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Abstract: Living organisms protect the genome against
external influences by recognizing and repairing damaged
DNA. A common source of gene mutation is the oxidized
guanine, which undergoes base excision repair through
cleavage of the glycosidic bond between the ribose and the
nucleobase of the lesion. We unravel the repair mechanism
utilized by bacterial glycosylase, MutM, using quantum-
chemical calculations involving more than 1000 atoms of the
catalytic site. In contrast to the base-protonated pathway
currently favored in the literature, we show that the initial
protonation of the lesion�s ribose paves the way for an almost
barrier-free glycosidic cleavage. The combination of theoret-
ical and experimental data provides further insight into the
selectivity and discrimination of MutM�s binding site toward
various substrates.

While DNA repair is of central importance for the stability
of the genome of organisms,[1, 2] the underlying processes such
as lesion recognition and repair are still poorly understood.
Repair enzymes have to recognize single lesions within a vast
majority of undamaged bases. The most prominent endoge-
nous DNA damage is the oxidized guanine, 7,8-dihydro-8-
oxoguanine (8OG). 8OG has the ability to form a Hoogsteen
base pair with adenine, which is the basis for the G:C!A:T
transversion mutation (Figure 1).[3]

Despite the existence of crystal structures showing 8OG-
containing DNA in complex with the catalytically incompe-
tent repair enzymes, one of the major unsolved questions is
how 8OG is specifically recognized and excised in the

genome.[4–12] It is still not clear how the enzymes are able to
exquisitely select 8OG and avoid harmful excision of canon-
ical guanidine (G). In bacteria, 8OG is repaired by MutM,
also known as formamidopyrimidine glycosylase (Fpg).[13]

MutM first recognizes 8OG and then guides it into the
active site (lesion recognition complex, LRC).[14] The glyco-
sidic bond is subsequently cleaved, creating an abasic
intermediate. A crystal structure trapped after sodium
borohydride treatment reveals that the enzyme, at some
point, forms a covalent bond (Schiff base) between the
anomeric center of 8OG and a proline residue in the active
site.[15] However, the chemistry leading to this intermediate
and contributing to the ability of the enzyme to discriminate
G from 8OG is still unknown.

The currently favored hypothesis is that MutM protonates
the 8OG base, thereby converting it into a good leaving
group, which facilitates the nucleophilic attack of the
anomeric C1’ carbon by the proline nucleophile.[16] The
heterocycle of 8OG is more electron-rich than that of G,
hence making the former a better leaving group. Using newly
developed linear-scaling quantum-chemical methods we
report a thorough computational investigation of the repair
mechanism of MutM. We address MutM�s exquisite 8OG
selectivity as well as the specific catalytic role of central amino
acids in the active site. The results of our theoretical study are
in full agreement with the presented experimental repair
studies with different G derivatives and a new crystal
structure showing 8OG embedded in a DNA duplex in
complex with a wild-type and hence catalytically competent
MutM (for details see the Supporting Information, SI). The
theoretical treatment of the complex DNA-repair mechanism
is a severe challenge for quantum chemical calculations,
forcing us to utilize newly developed linear-scaling quantum-
chemical methods.[17,18] These new methods enable us to
calculate interaction energies with more than 1000 atoms of
the active site and to study the full repair pathway with more
than 500 atoms in the QM region of the QM/MM (quantum
mechanics/molecular mechanics) approach. Such large QM
regions have recently been shown to be crucial for reliable
QM/MM results in other molecular systems.[19–23] The linear-
scaling QM/MM calculations make it possible for the first
time to clarify the repair mechanism and provide insight into
the interaction energies between MutM and various sub-
strates. We have used the dispersion-corrected BLYP-D3
density funtional,[24–26] the split-valence polarized (SVP) basis
set,[27] and the AMBER force field[28] to study the reaction
pathways. The dispersion-corrected Hartree–Fock approxi-
mation was used for the QM part of the QM/MM interaction
energy calculations (for full details see SI-2).
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The currently preferred nucleobase-protonated pathway
involves the initial cleavage of the glycosidic bond after
protonation/H-bonding of the 8OG base (Figure 2a). This
protonation increases the leaving group activity of the

nucleobase. The subsequently formed oxycarbenium ion is
thought to be stabilized by the E2 residue. The essential
proline nucleophile, P1, then reacts with the oxycarbenium
ion as depicted in Figure 2a to form an imine that was trapped
using sodium borohydride. We denote the intermediates of
this mechanism as BA1 and BA2. The final product is the
Schiff base intermediate (SBI), which includes the O8-
protonated tautomer (SBI-O8p). Although this mechanism
is in principle chemically feasible, our QM/MM data, shown
in Figure 2b, mark this mechanism as surprisingly unlikely:
The highest energy point found along this pathway is
71 kcal mol�1 above the LRC. We also confirmed the BLYP-
D3/MM energetics by comparison to single-point RIMP2/
MM and B2PLYP/MM results (see SI-3). In addition, we find
that the critical intermediates BA1 and BA2, featuring a bond
between P1 and the ribose, lie energetically so high (45 and
34 kcal mol�1 above the LRC, respectively) that both of them
are thermodynamically not accessible. The 8OG base may
assist the proton transfer required to open up the ribose ring
by temporarily accepting the proton of P1 (! barrierless
formation of the BA2 state). However, also the SBI-O8p state
is energetically so unfavorable (+ 25 kcalmol�1) that we have
to exclude a glycosylase-driven repair reaction that is initiated
by conversion of 8OG into a better leaving unit. For a brief
comparison between the currently favored 8OG repair
mechanism and the repair of uracil by the DNA uracil
glycosylase[29] see SI-3.

In light of the high energies observed for the intermedi-
ates of the base-protonated pathway, we investigated other
reaction pathways. We considered a mechanism, in part
proposed earlier,[30] in which the nucleobase does not function
as an electron-accepting unit (after protonation) but as an
electron-donating substructure (Figure 2a). This ribose-pro-
tonated pathway involves the opening of the ribose as the first
step. The latter is facilitated by protonated E2, a known
critical residue in the active site. The ribose ring-opening is
accompanied by the nucleophilic attack of P1 leading to the
first intermediate, RA1 (Figure 2a). P1 may undergo depro-
tonation, forming the second intermediate RA2, followed by
the reprotonation of E2 (!RA3). The final step in this
pathway is the cleavage of the glycosidic bond to finally give
the iminium ion (SBI-N9).

In contrast to the first mechanism, in the ribose-centered
scenario the intended glycosidic cleavage takes place at the
very last stage. The QM/MM data show clearly that this
pathway is energetically more favorable throughout, with an
indeed almost barrierless glycosidic bond cleavage reaction.
The highest energy point on this path is only 13 kcalmol�1

above the LRC and involves a proton transfer from P1 to the
O8 position of 8OG. Also the final SBI state (SBI-N9p) is
17 kcal mol�1 below the LRC, implying that the overall
reaction along the ribose-protonated pathway is thermody-
namically significantly more favored than the nucleobase-
protonated one. The mechanism also explains the eminent
function of E2 in the active site. Site-directed mutagenesis
showed that in the E2Q mutant of MutM the repair function
is fully abolished.[14] In the ribose-protonated mechanism the
protonated form of E2 is essential for enabling ribose ring
opening, hence allowing the nucleophilic attack of P1.

Figure 1. a) Top: 8OG can form a Hoogsteen base pair with A during
DNA replication leading to G:C!A:T transversion mutations. Bottom:
schematic representation of the glycosylase activity of MutM connect-
ing the LRC and SBI states. b) A close-up view of the MutM–DNA
complex showing the QM regions used in our QM/MM calculations.
The QM region used to investigate the repair pathway includes not
only 8OG (red) and the P1, E2, and E5 (orange) of MutM, but also the
catalytic water (W) and all residues (blue) directly interacting with
these fragments (! QM region =509 atoms). For the calculations of
the QM/MM interaction energies, we have extended the QM region to
1115 atoms, which are shown in green. Hydrogens are omitted for
clarity. DNA and protein backbone are shown in pink and silver ribbon
representations, respectively.
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The rate-determining step of the ribose-protonated mech-
anism is the proton transfer step connecting the RA1
(�9 kcal mol�1) and RA2 (5 kcalmol�1) structures. As evident
from Figure 2a, the energetically highest point on this path is
13 kcal mol�1 above the LRC (i.e. 22 kcalmol�1 above RA1)
and connects the RA1 and RA2 intermediates. At the first
glance, these values may seem high compared with metabolic
enzymes; however, as pointed out by O�Brien,[31] DNA repair
operates under different kinetics: it is a rare event compared
with the synthesis of relatively large amounts of substrates
processed by metabolic pathways.

The ribose-protonated pathway presented here in full
detail revives an idea proposed earlier,[30] which seems to
receive no attention in recent literature. A possible reason for

neglecting this idea is that a base-invariant mechanism implies
that any nucleobase (even G) that can find its way into the
active site can, in principle, be cleaved from DNA. For this to
happen, G must first successfully pass through both the base-
encounter and the base-extrusion steps before reaching the
base-stabilization stage (LRC in the case of 8OG). However,
experimental and theoretical studies[7, 8] suggest that MutM
discriminates G already at the early encounter and extrusion
stages. Our results, presented further below, strongly support
the idea that MutM can also differentiate 8OG from G, even
at the final LRC stage.

We have chosen a combination of experimental and
computational approaches to probe the extent of MutM�s
active site discrimination towards various substrates. On the

Figure 2. Overview of the nucleobase- and ribose-protonated pathways. a) Schematic representation of the studied mechanisms. b) Our QM/MM
data obtained for both pathways. The QM/MM (BLYP-D3/AMBER) structure optimizations performed to obtain these QM/MM relative energies
(with respect to the LRC) involve 509 atoms in the QM region. On the base-protonated pathway, we locate a potential oxacarbenium ion, which
also has been discussed as a reaction intermediate in the context of the base excision repair by uracil DNA glycosylase.[29] For 8OG repair,
however, we find this ion to be a very high-energy transition state. Furthermore, we observe that a single water molecule, directly interacting with
P1, can play a crucial catalytic role in the ribose-protonated pathway. It stabilizes the RA1 intermediate (Figure SI-16) and mediates the proton
transfer to make the RA2 formation more feasible. The presence of such a water molecule replacing the R79 residue is motivated in Section SI-1.
The influence of zero-point energy correction is found to be minor (see SI-4).
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experimental side, we synthesized a series of G derivatives
with different substituents at C8. The chemical groups
introduced at this position are expected to influence the
electronic density in the vicinity of the glycosidic bond. The
structures of these G derivatives and the repair data obtained
with short single-stranded oligonucleotides, in which the 8OG
analogues were incorporated, are depicted in Figure 3c. Our
data show fast repair of the 8OG-containing oligonucleotide
(Figure 3a, lane 1). It is clearly visible that the 8-Br-G and
canonical G are not repaired (lanes 2 and 4). Interestingly, we
observe a fast repair of the NH2-substituted 8OG analogue
(lane 3). The electron-donating amino group increases the
electron density of the G derivative thereby converting the
base into a better electron donor as needed for the ribose-
protonated mechanism. Apparantly the 8-Br-G, which is even
less electron-rich than G, is not repaired because it is an
inadequate electron donor to support the ribose-protonated
process. Besides these electronic properties, the binding of the
compounds into the active site also needs to be considered.

To address the issue of MutM discrimination computa-
tionally, we performed QM/MM calculations, which allow us
to compare the interaction of MutM with the experimentally
investigated substrates. Our HF-D3/MM calculations show
that G is discriminated at the LRC stage by 20 kcalmol�1. The
mean absolute error of the HF-D3 method has been bench-
marked to below 1 kcal mol�1.[32] To check the convergence of
the obtained value with respect to QM size (Figure 3b), we
included up to 1115 atoms into the QM region (see SI-2). To
converge the G discrimination within 2 kcal mol�1 with
respect to the QM size, one must include at least 600 atoms
into the QM region. QM-only calculations exhibit a much
slower convergence as depicted in Figure 3b, so that even
more atoms need to be included in the QM sphere for
converged results. Our calculations indicate that the S219
residue, in H-bonding interaction with the substrate, is mainly
responsible for the discrimination.

Furthermore, we have repeated these QM/MM calcula-
tions by replacing 8OG with the 8-NH2-G and 8-Br-G
substrates, thereby assuming the syn binding mode as already
observed for 8OG (see SI-5 for further details). The QM/MM
calculations yield very similar binding affinities for 8-NH2-G
and 8OG (Figure 3). The 8-Br-G substrate on the other hand
is 15 kcal mol�1 less stable than 8OG and therefore less likely
to be bound to MutM in the same orientation as 8OG.
Overall, MutM seems to be selective when it comes to
stabilizing substrates in its binding site. To gain deeper insight
into the exact arrangements of the important residues E2 and
E5 relative to the lesion, we solved a crystal structure of
MutM in complex with carbocyclic 8OG-containing DNA
(PDB: 4CIS; see SI-7 for further details).

In conclusion, our linear-scaling QM/MM calculations
with large QM regions (more than 500 atoms for the pathway
and more than 1000 atoms in computing interaction energies)
unravel the base excision repair mechanism for the glyco-
sylase activity of the bacterial DNA repair enzyme, MutM.
We show that through the opening of the ribose ring of 8OG,
the final cleavage of the glycosidic bond becomes an almost
barrier-free process. Our proposed mechanism is in full
agreement with the experimental observations, in which the

Figure 3. Repair activity (experimental data) and binding discrimina-
tion (theoretical data) of MutM toward different substrates. a) Activity
assay of MutM with C8-modified nucleobases: 1) 8OG:C, 2) 8-Br-G:C,
3) 8-NH2-G:C, 4) G:C, and 5) single-stranded 6-mer DNA (see SI-6).
b) Convergence of the interaction energy difference (kcalmol�1)
between 8OG versus G with the protein environment (negative values
indicate the preference of binding of MutM toward 8OG). The
fluctuations (in the order of 2 kcalmol�1) observed in the QM/MM
values for R>8 � are due to the inclusion of charged fragments in the
QM region and their interaction with the remaining point-charge field
(see SI-5 for the list of fragments). Such a long-range effect on the
calculated QM/MM energies emphasizes the choice of sufficiently
large QM regions in QM/MM calculations. c) QM/MM MutM–DNA
interaction energy difference for different G derivatives, with 8OG–
MutM taken as reference.
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modifications of the ribose ring or mutations of the amino
acids directly interacting with the ribose prohibit the glyco-
sylase activity of MutM. We have computed the extent of
discrimination by MutM towards different substrates by
calculating the total interaction energies. We have shown
that the catalytic site of MutM imposes considerable discrim-
ination towards G, hence providing further support for the
proposed ribose-protonated mechanism. This pathway is in
agreement with the experimental activity data demonstrating
MutM�s selectivity in binding and repair affinity.
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