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Lesion-specific DNA glycosylases play the key role in base excision DNA repair of finding
the damaged base and catalyzing its removall~3. Structural*~—8, computational®’ and
experimental studies®:® have shown that when MutM, a bacterial DNA glycosylase specific
for 8-oxoguanine (oxoG), encounters an oxoG lesion, the damaged nucleobase is extruded
from the DNA and inserted into the enzyme active site, whereupon catalysis of glycosidic bond
cleavage ensues. Potential of mean force (pmf) calculations® making use of X-ray crystal
structures of MutM bound to DNA containing either an extrahelical 0xoG bound in the enzyme
active site*>, or an intrahelical oxoG8 or G4, have shown that the free energy barrier for
extrusion of oxoG is lower by 7 kcal/mol than that for G. To obtain a crystal of a “lesion-
recognition” complex (LRC) with the 0xoG in the active site of MutM bound to DNA?®, the
catalytically essential Glu3 (E3) residue was mutated to GIn (Q) (MutME3Q)10 (Fig. 1). In the
pmf simulations, the Q3 residue was restored computationally to E3 to obtain the wild-type
enzyme (MutMWT). The simulations indicated that extrusion of the oxoG into the active site
was disfavored by ~5 kcal/mol compared to the intrahelical state. Why then had it been possible
to crystallize such an apparently disfavored LRC? Here, we show that the E3Q mutation
provides substantial stabilization of oxoG in the active site of MutM. The simulations show
further that oxoG is stabilized in the active site by protonation of the E3 carboxyl group during
the insertion process. It is pointed out also that the protonation could be significant for base-
excision catalysis. The results highlight the importance of accounting for the potential energetic
and structural effects of mutations frequently introduced into enzymes to capture otherwise
fleeting intermediates112,

Pmf simulations!3 for the extrusion of 0xoG by MutME3Q were performed, using the method
described previously® for MutMWT (see the Supporting Information). Figures 2 and S1 show
the comparison of the pmf profile for MutME3Q with that of MutMWT having E3 deprotonated
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(denoted as E3-COQ™). The free energy for oxoG extrusion into the active site of MutME3Q
is reduced by a significant amount (—14.7 kcal/mol), relative to that for MutMWT, so that oxoG
is more stable in the active site of the E3Q mutant than in the intrahelical configuration, in
agreement with experiment. The shape of the two-dimensional pmf is also different for the
wild-type and the E3Q mutant (Fig. 2). For MutMWT, the rate-limiting barfrier (11 fkcal/mol
at TS,) is for the anti to syn rotation of the glycosidic bond, while for MutME3Q, the rotation
after extrusion occurs without a barrier and the free energy decreases continuously until oxoG
is in the enzyme active site. The barrier for the first step (TS1), corresponding to the extrusion
of the base through the minor groove, is 4.2 kcal/mol for MutMWT and 8.7 kcal/mol for
MutME3Q, Pmf simulations for G extrusion show that the E3Q mutation also reduces the free
energy of G binding to the active site to —12.1 kcal/mol, relative to that of the intrahelical
conformation.

Free energy simulations using A-dynamics-based thermodynamic integration (T1)1415 were
carried out to check the pmf results. The TI values confirm that the E3Q mutation significantly
lowers the free energies for both oxoG and G binding in the enzyme active site (see Table S1).
Free energy components analysis® (Fig. S3) further shows that the dominant destabilization
arises from the deprotonated E3 in the active site, which interacts repulsively with the extruded
oxoG and neighboring phosphate groups. These interactions are less repulsive for Q3, as
expected.

The above results raise the question why oxoG is favored in the active site of the wild-type
enzyme. One possibility is that E3 becomes protonated when oxoG enters the active site,
although it has been assumed that this residue is deprotonated at pH 7. The crystal structure
suggests that the repulsive interactions of E3-COO™ with phosphate groups of DNA® could be
diminished by neutralization of the negative charge on E3. Further, a hydrogen bond between
the protonated E3 (denoted as E3-COQOH) and the 8-oxocarbonyl of the extrahelical oxoG can
be formed in the active site; this is analogous to the hydrogen bond formed between 8C=0 and
the side-chain NH, group of Q3. The free energy profiles for extrusion of oxoG for E3-
COO™ and E3-COOH are shown in Fig. 3 (the corresponding results for G are shown in Fig.
S4). The two pmf profiles cross at an early stage of the base rotation; the progress variable r
defined in the figure is equal to —26° for oxoG and —24° for G at the crossover point (denoted
as Crs in Figs. 3 and S4). Since the system can cross from one free energy surface to the other
by proton transfer, the free energy for oxoG extrusion into the active site is —7.7 kcal/mol (with
E3-COOH), and the rate-limiting barrier is at Crs (8.6 kcal/mol). Protonation of the E3 residue
also stabilizes G in the active site, but G is still more stable in the intrahelical state (0.6 kcal/
mol) and the free energy barrier for its extrusion is 11.0 kcal/mol at Crs. Alchemical Tl
simulations for the protonation of E3 are consistent with the results from pmf simulations
(Table S2).

In the search of the DNA for the damaged base by MutM, a fast oxoG recognition mechanism
is required because of the high speed of MutM sliding along DNA?. Previous results® have
shown that the initial extrusion of the base through the minor groove of the DNA helix is indeed
fast and discriminates oxoG from G kinetically. The present results suggest that there also
could be a thermodynamic discrimination step in the active site. If E3 becomes protonated, the
free energy for binding of the extruded oxoG in the active site is favorable (=7.7 kcal/mol, Fig.
3), while it remains unfavorable for G (0.6 kcal/mol, Fig. S4). The calculated effects correspond
to a difference of a factor of 108 in the equilibrium constant between 0xoG and G in the active
site. The results suggest the following sequence of events for extrusion of 0xoG into the active
site: (1) E3 is initially deprotonated when oxoG is extruded from the DNA (TS barrier of 4.2
kcal/mol); (2) once the system reaches an intermediate extrahelical state (Inty, 3.0 kcal/mol),
0xoG begins rotating around its glycosidic bond and E3 becomes protonated (Crs, at the
crossover point of 8.6 kcal/mol); and (3) oxoG enters the active site without any additional
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barriers. There are a number of waters in the protein-DNA interface®: that could serve as the
source of the proton; also, Pro2, which has to be deprotonated to be a nucleophile, could provide
the proton through a water chain near the interfacel’.

In the present study, we have investigated the effect of the alterations of the key residue E3 in
MutM on the free energy along the nucleobase extrusion pathway. We conclude that the E3Q
mutation favors oxoG binding in the enzyme active site compared to the wild-type enzyme.
Analyses of the computed free energies for MutMWT provide new insights into the role of the
E3 residue in base extrusion and recognition of a damaged-nucleobase. The similarity between
the side chains of Q and protonated E and the pmf simulations suggest that MutM exploits a
two-step discrimination mechanism: a fast kinetic discrimination at the early step of the
damaged-base recognition and a thermodynamic discrimination by protonating the E3 residue,
which favors binding of oxoG in the active site. The glycosyl transfer reaction has been
suggested to occur viaa Sy1-like displacement of 0xoG by the nucleophile Pro2°; if protonated,
E3 would facilitate the reaction by activating the oxoG leaving group, for example, through
the protonation at O8, and subsequently by stabilization of the oxocarbenium ion. Further
experimental and computational studies are required to confirm the present results concerning
lesion recognition and catalysis by this important enzyme.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Comparison of the MutM structures of (A) the encounter complex (EC) and (B) the lesion
recognition complex (LRC). The oxoG-capping loop in LRC is shown in purple sticks, and
the a-E helix is shown in red cartoon. In the base extrusion process, oxoG is rotated along its
glycosidic bond to the syn conformation.
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Figure 2.

Computed potentials of mean force for oxoG extrusion, rotation, and entrance into the active
site of (A) MutME3Q and (B) E3-COO~ MutMWT. The pseudo-dihedral angles for the base
extrusion and rotation are eyt and Qrotat, respectively, which represent the extrusion of oxoG
into active site from the intrahelical state (IS) to the active site bound state (ES); for the
definition of the pseudo-dihedral angles, see Fig. S2. Along the minimum free energy path
(shown by black dots), several key points are indicated: transition states (TS; for the base
extrusion from the DNA helix and TS, for the base rotation), intermediate states (Int; for the
extrahelical base and Int, for the state where oxoG forms a hydrogen bond with P2)8, and the
crossover point (Crs) (see Fig. 3). The unit for dihedral angles is degrees and for free energy
is kcal/mol.
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Figure 3.

Potentials of mean force along a progress variable (r) equal to the difference qyqtat and gex; for
ox0G extrusion by MutMWT with a protonated (red) or deprotonated (blue) E3 residue. The
profiles for E3-COOH are shifted upward by 6.1 kcal/mol, the free energy required to protonate
E3 residue at pH 7 (see Supporting Information). Indicated points correspond to points labeled
in Fig. 2 and Fig. S5. The zero of free energy is that of the intrahelical state (1S).
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