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Abstract

The activation of N-glycosidic bond cleavage operated by lysine 249 (Lys 249) residue of base-
excision repair enzyme hOGG1 was calculated for 2'-deoxyguanosine (G), 8-o0xo-2'-deoxyguanosine (OxoG)
and N6-(2’-B-D-deoxyribofuranosyl)-2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG). The
interaction sites of Lys 249 included C1°, N3, and N9 atoms of the nucleosides. The N9-pathway, specifically
the attack of lone-pair electrons at glycosidic nitrogen N9 of a nucleoside to proton of Ne-ammonium of Lys
249, resulted in effective activation of C1°-N9 bond that was highly specific with respect to normal (G) and
damaged (OxoG, FapyG) nucleosides. The specificity of N9-pathway was owing to electrophilic (G) or
nucleophilic (OxoG, FapyG) character of the glycosidic nitrogen and owing to specific interactions of the
residues within catalytic pocket with substrate (particularly the Gly 42 hOGG1 residue) that enforced
displacement of G out of interaction range of Lys 249. The chemical modifications of G owing to damage
affected specifically number of molecular properties including particularly electrophilicity/nucleophilicity of
N9, C1°-N9 bond order and aromatic character of nucleobase. The N9-pathway could be involved as a check-

point mechanism during base-excision operated by hOGG1.
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Introduction

The repair of DNA is necessary because genetic material may be altered owing to pollutants and
some chemical compounds that occur normally in the cell. The damaged DNA must be repaired otherwise it
may cause serious damage of organism. Extreme efficiency and specificity of the DNA repair with respect to
particular kind of damage is ensured by base-excision repair enzymes (BER enzymes).'?

The BER enzyme targeting specifically 8-oxo-2'-deoxyguanosine (OxoG) that is produced owing
to oxidation of normal 2'-deoxyguanosine (G), is called human 8-oxoguanine glycosylase 1
(hOGG1). 3436789101112 The renair mechanism operated by hOGG1 was described generally.'>'* The excision
of OxoG base is initiated by formation of DNA-hOGG1 conjugate involving interaction of lysine 249 residue
(Lys 249) with OxoG that is extruded out of double helix and dipped into the hOGG1 catalytic pocket.'*"
After OxoG elimination, the pathway continues by formation of a Schiff base and the repair process terminates
by cleavage of a defective DNA strand. The mechanism of excision of OxoG is currently unclear despite that
the structure of catalytic pocket including substrate nucleoside is known. The role of residues within hOGG1
catalytic pocket including Lys 249 remained unknown.'®'"'®!? The original base-excision Syl or Sy2-type
mechanisms were proposed based on crystallographic and biochemical data.>'*'*!*!7 The theoretical modeling
of excision pathways was aimed particularly at role of hOGG1 residues during OxoG excision.” >~

The recognition of OxoG lesions by hOGG1 is extremely specific.! Consecutive check of the
individual nucleobases within hOGG1 catalytic pocket is not assumed, however, the DNA-hOGG1 complex
containing flipped out normal G can be formed '[ransiently.27 Moreover, the existence of unknown check-point
mechanism responsible for distinguishing OxoG from G was reported.”® Although normal G was enforcedly
inserted into hOGG1 catalytic pocket the base excision was not observed.”® The peculiar check-point
mechanism might therefore recognize case-selectively some local property of a substrate nucleoside. With that
goal in mind, the interactions of Lys 249 with three model nucleosides were studied in this work.

The specific stabilization and activation of a substrate within catalytic site is typical strategy
common to all enzymes, not excluding the BER enzymes.'?’ In this respect, the pre-protonation of a
nucleobase activates N-glycosidic bond cleavage because negative charge of nucleobase during excision is
compensated. The proton addition to O8 oxygen®, N3 nitrogen, and N9 glycosidic nitrogen®' of OxoG were
modeled theoretically previously.

The interaction of protonated Lys 249 with glycosidic nitrogen of OxoG enforced distinct
pyramidal geometry of N9 (N9-pyramidalization) and shifted its electronic state from sp’-like more toward
sp’-like, which allowed substitution of N-glycosidic bond with N9-H bond.*' The pyramidal geometry of
glycosidic nitrogen was observed in crystal structures of normal DNA and RNA molecules previously.”> The
N9-pyramidalization of G residues within DNA G-quadruplex was enforced by surrounding molecules.** The
NO9-pyramidalization of model nucleosides was studied in this work as a key structural descriptor of one of the
base-excision pathways.

The previous calculations of N-glycosidic bond cleavage unveiled that Lys 249 may interact with

Ox0G and normal G differently.’’ In particular, the electronic state of glycosidic nitrogen might allow or block
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its interaction with Lys 249. To analyze such check-point mechanism in detail we focused on properties of the
G, Ox0G and N6-(2’-B-D-deoxyribofuranosyl)-2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG)
nucleosides (Figure 1). Out of the three nucleosides only OxoG and FapyG are cleavable with hOGG1 and
better cleavability was observed for FapyG.'®!'"** The theoretical study on activation of N-gycosidic bond is

therefore well-founded by experimental observations.
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Figure 1. The chemical structure of 2'-deoxyguanosine (G), 8-oxo-2'-deoxyguanosine (OxoG) and N6-(2’-f-
D-deoxyribofuranosyl)-2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) nucleoside. The atom
numbering used in text was depicted only for OxoG. The sugar-to-base orientation was measured with the
glycosidic torsion angle x = C4-N9-C1°-04 and the extent of N9-pyramidalization was measured employing
torsion angle k’ = C4-N9-C1°-C8 - 180° (G, Ox0G) or k* = C4-N9-C1'-H9 - 180° (FapyG).

Results and discussion

The Lys 249 is key hOGG1 residue, however, its exact role during base excision is currently
unknown. The two basic-excision pathways employing Lys 249 were proposed based on pioneering x-ray
structural data.'” The classical scheme assumed for BER enzymes is in the case of hOGG1 initiated by neutral
Lys 249, specifically owing to interaction of Ne-amino group of Lys 249 with C1” anomeric carbon of
0x0G."*'**>!® The reaction of Lys 249 with nucleoside that initiates Sy2 reaction will be called C1’-pathway
(Figure 2). The protonated Lys 249 was suggested to stabilize leaving nucleobase after its excision owing to
interaction of cationic Ne-ammonium of Lys 249 with anionic OxoG base."'” The actual state of Lys 249
during excision is currently unknown, however, the occurrence of protonated form was assumed previously
based on experimental NMR data.”

The pre-protonation of nucleobase enhances its excision. Several reactions employing this
strategy were proposed and calculated previously. The stabilization of cleaved OxoG base with Ne-ammonium
of Lys 249 was calculated by Schyman and coworkers.?' The proton addition to O8 oxygen of OxoG was
calculated by Osakabe and coworkers.”” This scheme was not included in this work because: a) the activation
energy of OxoG excision (42 kcal mol™)** was significantly higher than values expected for BER enzymes
(=19 keal mol™)" and b) the direct contact of O8 oxygen with Ne-ammonium of Lys 249 would be hardly
possible owing to OS - Ne distance (4.74 A and 4.34 A, the x-ray structure IN3C and 2NOZ). The proton

addition to N3 nitrogen as a mode of N-glycosidic bond activation was proposed by Jang and coworkers.** The



RSC Advances

protonation of N3 nitrogen of OxoG by deprotonation of Ne-ammonium of Lys 249 was calculated by
Calvaresi and coworkers.*” This initial reaction of Lys 249 resulting again in Sy2 reaction pathway (after N3
protonation the reaction continues via C1’-pathway) will be called N3-pathway (Figure 2). The effect of
protonated glycosidic nitrogen on hydrolytic cleavage of N-glycosidic bond was calculated by Cysewski and
coworkers.*® The strong activation of hydrolytic cleavage was concluded but protonation of N9 was
considered practically impossible owing to its very low basicity.’® The attack of lone-pair electrons at
glycosidic nitrogen to proton of Ne-ammonium of Lys 249 that allowed proton addition to N9 during cleavage
of N-glycosidic bond of OxoG was calculated by Sebera and coworkers.”' The interaction of Lys 249 with N9
nitrogen (N9-pathway, Figure 2) is equally possible as the interactions with C1’ and N3 atoms of OxoG. The
distances between Ne nitrogen of Lys 249 and N9, N3, and C1’ atoms of OxoG ranged 3.0 + 3.5 A in the x-
ray structures IN3C and 2NOZ. The cleavage of N-glycosdic bond of OxoG employing C1’-pathway, N3-

pathway, and N9-pathway were calculated previously and the lowest activation energy was obtained for N9-

pathway.”!
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Figure 2. The initiation of reaction pathways operated by Lys 249 hOGG1 residue as described employing
small model (see Computational details): the N9-pathway assumes interaction of Ne-ammonium (Lys 249)
with glycosidic nitrogen N9, the N3-pathway assumes interaction of Ne-ammonium with N3 nitrogen, and the

C1’-pathway assumes interaction of Ne-amino group of Lys 249 with C1” anomeric carbon.

The optimized geometries of G, OxoG, and FapyG nucleosides calculated employing small model
were different. The length of N-glycosidic bond (r¢;-.no) of G, Ox0G, and FapyG was 1.468 A, 1.456 A, and
1.446 A and the «’ torsion angle was -3.1°, 10.5°, and 30.3°, respectively. The C1°-N9 bond of damaged
nucleosides shrank as compared to normal G and N9-pyramidalization increased. The r¢;.no shrank upmost by
0.008 A and the N9-pyramidalization changed only a little owing to C1’-pathway (Table 1). The r¢;.no Of
FapyG lengthened by 0.018 A and N9-pyramidalization of OxoG and FapyG increased owing to N3-pathway
(Table 1). The initiation of N3-pathway may continue with proton transfer from Ne-ammonium to N3 nitrogen
that was calculated for all three nucleosides. The rci:.ng and N9-pyramidalization were practically not affected

by the proton transfer (Table 1).

Page 4 of 15
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The N9-pathway reaction was calculated only for OxoG and FapyG. The stationary point

describing respective interaction of G with Lys 249 was not calculated and all the attempts of geometry

optimizations resulted in N3-pathway reaction (data not shown). The N9-pathway with proton transferred to

NO nitrogen was calculated only for FapyG. The rci:.ng of Ox0G and FapyG lengthened owing to N9-pathway

by 0.023 A and by 0.034 A, respectively, and by 0.068 A owing to proton transfer to N9 of FapyG. The «'

torsion of OxoG and FapyG increased owing to N9-pathway by 27.3° and 19.6°, respectively, and by 27.7°

owing to proton transfer to N9 of FapyG (Table 1). The N9-pathway affected key geometric parameters of

Ox0G and FapyG more than other two pathways. The lengthening of N-glycosidic bond and the increase of

NO9-pyramidalization were marked changes indicative of activation of N-glycosidic bond.

Table 1. The calculated geometric parameters and bond orders of free nucleosides and nucleosides interacting

with Lys 249.%

Parameter ” | Free nucleoside | C1’-pathway | N3-pathway NO9-pathway

G G (C1") G (N3) G (N3H) G (N9) G (N9H)
Ic1'Ng 1.468 1.460 1.461 1.471 - -
CI1’-N9 0.898 0.908 0913 0.897 - -
K’ -3.1 -3.8 1.5 2.3 - -

Oxo0G 0Ox0G (C1°) | OxoG (N3) | OxoG (N3H) | OxoG (N9) Ox0G (N9H)
Tc1 N9 1.456 1.454 1.458 1.464 1.479 -
C1'-N9 0.924 0.922 0.923 0.912 0.905 -
K' 10.5 2.6 17.1 18.4 37.8 -

FapyG FapyG (C1°) | FapyG (N3) | FapyG (N3H)| FapyG (N9) | FapyG (N9H)
IC1Ng 1.446 1.446 1.463 1.464 1.480 1.514
CI1’-N9 0.971 0.969 0.957 0.947 0.929 0.867
K’ 30.3 31.6 41.9 383 49.6 58.0

? The interaction of Lys 249 with nucleoside is indicated in parenthesis as follows: C1’-pathway (C1°), N3-

pathway (N3), N3-pathway with proton transferred from Ne-ammonium to N3 nitrogen (N3H), N9-pathway

(N9), N9-pathway with proton transferred from Ne-ammonium to N9 nitrogen (N9H). ® The r¢;-.xo bond

length in A, the C1°-N9 bond order, and the «’ torsion angle in degrees (the definition of k* can be found in

Figure 1). The calculations were done employing small model depicted in Figure 2 and described in

Computational details. -: not calculated (see the text).

The calculations employing medium and large models unveiled effect of hOGG1 residues within

catalytic pocket on activation of N-glycosidic bond (Figure 3). The calculated glycosidic torsion angles y of

nucleosides ranged 248.7°+290.5°, which was in agreement with the anti orientation of OxoG and G in x-ray

structures (Table S4). The r¢;-.no of nucleosides within catalytic pocket (medium model) and rc;-no of free

nucleosides (small model) decreased in the same order that was coherent with x-ray structural data (Table 1,
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Table S4). The damage of G affected intrinsic properties of N-glycosidic bond. The length of glycosidic bond
of damaged nucleosides is shorter.

The QM/MM calculations employing large model indicated relatively ordered catalytic core and
Ne-ammonium of Lys 249 closer to N9 atom of OxoG than to N3 or C1” atoms of OxoG (Tables S4). The
CAM-B3LYP calculations employing medium model unveiled distinct initiation of N9-pathway in the case of
Ox0G and FapyG while in the case of G was initiated rather N3-pathway. The Ne-NO distance calculated for
G, Ox0G, and FapyG was 3.629 A, 3.021 A, 2.777 A and the Ne-N3 distance was 2.704 A, 3.425 A, and 3.260
A. The x-ray structures unveiled catalytic pocket containing G more opened as compared to pocket containing
Ox0G (Table S4). The calculations and x-ray geometries indicated consistently initiation of N9-pathway in the
case of OxoG and N3-pathway in the case of G.

The catalytic pocket containing G was corrupted and G nucleoside was displaced from Lys 249.
The activation of N-glycosidic bond of G employing Lys 249 was therefore less possible. The adjustment of
catalytic core in response to inserted nucleobase was substrate-specific. Among hOGGl1 residues within
catalytic site the Gly 42 interacted specifically with normal and damaged nucleosides. The H-bond between
oxygen of Gly 42 and H7 hydrogen stabilized positioning of OxoG and FapyG (Figure 3) while in the case of
G repulsion between oxygen of Gly 42 and N7 nitrogen occurred. The calculations and x-ray structures
indicated coherently key role of Gly 42 in freezing well-defined position of damaged nucleoside within
catalytic pocket.

The N9-pyramidalizations of OxoG and FapyG calculated employing medium and small models
were similar since the k' torsions differed less than 1.4° (Table 1 and Table S4). On the contrary, the N9-
pyramidalization of G within catalytic pocket (medium model, k' = 29.9°) was notably larger than N9-
pyramidalizations of G calculated employing small model (k' = -3.1° + 2.3°, Table 1). The peculiar N9-
pyramidalization of G within catalytic pocket was rationalized. First, the deformation energy needed for
enforcement of the N9-pyramidalization (k' ~ 30°) should be only ca 1.5 kcal-mol™.** Second, the starting
geometry of G employed in geometry optimization was derived from the x-ray structure 2NOZ that showed
close proximity of OxoG to Lys 249 and particularly effective H-bond of OxoG with Gly 42. The N9-
pyramidalization of G was therefore most probably enforced by displacement of G owing to Gly 42 and not as

a result of efficient N9-pathway reaction. The initiation of N9-pathway is conditioned by tight contact of Ne-

ammonium with lone-pair electrons at glycosidic nitrogen that was apparently ensured only for the damaged

nucleosides (Table S4).
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Figure 3. The positioning of OxoG nucleoside within hOGG1 catalytic pocket as was optimized employing
large model. The Ne-ammonium of Lys 249 interacts with glycosidic nitrogen N9 of OxoG. The H-bond
between oxygen of Gly 42 and H7 hydrogen of OxoG is key for proper stabilization of OxoG within catalytic

site. For geometric parameters see the Table S4.

The Wiberg bond orders were calculated employing small models. The bond order of C1°-N9 bond
of free G, OxoG and FapyG was 0.898, 0.924, and 0.971, respectively. The gradual strengthening of N-
glycosidic bond was coherent with the bond shortening (Table 1). The bond order of C1’-N9 bond of OxoG
owing to C1’-pathway, N3-pathway, and N9-pathway was 0.922, 0.923, 0.905, respectively. The degree of
activation of C1’-N9 bond can be evaluated with the Wiberg bond orders because the activation energies of N-
glycosidic bond cleavage calculated previously decreased in the same order as bond orders.*' The activation of
C1’-N9 bond owing to N9-pathway and particularly owing to N9-pathway with proton transferred to N9 was
more efficient than activations owing to other two pathways (Table S5).

The NBO charges were calculated employing small model. The charge of N9 nitrogen of G,
Ox0G and FapyG ranged -0.420 + -0.410 e, -0.474 + -0.544 e, and -0.745 + -0.645 e, respectively. The charge
of C1’ carbon ranged 0.244 + 0.280 e and the charge of N3 nitrogen ranged -0.655 + -0.590 e (Table S6 -
Table S8). The interaction of N9 nitrogen with Ne-ammonium of Lys 249 was enhanced more in the case of
damaged nucleosides as compared to normal G. The N3-pathway seemed to be competitive in that regard
particularly in the case of OxoG. The effect of hOGG1 residues on proper mutual arrangement of Lys 249
with respect to nucleoside seemed indispensable.

The Fukui indices f* were calculated employing small model. The positive or negative value of f*
unveiled electrophilic or nucleophilic character of atoms in nucleosides. The C1’ carbon was slightly
electrophilic (Table 2, Table S9 - Table S11). The N3 nitrogen was nucleophilic except the N3 of G with
transferred proton owing to N3-pathway that was nucleophilic. The N9 nitrogen of G was electrophilic but the
N9 of Ox0G and FapyG was increasingly nucleophilic. Importantly, the glycosidic nitrogen atoms of
nucleosides interacting with Lys 249 kept their inherent character, which was coherent with specificity of N9-
pathway with respect to normal and damaged nucleosides. Particular character of the glycosidic nitrogen
determined inherent propensity for interaction with electrophile (proton of Ne-ammonium) or nucleophile (Ne-
amino group). The significant nucleophilicity allowed proton addition to N9 of FapyG. The electrophilicity of
NO of G caused ineffective initiation of N9-pathway. Similar discriminative role of N9 nitrogen was recently
proposed for excision of hypoxanthine with alkyladenine DNA glycosylase repair enzyme.*” The chemical
hardness of G nucleoside was larger than chemical hardness of OxoG and FapyG (Table S12). The effect
owing to electronic character of N9 on activation of N-glycosidic bond could be therefore amplified by

increased reactivity of the damaged nucleosides.

Table 2. The Fukui indices £ calculated for C1°, N9, and N3 atoms of G, OxoG and FapyG.a)
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Atom Free nucleoside | C1’-pathway | N3-pathway NO9-pathway
G G (CI) G (N3) G (N3H) G (N9) G (N9H)
Cl’ 0.000 0.007 0.006 0.001 - -
N9 0.020 -0.003 0.011 0.011 - -
N3 -0.104 -0.117 -0.068 0.015 - -
Ox0G Ox0G (C1”) OxoG (N3) 0Ox0G (N3H) Ox0G (N9) 0Ox0G (N9H)
Cl’ 0.003 0.007 0.008 0.005 0.004 -
N9 -0.013 -0.028 -0.029 -0.022 -0.017 -
N3 -0.048 -0.059 -0.046 -0.021 -0.080 -
FapyG FapyG (C1’) | FapyG (N3) | FapyG (N3H) FapyG (N9) FapyG (N9H)
Cl’ 0.009 0.010 0.008 0.008 0.004 0.005
N9 -0.063 -0.092 -0.086 -0.080 -0.036 -0.006
N3 -0.034 -0.038 -0.041 -0.018 -0.077 -0.078

 The numbering of atoms is depicted in Figure 1. The three pathways are indicated in parenthesis as follows:

C1’-pathway (C1”), N3-pathway (N3), N3-pathway with proton transferred from Ne-ammonium to N3

nitrogen (N3H), N9-pathway (N9), N9-pathway with proton transferred from Ne-ammonium to N9 nitrogen

(N9H). The calculations were done employing small model depicted in Figure 2 and described in

Computational details. -: not calculated (see the text).

The nucleus-independent chemical shielding (NICS) is indicator of aromaticity.”®** The negative or

positive NICS values computed at the ring center indicated its aromatic or anti-aromatic character (Figure S1).

The character of five-membered ring of G was more aromatic than character of five-membered ring of OxoG

(Table 3). The six-membered ring of G possessed less aromatic character than six-membered ring of OxoG.

Interestingly, the decrease of aromaticity of five-membered ring owing to damage was balanced by

aromaticity increase of the unmodified six-membered ring. The upmost decrease of aromaticity of five-

membered ring of OxoG was calculated for N9-pathway, which was coherent with the depletion of electron

density near N9 owing to less conjugated character of N9-C8 and N9-C4 inner-ring bonds (Table S5).

Table 3. The NICS values calculated for five- and six-membered ring of G, OxoG and FapyG.”

NICS Free nucleoside | C1’-pathway | N3-pathway NO9-pathway
G G (C1") G (N3) G (N3H) G (N9) G (N9H)

NICS-5 -12.5 -11.6 -12.0 -12.8 - -
NICS-6 -4.4 -4.2 -3.8 -3.9 - -

Oxo0G 0x0G (C1°) | OxoG (N3) |OxoG (N3H) | OxoG (N9) 0x0G (N9H)
NICS-5 -10.5 -10.9 -10.7 -10.9 -9.1 -
NICS-6 -4.9 -4.7 -4.0 -4.2 -4.3 -

FapyG FapyG (C1°) | FapyG (N3) [FapyG (N3H) | FapyG (N9) | FapyG (N9H)
NICS-6” -1.3 -13 0.7 -0.7 0.5 -0.8
NICS-6 -3.9 -3.2 -3.2 -4.0 -4.1 -3.8

* The nucleus independent chemical shielding NICS-5 and NICS-6 in ppm were calculated at the centre of

mass of five- and six-membered ring of nucleobases. ” The NICS-6 values calculated for six-membered

pseudo-ring of FapyG containing glycosidic nitrogen N9. The interaction of Lys 249 with nucleosides are

indicated in parenthesis as follows: C1’-pathway (C1”), N3-pathway (N3), N3-pathway with proton

Page 8 of 15



Page 9 of 15

RSC Advances

transferred from Ne-ammonium to N3 nitrogen (N3H), N9-pathway (N9), N9-pathway with proton
transferred from Ne-ammonium to N9 nitrogen (N9H). The calculations were done employing small model

(Figure 2) as described in Computational details. -: not calculated (see the text).

The N3-pathway and N9-pathway were compared by means of calculated interaction energies.
The absolute values of AE;,, energies calculated for N3-pathway were larger than the energies for N9-pathway
(Table 4), which was coherent with respective bond orders. The H-N3 bond orders calculated for H atom of
Ne-ammonium and N3 nitrogen of nucleosides owing to N3-pathway were larger than the H-N9 bond orders
owing to N9-pathway (Table S5). The interaction of Ne-ammonium with N3 nitrogen was better energy-
stabilized than the interaction with N9 nitrogen. On the other hand, the N9-pathway was stabilized
increasingly better for the damaged nucleosides while the N3-pathway was in that regard more conservative
owing to distinct electrophilicity of N3. The interaction of Lys 249 with N9 nitrogen depended on character of
N9 nitrogen. The more distinct was nucleophilic character of glycosidic nitrogen the more stable was its
interaction with Ne-ammonium. Importantly, the interaction of Ne-ammonium with N9 atom of OxoG is

stabilized energetically owing to negative interaction energy.

Table 4. The interaction energies calculated for G, OxoG and FapyG nucleosides interacting with Lys 249.

Nucleoside (pathway) ® AE;,”
G (N3) 83
0x0G (N3) -7.6
0x0G (N9) 25
FapyG (N3) 11.0
FapyG (N9) 9.8

* The N3-pathway and N9-pathway are depicted for OxoG in Figure 2. ® The interaction energy AE;, in kcal
mol ™! was calculated as energy of small model minus energy of monomers (Lys 249, nucleoside) including the
basis set superposition error (BSSE). The BSSE represented ca 1 keal mol™ and calculation details are

described in the Table S13.

The specific activation of N-glycosidic bond of G, Ox0G, and FapyG was calculated because normal
and damaged nucleosides possessed characteristic structural and electronic properties. When going from G to
0x0G and to FapyG the C1'-N9 bond shrank, the respective bond order increased, the charge of N9 nitrogen
decreased, the lone-pair electrons at N9 were more localized (Figure S2), the aromaticity of five-membered
ring decreased and the character of glycosidic nitrogen changed from electrophilic to nucleophilic.

The activation of N-glycosidic bond employing C1’-pathway was relatively unspecific as compared
to N3-pathway or N9-pathway. The Gibbs free energy of cleavage of N-glycosidic bond of G, Ox0G, and
FapyG calculated employing C1’-pathway was 30.7, 32.0 and 35.2 kcal mol™, respectively. (Small model,

Table S14, Figure S3.) The AG” energies thus increased in the same order as increased the respective C1'-N9
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bond orders. This indicated rather dependence of activation on strength of the bond than significant activation
role of Lys 249. Actually, the N-glycosidic bond of G is more labile toward hydrolytic cleavage than N-
glycosidic bond of Ox0G.* The minor activation role of Lys 249 in calculations employing C1’-pathway can
be therefore assumed. The hydrolytic and enzymatic cleavage apparently proceed according to different
scenarios. The calculated activation employing C1’-pathway was in conflict with the observed cleavability of
G and OxoG operated by hOGG1.'*!7428

The protonation of N9 and N3 atoms owing to N9-pathway and N3-pathway depended on degree of
their nucleophilicity. The proton addition to N3 nitrogen was calculated for all three nucleosides while the
proton addition to N9 nitrogen was calculated only for FapyG. The Gibbs free activation and reaction energies
calculated for transfer of proton from Ne-ammonium to N3 or N9 nitrogen indicated that proton transfer to N3
nitrogen of G should be easier and better stabilized than proton transfer to N3 or N9 of OxoG and FapyG
(Table S14, Figure S4, Figure S5). The activation energies calculated for proton transfer were nevertheless
quite similar and N3-pathway reaction may probably result in pre-protonation of N3 nitrogen and N9 nitrogen
of FapyG.

The activation operated by hOGG1 employs some mechanism that activates specifically the
intrinsically more stable N-glycosidic bond of damaged nucleosides. The N9-pathway was specific in that
regard but the “net” interaction of Lys 249 with glycosidic nitrogen was only loosely stabilized. The
workability of relatively fragile N9-pathway was conditioned by nucleophilic character of glycosidic nitrogen
and by hOGGT catalytic site that ensured effective attack of lone-pair electrons at glycosidic nitrogen to
proton of Ne-ammonium by proper deposition of damaged nucelosides (Figure S6). The N9-pathway may be
regarded typical enzymatic strategy because its workability was strictly conditioned by arrangement of

catalytic core and distinct character of a substrate nucleoside.

Conclusions

The activation N-glycosidic bond employing Lys 249 residue of hOGG1 enzyme was calculated for
normal G, OxoG and FapyG nucleosides. The activation of N-glycosidic bond operated by attack of lone-pair
electrons at glycosidic nitrogen to Ne-ammonium of Lys 249 was efficient and specific with respect to normal
and damaged nucleosides. The activation of normal G initiated by N9-pathway reaction was ineffective owing
to electrophilic character of glycosidic nitrogen of G and corrupted catalytic core that contained displaced
substrate. The activation of the damaged nucleosides was effective owing to nucleophilic character of
glycosidic nitrogen and favorable mutual arrangement of nucleoside with respect to Lys 249. The glycosidic
nitrogen of both OxoG and FapyG can donate lone-pair electrons capable of interaction with proton of Ne-
ammonium of Lys 249 while the lone-pair electrons at N9 of G can’t interact efficiently with Ne-ammonium
owing to their delocalization within five-membered ring.

The interaction of protonated Lys 249 with electrophilic or nucleophilic glycosidic nitrogen
triggered specific activation of N-glycosidic bond of normal and damaged nucleosides that could be involved
as a check-point mechanism during base-excision operated by hOGG1. We therefore propose that Lys 249 is

not only key catalytic residue, but also the residue involved in recognition of damaged nucleobases.

Page 10 of 15
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Computational details

Three structural models called small, medium and large were employed. The small model that
was derived employing the x-ray structure IN3C'” consisted of nucleoside and Lys 249 (Figure 2). Mutual
positioning of the residues was constrained by fixed geometries of C4’ and C3’ atoms of nucleoside and -
OCCN- atoms of Lys 249. The B3LYP-D2 method including Grimme*s dispersion corrections D2*****  the
6-31G(d,p)*** basis set, and the PCM solvent (diethylether) were employed in geometry optimizations. The
PCM method was used successfully to mimic overall polarization within catalytic site in similar studies.***"**
The energy minima and transition states were confirmed by vibrational frequency analysis. The free
nucleosides (not interacting with Lys 249) were optimized without constraints. The medium model that was
derived employing the x-ray structure 2NOZ'" included nucleoside and hOGG1 residues within 10 A sphere
centred at glycosidic nitrogen of nucleoside (Figure 4). The Lys 249, Asp 268, Cys 253, Phe 319, W2979,
W2908, W2907 water molecules, and nucleoside defined the inner part within ONIOM QM/QM49 method that
was optimized employing the CAM-B3LYP DFT method®® while the outer part (650 atoms) was optimized
employing the PM6 method keeping the heavy atoms fixed. The small and medium models of G and FapyG
were derived using the original x-ray structures that included OxoG and by keeping the maximal overlap of
nucleobases. The large model was derived employing 2NOZ x-ray structure that described hOGG1-DNA
complex (Figure 5). Only the DNA heptamer including OxoG in the middle was included in large model. The
Ox0G and neighbouring nucleotides within DNA strand and hOGG1 protein were geometry optimized while
the rest of heavy atoms of DNA heptamer were kept fixed in their x-ray geometries. The QM/MM
AM1°'/OPLS_2005°? and B3LYP(6-31G(d,p))/OPLS_2005 methods within additive scheme were employed
in geometry optimizations of large model. The hydrogen cap and electrostatic treatment at the QM/MM
interface using Gaussian charge distribution on a grid was employed. The QM part of large model included
0Ox0G nucleoside and Lys 249, Gly 42, and GlIn 43 residues of hOGG1. The protonated form of Lys 249 was
involved in both medium and large model.

The calculated N9-pyramidalizations (k' = 27.7°+48.2°) were larger than N9-pyramidalizations in
x-ray structures (' = -0.3°+2.8°). The ultra-high resolution of x-ray structures (resolution of 1 A or better and
R-factor < 0.2) is required because lower resolution that is often linked with usage of empirical force-field
may result in underestimated N9-pyramidalization.’ The resolutions of 3IH7*%, 1YQK™, IN3C'7, 2NOZ" x-
ray structures ranged 2.43 A+3.10 A and the N9-pyramidalizations might be therefore underestimated.

The molecular properties calculated employing small models included geometry, natural bond

54,55

orbital (NBO) atomic charges, natural localized molecular orbitals (NLMOs), Fukui functions’™”> chemical

5657 interaction energies, bond orders, Wiberg bond indexes™®, nucleus independent chemical shifts

hardness
(NICSs)****_ and Gibbs free activation and reaction energies. The NICSs were calculated employing
B3LYP/6-31G(d,p) method. The interaction energies were calculated employing B3LYP-D2/6-311++G**
method including the BSSE correction. All other properties were calculated employing B3LYP-D2/6-31G(d,p)

method. Further details can be found in the Supporting Information.

The Fukui index of atom in a molecule f° ’= f 7 — f was calculated as difference of Fukui

functions f~ =q(N —1)—q(N) and /" =q(N) — g(N +1) where the q(N-1), q(N), q(N) were atomic
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NBO charges of molecule containing N-1, N, and N+1 electrons, respectively. The global reactivity descriptor
1
of a molecule 7= 5 (gLUMO -& HOMO) called chemical hardness was calculated employing electronic energies

of the LUMO and HOMO molecular orbitals.

The small and medium models were geometry optimized using the Gaussian 09 program.®' The
large model was optimized using the QSite program.®> The NBO atomic charges, NLMO orbitals and the
Wiberg bond indexes were calculated within the NBO analysis® using the NBO program 3.1.%*.

Figure 5. The large structural model.
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