures of ABH2 WT in complex with mA-DNA (a) and m3C-DNA (c), and ABH2 V99A in complex with

m1A-DNA (b) and m3C-DNA (d).

Key amino acid residues of the active site, damaged nitrogenous base, akKG and Mn2* ion are shown. Loops L1 (blue) and L2 (pink) are

highlighted with corresponding colors.

the wild-type enzyme and V99A, respectively). Increased mo-
bility of F102 residue led to guanine complementary to m3C
(dG inFig. 3c, d) acquiring the opportunity to return inside the
DNA structure in the mutant enzyme complex, entering into
n-n contact with the side chain of F102, while this guanine
was completely flipped out from the DNA double strand in
the wild-type enzyme complex.

The V99A substitution also induced changes in interaction
with the cosubstrate, which led to aKG adopting a catalytically
unfavorable conformation for half of the total modeling trajec-
tory time. Changes in position of hydrophobic residues V108,
F124,1.127,and L129 in loops L1 and L2 lead to reorientation
of amino acid residues Q112 and N159. In turn, in the wild-
type enzyme, the side chain of N159 is one of the elements
of the contact network supporting catalytically competent
orientation of the cosubstrate, forming a hydrogen bond with
the a-carboxyl group of aKG. Convergence of side chains
of Q112 and N159 residues in the ABH2 V99A mutant form
(Fig. 4c) leads to transfer of the hydrogen bond of the amide

group of N159 from the a-carboxyl group of aKG (Fig. 4d)
to the w-carboxyl group of aKG (Fig. 4e, f), provoking its
displacement from the optimal position for catalysis.

Thus, modeling results allow the suggestion that the V99A
substitution, leading to disruptions in the binding of both
substrate and cosubstrate in the enzyme’s active site, should
cause significant activity reduction. These data are in a good
agreement with experimental results obtained previously for
the V99A mutant form, revealing significant reduction (Mon-
senetal., 2010) or complete loss (Davletgildeeva et al., 2025)
of ABH2 V99A catalytic activity toward dsSDNA substrates
containing mXA or m3C as damage.

Model of the ABH2 F124A enzyme-substrate

complex with damaged DNA

To determine the functional role of F124 residue, modeling of
complexes of the ABH2 F124A mutant form with m*A- and
m3C-containing dsDNA was performed (Fig. 5). Detailed
analysis of distribution changes of distances between key
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Fig. 4. Distance distributions between key atoms when modeling complexes of the wild-type ABH2 enzyme and its V99A mutant

form with DNA substrates.

atoms of the active site in case of F124A substitution revealed
destabilization of both the flipped methylated nitrogenous base
and oK@ in the enzyme’s active site.

Thus, the F124A substitution, directly leading to loss of
n-1 stacking between the F124 side chain and the nitrog-
enous base, induces rotation and displacement of the flipped
base from the enzyme’s active site, with concomitant loss of
hydrogen bonds with side chains of Y122, D173, E175 resi-
dues (Fig. 6a, b). The hydrogen bond between the hydroxyl
group of S125 residue and the corresponding phosphate group
of'the nucleotide backbone is also lost, reflecting deterioration
of contact between loop L2 and DNA (Fig. 6c).

The cosubstrate also loses catalytically competent position
as a result of restructuring of the hydrogen bond network
involving amino acid residues coordinating it. The amide

group of N159 maintains a hydrogen bond predominantly
with the w-carboxyl group of aKG instead of the a-carboxyl
group (Fig. 6d). Destabilization of the cosubstrate position
is reflected in changes in the nature of contacts between side
chains of Y161 and R248 residues and the m-carboxyl group
of aKG. If in the wild-type enzyme complex, stable hydrogen
bonds are maintained between the guanidinium group of R248
and O2 atom of the w-carboxyl group of aKG, and between
the hydroxyl group of Y161 and O1 atom of the w-carboxyl
group, then in the ABH2 F124A mutant form complex, expan-
sion of these distance distributions occurs, indicating contact
destabilization (Fig. 6d, e).

The results of modeling indicate that amino acid residue
F124 plays an important role in the structure of the ABH2
enzyme active site. This conclusion agrees with data (Chen et
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Functional role of amino acid residues V99, F124 and S125
of human DNA dioxygenase ABH2

Fig. 5. Representative MD structures of complexes ABH2 WT with m'A-DNA (a) and m3C-DNA (c), and ABH2 F124A with m'A-DNA

(b) and with m3C-DNA (d).

Key amino acid residues of the active site, damaged nitrogenous base, aKG and Mn2+ ion are shown. Loop L2 is highlighted with color

(pink).

al., 2010; Monsen et al., 2010), as well as with data obtained
previously in our laboratory (Davletgildeeva et al., 2025), ac-
cording to which the ABH2 F124A mutant form completely
lost catalytic activity toward m*A- and m3C-containing DNA
substrates.

Model of the ABH2 S125A enzyme-substrate

complex with damaged DNA

The S125A substitution in the ABH2 enzyme causes loss of
the hydrogen bond between the hydroxyl group of the amino
acid residue and the 5'-phosphate group of the damaged
nucleotide, leading to loss of direct interaction of loop L2
with m!A- (Fig. 7a, b) and m3C-DNA (Fig. 7c, d). Analysis
of distance changes between key residues of the active site
showed that in the enzyme complex with m*A-DNA, loss of
loop L2 interaction with DNA causes loss of the hydrogen
bond between the hydroxyl group of Y122 residue from
L2 and the exocyclic amino group of m!A (Fig. 8a). At the
same time, convergence of guanidinium groups of R110 and
R172 residues with the O3’ atom of the nucleotide of the
flipped nitrogenous base and the O5’ atom of the nucleotide
located 5" to the flipped nitrogenous base, respectively, occurs
(Fig. 8b, c). Thus, in case of DNA substrate containing m!A,
the S125A substitution leads to R110 and R172 amino acid
residues binding more strongly to the DNA sugar-phosphate
backbone.

Unlike the ABH2 S125A enzyme complex with m!A-
DNA, in the model complex with m3C-DNA, convergence
of guanidinium groups of R110 and R172 residues with
the sugar-phosphate backbone does not occur (Fig. 7c, d).

Meanwhile, compared to the WT enzyme, in case of S125A
substitution, stability of the hydrogen bond between the side
chain of E175 residue and the exocyclic amino group of m3C
decreases (Fig. 8d).

Deterioration of direct contact with the flipped base and
possible compensatory restructuring in case of S125A substitu-
tion in the ABH2 active site agrees with the results obtained
by B. Chen et al., since their work showed that the ABH2
S125A mutant form retains catalytic activity toward dsDNA
containing m1A as damage (Chen et al., 2010). However, in a
later work (Davletgildeeva et al., 2025), it was shown that this
substitution leads to loss of ABH2 catalytic activity toward
both m3C- and mA-containing DNA under the used reaction
conditions. This suggests that compensatory restructuring
that occurs according to modeling data in the ABH2 structure
upon S125A substitution cannot fully preserve the enzyme’s
catalytic activity on all types of DNA substrates.

Conclusion

Introduction of the V99A substitution into the ABH2 en-
zyme affected other amino acid residues forming the
hydrophobic network of which the substituted residue is a
part. This led to negative influence on functional loops L1
and L2, causing destabilization of their position, which, in
turn, led to reorientation or displacement of key amino acid
residues, Y122, E175, and F102, comprised in these loops.
Additionally, the V99A substitution led to a catalytically
unfavorable conformation of aKG in the enzyme’s active
site. The obtained data confirm the role of V99 amino acid
residue as an important participant in intraprotein coordination
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Fig. 6. Distance distributions between key atoms when modeling complexes of the wild-type ABH2 enzyme and its F124A mutant

form with DNA substrates.

necessary for effective oxidation of methyl groups in damaged
DNA bases by the ABH2 enzyme.

Substitution of amino acid residue F124, localized in NRL,
led to significant displacement of both L1 and L2 loops and
the damaged base itself relative to each other due to loss of
n-n stacking with the damaged nitrogenous base. This sub-
stitution also led to changes in Fe2* ion coordination, both
through changes in coordination type by the aKG molecule
and through additional coordination by D173 amino acid
residue. The obtained data suggest extreme importance of
F124 amino acid residue in the catalytic process carried out
by ABH2 DNA dioxygenase.

The S125A substitution led to loss of direct interaction
of loop L2 with the 5'-phosphate group of the damaged
nucleotide; however, according to MD modeling data, this

contact can be partially compensated by formation of bonds
between R110 and R172 amino acid residues and the DNA
sugar-phosphate backbone. It should be noted that such
contact compensation was found only in case of the ABH2
S125A complex with mA-containing DNA substrate, but not
in case of m3C, which indirectly indicates a more complex
mechanism responsible for recognition of different damages
in the enzyme’s active site.

Thus, the MD modeling data obtained in the present work
for complexes of human ABH2 DNA dioxygenase mutant
forms containing V99A, F124A, or S125A amino acid sub-
stitutions with m?A- and m3C-containing DNA substrates
indicate the important role of all three amino acid residues in
ensuring formation of a catalytically competent state of the
active site when interacting with damaged DNA.
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Fig. 7. Representative MD structures of complexes ABH2 WT with m'A-DNA (a) and m3C-DNA (c), and ABH2 S125A with
m'A-DNA (b) and with m3C-DNA (d).

Key amino acid residues of the active site, damaged nitrogenous base, akG and Mn2* ion are shown. Loop L2 is highlighted
with color (pink).
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S125A mutant form with DNA substrates.
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