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ABSTRACT: DNA glycosylases protect genomic integrity
by locating and excising aberrant nucleobases. Substrate
recognition and excision usually take place in an
extrahelical conformation, which is often stabilized by π-
stacking interactions between the lesion nucleobase and
aromatic side chains in the glycosylase active site. Bacillus
cereus AlkD is the only DNA glycosylase known to catalyze
base excision without extruding the damaged nucleotide
from the DNA helix. Instead of contacting the nucleobase
itself, the AlkD active site interacts with the lesion
deoxyribose through a series of C−H/π interactions.
These interactions are ubiquitous in protein structures, but
evidence for their catalytic significance in enzymology is
lacking. Here, we show that the C−H/π interactions
between AlkD and the lesion deoxyribose participate in
catalysis of glycosidic bond cleavage. This is the first
demonstration of a catalytic role for C−H/π interactions
as intermolecular forces important to DNA repair.

DNA damage arising from reactive cellular metabolites and
environmental toxins can corrupt stored genetic

information and disrupt normal cellular processes, leading to
heritable diseases, aging, and cell death.1 DNA nucleobases are
particularly susceptible to oxidation, methylation, and hydro-
lytic deamination,2 giving rise to a broad spectrum of chemical
modifications, most of which are eliminated from the genome
by the base excision repair (BER) pathway.3 BER is initiated by
DNA glycosylases, which locate and remove damaged
nucleobases from the DNA backbone by catalyzing heterolysis
of the N-glycosidic bond. DNA glycosylases acting on modified
purines typically activate the nucleobase for departure as a
leaving group through a base-flipping mechanism, wherein the
damaged nucleobase is extruded from the DNA helix and
positioned in an active site pocket.4,5 However, we recently
showed that base-flipping is not a requisite for catalysis, as
demonstrated by the Bacillus cereus DNA glycosylase AlkD,
which is specific for cationic lesions.6 Time-resolved crystal
structures of AlkD-mediated base excision revealed that the
substrate nucleobase remains stacked in the duplex over the
course of the reaction and that three active site residues
Asp113, Trp109, and Trp187cradle the substrate deoxy-
ribose without contacting the nucleobase itself. Importantly, the
indole rings of both tryptophan side chains form a series of C−
H/π interactions with the lesion deoxyribose, and computa-
tional modeling suggested that these interactions contribute to

lowering the barrier to depurination. C−H/π interactions are
ubiquitous in protein structure and have been observed to
facilitate protein-DNA binding.7,8 However, despite their
importance, to our knowledge there is only one enzymatic
system in which these interactions have been shown to be
catalytic,9,10 and no empirical demonstration that C−H/π
interactions participate in DNA repair catalysis. Here, we
provide direct experimental evidence for the importance of C−
H/π interactions in the catalytic mechanism of DNA base
excision through a series of structural, biochemical, and
computational studies on the AlkD enzyme and a well-defined
7-methyl-2′-deoxyguanosine (d7mG) oligonucleotide substrate.
Our previous AlkD structural analysis focused on repair of

the minor groove lesion 3-methyl-2′-deoxyadenosine (d3mA).6
To verify that the non-base-flipping mechanism and C−H/π
interactions important to d3mA excision persist when the
lesion present is d7mG, we determined the crystal structure of
AlkD in a ternary complex with 7-methylguanine (7mGua)
nucleobase and DNA containing 1-aza-2′,4′-dideoxyribose
(1aR), an analogue to the key oxocarbenium ion intermediate
formed during depurination of d7mG (Figure 1a, Scheme 1).
This new AlkD/1aR-DNA/7mGua structure is virtually
identical to the corresponding ternary complex with 3-
methyladenine (3mAde), with an rmsd of 0.35 Å for all
AlkD/1aR-DNA atoms. Specifically, the 7mGua nucleobase
remained stacked in the DNA duplex and retained Watson−
Crick pairing with the opposing cytosine (Figure 1b), as 3mAde
did with thymine in the previous structure. Importantly, the
contacts observed in the 3mAde structure presumed to be
important for AlkD-mediated glycosidic bond cleavage were
again observed in the 7mGua structure, including Asp113-
mediated preorganization of a water molecule for nucleophilic
attack on the oxocarbenium ion, as well as Trp109- and
Trp187-mediated C−H/π interactions to the 1aR (Figure
1b,c).
With this structure in hand, we set out to delineate the roles

of Asp113, Trp109, and Trp187 in lesion binding and catalysis
using Michaelis−Menten kinetic analyses. We accomplished
this by employing alanine mutants against a well-defined
d7mG-oligonucleotide substrate. Wild-type or mutant AlkD
proteins were added to solutions containing a fixed
concentration of oligonucleotide bearing a centrally located
d7mG lesion. Aliquots were removed from these reaction
mixtures at various times and assayed for product formation by
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alkaline hydrolysis, which selectively cleaves DNA at the abasic
site. In accord with the assumptions implicit in Michaelis−
Menten analyses, only linear, initial-phase kinetic data were
considered in determining reaction velocities (Figure S1).
Replots of these initial reaction velocities (slopes) versus
protein concentration afforded the expected saturation kinetics
(Figure 2). From the data, Michaelis constants (Km) and first-
order rate constants (kcat) were determined (Table 1). The Km
values indicate that all three alanine mutants bound substrate
with comparable affinities as the wild-type enzyme (Table 1),
suggesting that individually these side chains do not

significantly contribute to lesion binding by AlkD. In contrast,
comparison of kcat values for AlkD mutants D113A, W109A,
and W187A revealed that each catalyzed depurination of d7mG
at rates <1% of that of wild-type AlkD (Table 1). We note that
the kcat values for wild-type and mutant AlkD determined here
are consistent with rates of d7mG excision previously reported
by our group for the same reaction at 20 μM AlkD.11 The full
Michaelis−Menten analysis reported here unequivocally
indicates that Asp113, Trp109, and Trp187 each play a role
in the chemistry of glycosidic bond cleavage.
The fact that tryptophan residues 187 and 109 are

comparable to Asp113 in their catalytic importance is striking.
Structurally divergent DNA glycosylases frequently contain an
active site carboxylate residue that, when mutated, abrogates
base excision activity.4,5,12 Conversely, mutation of active site
aromatic residues typically results in far less deleterious effects
on catalytsis.13−15 Aromatic side chains in base-flipping DNA
glycosylases usually stabilize the enzyme−substrate complex by
forming π−π stacking interactions with the extruded
nucleobase or by intercalating into the corresponding gap in
the DNA helix. Conversely, the more than 100-fold attenuation
of AlkD’s d7mG excision activity upon removal of the aromatic
side chains of either Trp109 or Trp187 demonstrates that the
corresponding C−H/π contacts to the lesion deoxyribose
contribute to glycosylase activity in a fundamentally different
fashion than the π-stacking seen in base-flipping glycosylases.
Indeed, using the Eyring equation to calculate reaction barriers
(ΔG⧧) from saturating rate constants for AlkD-catalyzed d7mG
depurination, we found that each set of C−H/π interactions
contributed ∼3−4 kcal mol−1 to lowering the barrier to
glycosidic bond cleavage (Table 1). For comparison, similar
interactions between Trp334 and aliphatic carbenium ions in
the terpene biosynthesis enzyme aristolochene synthase were
calculated to contribute from 2 to 4 kcal mol−1 to catalysis
there.16,10 These observations strongly implicate C−H/π
interactions as relevant forces important for the catalytic
mechanism of AlkD-mediated excision of cationic alkylpurine
lesions.
To gain mechanistic insight into the catalytic role of C−H/π

interactions, we developed a reductive computational model of
the AlkD active site, from which we generated an

Figure 1. Crystal structure of AlkD bound to 1aR-DNA and 7mGua
nucleobase. (a) Overall structure, with the protein in green, the DNA
lesion in magenta, and the opposing dC nucleotide in yellow. (b)
Close-up of the AlkD active site, with annealed omit electron density
for the DNA lesion contoured to 3σ. (c) Stereoview of the AlkD active
site. The putative water nucleophile is rendered as a red sphere.
Hydrogen bonds are shown as dashed lines, C−H/π interactions are
depicted as black arrows, and N1′ of 1aR is labeled with an asterisk
(*).

Scheme 1. Mechanism for Depurination of d7mG-DNA by
AlkDa

aC−H/π interactions in the transition state are indicated by green
arrows, and structural similarity between the oxocarbenium
intermediate and the 1aR isostere (blue) is highlighted. 7mGua was
removed following depurination for visual clarity.

Figure 2. Michaelis plots showing saturation kinetics for depurination
of d7mG-DNA by increasing concentrations of AlkD: (a) wild-type,
(b) D113A, (c) W187A, (d) W109A. Numerical values of enzyme
concentrations are provided in the Supporting Information (SI).
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approximation for the transition state to depurination of d7mG
similar to that previously described.6,17 The active site was
modeled from the side chains of Asp113, Trp109, and Trp187,
truncated at their β-carbons, and the lesion was modeled as the
nucleoside (Figure 3). To validate this model, we first

calculated the activation energy to spontaneous depurination
of d7mG. The value predicted by this model (ΔE⧧ = 22.5 kcal
mol−1) agreed very well with the related value calculated using
the Eyring equation from the empirical data of Osborne and
Phillips (ΔH⧧ = 23.4 kcal mol−1) (Table 1).18 For the enzyme-
catalyzed reaction, we calculated from experimental rates of
spontaneous and AlkD-catalyzed depurination of d7mG under
saturating conditions (4.2 × 10−7 s−1 and 1.3 × 10−2 s−1,
respectively) that AlkD lowers the activation free energy to
depurination (ΔG⧧) by 6.2 kcal mol−1. Our computational
model predicted a decrease in the corresponding activation
energy (ΔE⧧) of 6.6 kcal mol−1 (Table 1). The agreement
between these values indicates that the conformations
considered in both the ground state (GS) and the transition-
state approximation (TSA) in our model reasonably recapit-
ulate those in solution.
Having validated this model, we next explored the

contribution of each catalytic residue by sequentially replacing
the atoms of residues Asp113, Trp109, and Trp187 with the
appropriate Gaussian ghost atoms in order to maintain
consistent basis. This approach predicted that knocking out
Asp113 would decrease catalytic activity to 0.3% of that of wild-
type AlkD, recapitulating the experimentally measured
contribution of Asp113 to catalysis with excellent accuracy
(krel of D113A = 0.6% wild-type activity) (Table 1). Because

the conformations of the GS and TSA were held constant
during this analysis, these observations suggest that Asp113
plays strictly an electronic role in AlkD’s catalytic mechanism
by providing electrostatic stabilization to the incipient positive
charge on C1′ of the lesion deoxyribose during depurination.
Such a contribution is the same as that postulated for active site
carboxylates in other glycosylases.5 Similarly, our calculations
predicted that replacing Trp187 with ghost atoms lowers the
relative enzyme activity to 12.1%, compared to the empirically
determined 0.6% (versus wild-type enzyme). The fact that our
conformationally restrained model predicts much of Trp187’s
role in catalysis suggests that this residue also facilitates
depurination largely in an electrostatic fashion. For example,
the electron-rich π-system of Trp187’s phenyl ring is within 4 Å
of the lesion O4′, which may permit effective donation of
electron density from Trp187 to the nascent oxocarbenium ion
in a fashion analogous to that postulated to occur from
carboxylate residues in other glycosylases.5 Interestingly,
removing Trp109 was predicted to result in a 350% increase
in catalytic activity relative to wild-type AlkD. The failure of this
model to recapitulate the W109A experimental result (krel =
0.2% of wild-type activity) may be a result of consideration of
only a single lesion conformation in the model. For example,
Trp109 may be important in establishing the conformation of
the lesion deoxyribose observed in crystallo. Crystal structures
of AlkD bound to DNA that contain a lesion bearing an intact
glycosidic bond (e.g., PDB 5CL3) show that the lesion
deoxyribose adopts a C3′-endo sugar pucker, such as that
observed in A-form DNA. This sugar pucker differs from the
C2′-endo pucker observed in B-DNA. Notably, the presence of
d7mG in duplex DNA is known to reinforce the C2′-endo
conformation.19 However, the C3′-endo conformation is
believed to weaken the glycosidic bond by enhancing overlap
between the occupied, nonbonding sp3 orbital on O4′ and the
vacant σ* orbital on C1′, which is antibonding to the glycosidic
bond.5 Indeed, an enzyme utilizing this anomeric effect alone
has been predicted to provide between 2 and 5 kcal mol−1

toward barrier reduction to depurination. Thus, Trp109’s
primary role in catalysis may be to establish the reactive C3′-
endo conformation at d7mG by forming a strong C−H/π
interaction with the highly polarized C−H bond at C2′, which
is directly adjacent to the cationic alkylpurine.
The structural, biochemical, and computational data

presented here unequivocally show that the C−H/π
interactions between the AlkD active site and the lesion
deoxyribose directly participate in catalyzing d7mG glycosidic
bond hydrolysis. The nature of these interactions in AlkD is
distinctly different than the π−π stacking interactions observed
in base-flipping enzymes, which provide binding energy to

Table 1. Michaelis Parameters and Experimental and Computational Energetics

WT D113A W187A W109A

Km (nM) 700 ± 500 600 ± 300 510 ± 70 1100 ± 900
kcat (s

−1) (1.3 ± 0.3) × 10−2 (8 ± 1) × 10−5 (8 ± 4) × 10−5 (3 ± 2) × 10−5

krel (%)
a 100 0.6 0.6 0.2

expt. r.e.b 3.3 × 104 200 200 70
ΔΔG⧧c −6.2 −3.2 −3.2 −2.6
pred. r.e.d 6.9 × 104 200 9000 2.7 × 105

ΔΔE⧧e −6.7 −3.2 −5.4 −7.4
akcat values relative to wild-type AlkD. bRate enhancement relative to spontaneous depurination of d7mG (ref 18). cDecrease in activation free
energy (kcal mol−1) relative to spontaneous depurination. dPredicted rate enhancement for depurination of d7mG. ePredicted decrease in activation
energy (kcal mol−1).

Figure 3. Computational structures and energetics for depurination of
d7mG in a model of the AlkD active site. (a) Predicted structure of the
GS of bound d7mG lesion in the AlkD active site with catalytic
residues labeled. (b) Structure of the TSA to d7mG depurination in
the AlkD active site. Predicted barriers to d7mG depurination (ΔE⧧,
kcal mol−1) in the absence (−AlkD) and presence (+AlkD) of wild-
type enzyme are shown at the top left, and those calculated when
catalytic residues are replaced by ghost atoms are given next to each
residue.
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stabilize the extrahelical nucleobase lesion. Furthermore, our
computational data reveal that these C−H/π interactions likely
play a role other than merely providing direct electronic
stabilization to the deoxyribose. Indeed, it has been suggested
that C−H/π interactions in aristolochene synthase affect the
reaction coordinate by modulating aliphatic carbenium ion
structure.20 AlkD’s C−H/π interactions may play a similar role
to guide conformation, for example, by establishing hyper-
conjugative overlap between the C2′−H σ-bond and the C1′−
N9 σ* orbitals, further weakening the glycosidic bond.
Moreover, one can envision that π-donation from Trp187
and Trp109 might serve to increase the C−H σ-bonding
electron density available for hyperconjugative stabilization of
the incipient oxocarbenium ion. Undoubtedly, more work will
be required to determine the precise nature of these C−H/π
interactions’ contributions to catalyzing glycosidic bond
cleavage.
It is worth noting that carbon-centered cationic intermediates

are common in both terpene biosynthetic pathways, where C−
H/π interactions are known to be catalytic, and in enzymatic
depurination of DNA. This observation lends credence to the
assertion that C−H/π interactions may be catalytic in DNA
repair beyond just the AlkD system, as there exists a
preponderance of C−H/π interactions among DNA-binding
proteins.7,8 Along these lines, the strongest C−H/π interactions
occur when π-rich aryl systems function as Lewis bases,
donating electron density to positively polarized hydrogen
atoms.21−23 As evinced by proton NMR chemical shift values,24

endo- and exocyclic oxygen atoms serve to polarize C−H
bonds around the deoxyribose ring, making deoxyribose a
suitable C−H donor even in an intact nucleotide (i.e., before
depurination). Furthermore, the indole moiety of tryptophan
residues is an extremely π-rich aryl system, rendering the
pairing between tryptophan residues and nucleic acids
particularly well-suited to engage in chemically useful C−H/π
interactions.25,26
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Tippmann, E. M.; Allemann, R. K. J. Am. Chem. Soc. 2011, 133, 13906.
(17) Dinner, A. R.; Blackburn, G. M.; Karplus, M. Nature 2001, 413,
752.
(18) Osborne, M. R.; Phillips, D. H. Chem. Res. Toxicol. 2000, 13,
257.
(19) Ezaz-Nikpay, K.; Verdine, G. L. Chem. Biol. 1994, 1, 235.
(20) Hong, Y. J.; Tantillo, D. J. Chem. Sci. 2013, 4, 2512.
(21) Nepal, B.; Scheiner, S. J. Phys. Chem. A 2014, 118, 9575.
(22) Zhao, Y.; Cotelle, Y.; Sakai, N.; Matile, S. J. Am. Chem. Soc.
2016, 138, 4270.
(23) Mishra, B. K.; Deshmukh, M. M.; Venkatnarayan, R. J. Org.
Chem. 2014, 79, 8599.
(24) Wijmenga, S. S.; van Buuren, B. N. M. Prog. Nucl. Magn. Reson.
Spectrosc. 1998, 32, 287.
(25) Vandenbussche, S.; Diaz, D.; Fernandez-Alonso, M. C.; Pan, W.;
Vincent, S. P.; Cuevas, G.; Canada, F. J.; Jimenez-Barbero, J.; Bartik, K.
Chem. - Eur. J. 2008, 14, 7570.
(26) Mecozzi, S.; West, A. P.; Dougherty, D. A. Proc. Natl. Acad. Sci.
U. S. A. 1996, 93, 10566.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.6b07399
J. Am. Chem. Soc. 2016, 138, 11485−11488

11488

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.6b07399
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07399/suppl_file/ja6b07399_si_001.pdf
mailto:brandt.eichman@vanderbilt.edu
http://dx.doi.org/10.1021/jacs.6b07399

