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ABSTRACT: The gas phase acidity and proton affinity of
nucleobases that are substrates for the DNA repair enzyme AlkB
have been examined using both computational and experimental
methods. These thermochemical values have not heretofore been
measured and provide experimental data that help benchmark the
theoretical results. We also use our gas phase results to lend insight
into the AlkB mechanism, particularly in terms of the role AlkB plays
in DNA repair, versus its complementary enzyme AlkA.

■ INTRODUCTION
The maintenance of DNA integrity is essential for all living
organisms. Unfortunately, DNA is constantly under assault,
from both cellular metabolites and exogenous agents. Such
damage compromises cell function, causes incorrect prop-
agation of the genetic code, and is associated with carcino-
genesis.1,2

The genome is preserved with the support of DNA repair
pathways.1−5 In Escherichia coli, exposure to DNA-methylating
agents leads to upregulation of a series of enzymes, in what is
called “the adaptive response”.3,6 Two prominent enzymes in
this response are AlkA and AlkB (Figure 1). AlkA participates
in the base excision repair (BER) pathway; it is a glycosylase
that cleaves the damaged base by breaking the N-glycosidic
bond heterolytically (Figure 1).1,2 AlkB follows an alternate
path, by directly reversing the base damage chemically, to yield
the repaired, normal base (Figure 1).7−15

Both AlkA and AlkB are particularly intriguing, as both
enzymes accept a wide range of substrates. Herein, we examine
the gas phase acidity and proton affinity of a series of AlkB
substrates. In our prior work, we have found that the
examination of properties in the gas phase, which provides
the “ultimate” nonpolar environment, uncovers intrinsic,
inherent reactivity that correlates with activity in other
nonpolar media, including hydrophobic enzyme active
sites.16−19 We discuss our results in the context of the differing
mechanisms by which AlkA and AlkB process lesions.

■ RESULTS
1-Methyladenine (1meA, 1). Calculations: Tautomers,

Acidity, Proton Affinity, 1meA. In our experience, density

functional theory (DFT) methods generally yield accurate
values for thermochemical properties of nucleobases.19,20

Therefore, we utilized B3LYP-D3(BJ)/6-311++G(2d,p) to
calculate the relative tautomeric stabilities (relative enthalpies),
acidities (ΔHacid), and proton affinities (PA) of 1-methyl-
adenine (1, 1meA). This method includes a large basis set and,
importantly, accounts for dispersion. Various tautomers can be
drawn for 1meA; those within 10 kcal/mol of the most stable
tautomer are shown in Figure 2 (remaining tautomers are in
the Supporting Information (SI)). The most stable tautomer
(imine N9-H structure 1a) is calculated to be 3.8 kcal/mol
more stable than its N7-H counterpart (structures 1b and 1c).
The most acidic site of 1a is predicted to be N9-H (ΔHacid =
337.4 kcal/mol). The most basic site of tautomer 1a is the
exocyclic N6 (PA = 241.6 kcal/mol).

Experiments: Acidity, 1meA. We previously bracketed the
acidity of 1meA to be roughly 334 ± 3 kcal/mol.21,22

Experiments: Proton Affinity, 1meA. We measured the
proton affinity of 1meA using PA bracketing (Table 1; see the
Experimental Section for additional details). The reaction with
tributylamine (PA = 238.6 ± 2 kcal/mol) occurs in both
directions; meaning, 1meA can deprotonate protonated
tributylamine and tributylamine can deprotonate protonated
1meA. We therefore bracket the PA to be 239 ± 3 kcal/mol.
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The proton affinity of 1meA was also measured by the
Cooks kinetic method.24−27 Eight reference bases were used:
DBN (PA = 248.2 ± 2.0 kcal/mol), N,N,N′,N′-tetramethyl-
1,8-napthalene (PA = 245.8 ± 2.0 kcal/mol), N,N′-dimethyl-
1,3-propanediamine (PA = 245.0 ± 2.0 kcal/mol), 1-
pyrrolidino-1-cyclopentene (PA = 243.6 ± 2.0 kcal/mol),
N,N,N′,N′-tetramethylethylenediamine (PA = 242.1 ± 2.0
kcal/mol), N,N-diisopropylethylamine (PA = 237.6 ± 2.0
kcal/mol), N,N′-dimethylethylenediamine (PA = 236.4 ± 2.0

kcal/mol), and N,N-dimethylcyclohexylamine (PA = 235.1 ±
2.0 kcal/mol), yielding a PA for 1meA of 244 ± 3 kcal/mol.

1-Methylguanine (1meG, 2). Calculations: Tautomers,
Acidity, Proton Affinity, 1meG. 1-Methylguanine (1meG, 2)
has four tautomers within 10 kcal/mol of the most stable
tautomer (Figure 3). The most acidic site of 2a is the N7 site,
at 340.3 kcal/mol. The most basic site of 2a is the N9, with a
PA of 232.3 kcal/mol. Tautomer 2b is just 0.9 kcal/mol less
stable than 2a. The acidity of 2b is 339.4 kcal/mol, at the N9-
H site, and the PA is 233.2 kcal/mol, at the N7 site.

Experiments: Acidity, 1meG. 1-Methylguanine is an
involatile solid, and we were unable to conduct bracketing
experiments. However, we were able to use the Cooks kinetic
method to ascertain thermochemical properties. The acidity of
1-methylguanine was measured using nine reference acids:
methoxyacetic acid (ΔHacid = 341.9 ± 2.1 kcal/mol),
phenylacetic acid (ΔHacid = 341.5 ± 2.1 kcal/mol), benzoic
acid (ΔHacid = 340.1 ± 2.2 kcal/mol), 2-fluorobenzoic acid
(ΔHacid = 338.0 ± 2.2 kcal/mol), anthranilic acid (ΔHacid =
337.3 ± 2.2 kcal/mol), 3-fluorobenzoic acid (ΔHacid = 336.1 ±
2.1 kcal/mol), 4-hydroxybenzoic acid (ΔHacid = 335.9 ± 2.1
kcal/mol), pyruvic acid (ΔHacid = 333.5 ± 2.9 kcal/mol), and

Figure 1. The different paths by which AlkA and AlkB process DNA lesions.

Figure 2. Calculated data for 1-methyladenine. Gas phase acidities are in red; gas phase proton affinities are in blue. Relative stabilities are in
parentheses. Calculations were conducted at B3LYP-D3(BJ)/6-311++G(2d,p); reported values are ΔH at 298 K, in kcal/mol.

Table 1. PA Bracketing of 1meA (1)

proton transferb

reference base
PA (kcal/
mol)a

ref
base

conj
acid

1-pyrrolidino-1-cyclopentene 243.6 ± 2.0 + −
N,N,N′,N′-
tetramethylethylenediamine

242.1 ± 2.0 + −

tributylamine 238.6 ± 2.0 + +
N,N-dimethylcyclohexylamine 235.1 ± 2.0 − +
2,4-lutidine 230.1 ± 2.0 − +
4-picoline 226.4 ± 2.0 − +
aRef 23 bA “+” indicates the occurrence and “−” indicates the absence
of proton transfer.

Figure 3. Calculated data for 1-methylguanine. Gas phase acidities are in red; gas phase proton affinities are in blue. Relative stabilities are in
parentheses. Calculations were conducted at B3LYP-D3(BJ)/6-311++G(2d,p); reported values are ΔH at 298 K, in kcal/mol.
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α,α,α-trifluoro-m-toluic acid (ΔHacid = 332.2 ± 2.1 kcal/mol),
yielding an acidity of 337 ± 3 kcal/mol.
Experiments: Proton Affinity, 1meG. The PA of 1-

methylguanine was measured using six references, which
were 4-picoline (PA = 226.4 ± 2.0 kcal/mol), cytosine (PA
= 227.0 ± 2.0 kcal/mol), piperidine (PA = 228.0 ± 2.0 kcal/
mol), 1-methylimidazole (PA = 229.3 ± 2.0 kcal/mol), 1-
methylpyrrolidine (PA = 230.8 ± 2.0 kcal/mol), and 1-
methylpiperidine (PA = 232.1 ± 2.0 kcal/mol). The PA was
measured to be 229 ± 3 kcal/mol.
3-Methylthymine (3meT, 3). Calculations: Tautomers,

Acidity, Proton Affinity, 3meT. 3-Methylthymine (3meT, 3) is
calculated to have one very stable tautomer (Figure 4, 3a). The

next most stable tautomer 3b is 10.7 kcal/mol less stable than
3a. The most acidic site of 3a is the N1-H, at 337.5 kcal/mol.
The most basic site of tautomer 3a is on the O4, at 212.6 kcal/
mol.
Experiments: Acidity, 3meT. We measured the acidity of 3-

methylthymine via bracketing (Table 2). We find that

deprotonated 3meT can deprotonate fluoroacetic acid
(ΔHacid = 339.0 ± 2.2 kcal/mol) and that fluoroacetate can
deprotonate 3meT, allowing us to place the acidity of 3meT at
339 ± 3 kcal/mol.
The acidity of 3meT was also ascertained by the Cooks

kinetic method, using 10 reference acids: methoxyacetic acid
(ΔHacid = 341.9 ± 2.1 kcal/mol), benzoic acid (ΔHacid = 340.1
± 2.2 kcal/mol), α,α,α-trifluoro-m-cresol (ΔHacid = 339.2 ±
2.1 kcal/mol), 3-hydroxybenzoic acid (ΔHacid = 338.6 ± 2.1
kcal/mol), anthranilic acid (ΔHacid = 337.3 ± 2.2 kcal/mol),
α,α,α-trifluoro-p-cresol (ΔHacid = 337.0 ± 2.1 kcal/mol), 3-
chloromethyl benzoic acid (ΔHacid = 336.8 ± 2.1 kcal/mol),
4,4,4-trifluorobutyric acid (ΔHacid = 336.5 ± 2.9 kcal/mol), 4-
hydroxybenzoic acid (ΔHacid = 335.9 ± 2.1 kcal/mol), and
pyruvic acid (ΔHacid = 333.5 ± 2.9 kcal/mol). These studies
yield a ΔHacid of 338 ± 3 kcal/mol.

Experiments: Proton Affinity, 3meT. In bracketing the PA
of 3-methylthymine (Table 3), we found that the proton
transfer reactions occur in both directions for mesityl oxide
(PA = 210.0 kcal/mol), placing the PA of 3-methylthymine at
210 ± 3 kcal/mol.

The proton affinity of 3-methylthymine was also measured
using the Cooks kinetic method. Five reference bases were
used, m-toluidine (PA = 214.1 ± 2.0 kcal/mol), o-toluidine
(PA = 212.9 ± 2.0 kcal/mol), pyrimidine (PA = 211.7 ± 2.0
kcal/mol), aniline (PA = 210.9 ± 2.0 kcal/mol), and 4-
fluoroaniline (PA = 208.3 ± 2.0 kcal/mol), yielding a proton
affinity (PA = ΔH) for 3meT of 211 ± 3 kcal/mol.

3-Methylcytosine (3meC, 4). Calculations: Tautomers,
Acidity, Proton Affinity, 3meC. Three 3meC tautomers are
within 10 kcal/mol of the most stable structure (Figure 5).

The most stable tautomer (4a) is 1.6 kcal/mol more stable
than tautomer 4b. The most acidic site of 4a is predicted to be
the N1 proton (ΔHacid = 340.5 kcal/mol). The most basic site
of tautomer 4a is the exocyclic imine nitrogen (PA = 235.4
kcal/mol). The acidity of 4b is 340.5 kcal/mol, and the PA is
237.0 kcal/mol.

3-Ethylcytosine (3etC, 5). Calculations: Tautomers,
Acidity, Proton Affinity, 1meA. The four most stable 3-
ethylcytosine tautomers are depicted in Figure 6. 5a is more
stable than its imine rotamer 5b by 2.1 kcal/mol. The most
acidic site of 5a is the N1-H (ΔHacid = 340.3 kcal/mol). The
most basic site of 5a is at the exocyclic imine nitrogen, with a
PA of 236.4 kcal/mol. The most acidic site of tautomer 5b is
predicted to be the N1-H also (ΔHacid = 340.7 kcal/mol); the
most basic site of tautomer 5b is also at N6 (PA = 238.5 kcal/
mol).

1,N6-Ethenoadenine (eA, 6). Calculations: Tautomers,
Acidity, Proton Affinity, eA. There are two comparably stable
tautomers of 1,N6-ethenoadenine, the N7H (6a) and the N9H

Figure 4. Calculated data for 3-methylthymine. Gas phase acidities
are in red; gas phase proton affinities are in blue. Relative stabilities
are in parentheses. Calculations were conducted at B3LYP-D3(BJ)/6-
311++G(2d,p); reported values are ΔH at 298 K, in kcal/mol.

Table 2. Acidity Bracketing of 3meT (3)

proton transferb

reference acid ΔHacid (kcal/mol)a ref. acid conj. base

methyl cyanoacetate 340.8 ± 2.1 − +
α,α,α-trifluoro-m-cresol 339.2 ± 2.1 − +
fluoroacetic acid 339.0 ± 2.2 + +
α,α,α-trifluoro-p-cresol 337.0 ± 2.1 + −
4,4,4-trifluorobutyric acid 336.5 ± 2.9 + −
malononitrile 335.8 ± 2.1 + −

aReference 23. bA “+” indicates the occurrence and “−” indicates the
absence of proton transfer.

Table 3. Proton Affinity Bracketing of 3-Methylthymine (3)

proton transferb

reference base PA (kcal/mol)a ref base conj acid

m-toluidine 214.1 ± 2 + −
o-toluidine 212.9 ± 2 + −
2-(trifluoromethyl)pyridine 212.0 ± 2 + −
2′,4′-dimethylacetophenone 210.9 ± 2 + −
mesityl oxide 210.0 ± 2 + +
pyrrole 209.2 ± 2 − +
2,4-pentadione 208.8 ± 2 − +
3-chloroaniline 207.5 ± 2 − +

aReference 23. bA “+” indicates the occurrence and “−” indicates the
absence of proton transfer.

Figure 5. Calculated data for 3-methylcytosine. Gas phase acidities
are in red; gas phase proton affinities are in blue. Relative stabilities
are in parentheses. Calculations were conducted at B3LYP-D3(BJ)/6-
311++G(2d,p); reported values are ΔH at 298 K, in kcal/mol.
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(6b, Figure 7). The most acidic site of 6a is the N7 proton,
with an acidity of 334.6 kcal/mol. The most basic site is at N9

with a PA of 225.8 kcal/mol. The second most stable tautomer
is 6b, which is just 0.8 kcal/mol higher in energy than 6a. The
proton affinity of 6b is 235.4 kcal/mol, at the N12 site, and the
acidity is calculated to be 333.8 kcal/mol, at the N9-H site.
We previously calculated the thermochemical properties of

eA at B3LYP/6-31+G(d) and also measured the acidity
(ΔHacid = 332 ± 3 kcal/mol) and PA (PA = 232 ± 4 kcal/
mol).28 Our results are consistent with the prior work.
1,N6-Ethanoadenine (EA, 7). Calculations: Tautomers,

Acidity, Proton Affinity, EA. There are three EA tautomers
within 10 kcal/mol of the most stable structure 7a (Figure 8).
The N7H tautomer 7a and the N9H tautomer 7b are very
close in terms of stability. The most acidic site of 7a is the N7-
H, with a calculated ΔHacid of 338.5 kcal/mol. The most basic
site of 7a is the N12, with a PA of 236.5 kcal/mol. For 7b, the
most acidic site has a calculated ΔHacid of 338.3 kcal/mol (N9-
H), while the most basic site is also the N12 (PA = 245.5 kcal/
mol).
1,N2-Ethenoguanine (1eG, 8). Calculations: Tautomers,

Acidity, Proton Affinity, 1eG. 1,N2-ethenoguanine has three
low-lying tautomers that are within 1 kcal/mol of each other
(8a, 8b, and 8c, Figure 9). The most acidic site of 8a is
predicted to be the N10-H (ΔHacid = 332.3 kcal/mol). The
most basic site of tautomer 8a is at N9 (PA = 231.4 kcal/mol).
For tautomer 8b, which is less stable than 8a by 0.3 kcal/mol,

the acidity is computed to be 329.5 kcal/mol at the N7-H site,
while the PA is 226.4 kcal/mol, at the N10 site. For tautomer
8c, the calculated acidity is 330.0 kcal/mol (N10-H) while the
PA is 232.4 kcal/mol (N7).

N2,3-Ethenoguanine (3eG, 9). Calculations: Tautomers,
Acidity, Proton Affinity, 3eG. 3eG is not believed to be an
AlkB substrate but is a commonly studied lesion that is
included for comparison purposes.3 The most stable tautomer
of 3eG, 9a, is more stable than 9b by 6.0 kcal/mol (Figure 10).
The most acidic site of 9a is the N7-H, with a ΔHacid of 327.8
kcal/mol. The most basic site is the N12 site, at 226.2 kcal/
mol.

3,N4-Ethenocytosine (eC, 10). Calculations: Tautomers,
Acidity, Proton Affinity, eC. Tautomer 10a of 3,N4-
ethenocytosine is more than 10 kcal/mol more stable than
the next most stable tautomer 10b (Figure 11). The most
acidic site is the N1 proton, at 335.0 kcal/mol. The most basic
site is at N7 (227.7 kcal/mol).

Experiments: Acidity, eC. We measured the acidity of eC
using acidity bracketing (Table 4). Deprotonated eC is able to
deprotonate malononitrile (ΔHacid = 335.8 ± 2.1 kcal/mol);
deprotonated malononitrile likewise deprotonates neutral eC.
We therefore bracket the ΔHacid of 3,N4-ethenocytosine to be
336 ± 4 kcal/mol.
The acidity of 3,N4-ethenocytosine was also measured using

the Cooks kinetic method. Seven reference acids were used,
4,4,4-trifluorobutyric acid (ΔHacid = 336.5 ± 2.9 kcal/mol), 3-
fluorobenzoic acid (ΔHacid = 336.1 ± 2.1 kcal/mol), 4-
hydroxybenzoic acid (ΔHacid = 335.9 ± 2.1 kcal/mol), 4-
acetylbenzoic acid (ΔHacid = 334.3 ± 2.1 kcal/mol), pyruvic
acid (ΔHacid = 333.5 ± 2.9 kcal/mol), α,α,α-trifluoro-m-toluic
acid (ΔHacid = 332.2 ± 2.2 kcal/mol), and difluoroacetic acid
(ΔHacid = 331.0 ± 2.2 kcal/mol), yielding a ΔHacid of 335 ± 3
kcal/mol.

Experiments: Proton Affinity, eC. 3-Picoline (PA = 225.5 ±
2.0 kcal/mol) is able to deprotonate protonated eC; also, eC
can deprotonate protonated 3-picoline (Table 5). We therefore
bracket the PA of 3,N4-ethenocytosine to be 226 ± 3 kcal/mol.
We also measured the PA of 3,N4-ethenocytosine using the

Cooks kinetic method. The measurement utilized 10 reference
bases: N,N′-dimethylethylenediamine (PA = 236.4 ± 2.0 kcal/

Figure 6. Calculated data for 3-ethylcytosine. Gas phase acidities are in red; gas phase proton affinities are in blue. Relative stabilities are in
parentheses. Calculations were conducted at B3LYP-D3(BJ)/6-311++G(2d,p); reported values are ΔH at 298 K, in kcal/mol.

Figure 7. Calculated data for 1,N6-ethenoadenine. Gas phase acidities
are in red; gas phase proton affinities are in blue. Relative stabilities
are in parentheses. Calculations were conducted at B3LYP-D3(BJ)/6-
311++G(2d,p); reported values are ΔH at 298 K, in kcal/mol.

Figure 8. Calculated data for 1,N6-ethanoadenine. Gas phase acidities are in red; gas phase proton affinities are in blue. Relative stabilities are in
parentheses. Calculations were conducted at B3LYP-D3(BJ)/6-311++G(2d,p); reported values are ΔH at 298 K, in kcal/mol.
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mol), N,N-dimethylcyclohexylamine (PA = 235.1 ± 2.0 kcal/
mol), di-sec-butylamine (PA = 234.4 ± 2.0 kcal/mol), N-
methylpiperidine (PA = 232.1 ± 2.0 kcal/mol), N-methyl-
pyrrolidine (PA = 230.8 ± 2.0 kcal/mol), piperidine (PA =
228.0 ± 2.0 kcal/mol), benzimidazole (PA = 228.0 ± 2.0 kcal/

mol), 4-picoline (PA = 226.4 ± 2.0 kcal/mol), 3-picoline (PA
= 225.5 ± 2.0 kcal/mol), and 3,5-dimethylpyrazole (PA =
223.1 ± 2.0 kcal/mol), yielding a PA of 225 ± 3 kcal/mol.

■ DISCUSSION
Calculated versus Experimental Values. The calculated

and experimental acidity and proton affinity values for all the
substrates studied herein are summarized in Table 6.
Generally, B3LYP-D3(BJ)/6-311++G(2d,p) appears to pro-
vide fairly accurate predictions for the thermochemical values.

Biological Implications. Escherichia coli AlkA and AlkB
are both DNA repair enzymes. AlkA is a glycosylase that
processes lesions by excising the damaged base, breaking the
N-glycosidic bond (Figure 1).1 AlkB was identified early on, in
1983, but it took nearly 20 years to figure out its precise
function; AlkB is a dioxygenase rather than a glycosylase. It
effects DNA repair by oxidizing the aberrant groups, followed
by restoration of the undamaged DNA base. Therefore, unlike
AlkA, which simply excises the damaged base, AlkB directly

Figure 9. Calculated data for 1,N2-ethenoguanine. Gas phase acidities are in red; gas phase proton affinities are in blue. Relative stabilities are in
parentheses. Calculations were conducted at B3LYP-D3(BJ)/6-311++G(2d,p); reported values are ΔH at 298 K, in kcal/mol.

Figure 10. Calculated data for N2,3-ethenoguanine. Gas phase acidities are in red; gas phase proton affinities are in blue. Relative stabilities are in
parentheses. Calculations were conducted at B3LYP-D3(BJ)/6-311++G(2d,p); reported values are ΔH at 298 K, in kcal/mol.

Figure 11. Calculated data for 3,N4-ethenocytosine. Gas phase
acidities are in red; gas phase proton affinities are in blue. Relative
stabilities are in parentheses. Calculations were conducted at B3LYP-
D3(BJ)/6-311++G(2d,p); reported values are ΔH at 298 K, in kcal/
mol.

Table 4. Acidity Bracketing of 3,N4-Ethenocytosine (10)

proton transferb

reference acid ΔHacid (kcal/mol)a ref acid conj base

α,α,α-trifluoro-m-cresol 339.2 ± 2.1 − +
4,4,4-trifluorobutyric acid 336.5 ± 2.9 − +
malononitrile 335.8 ± 2.1 + +
pyruvic acid 333.5 ± 2.9 + −
difluoroacetic acid 331.0 ± 2.2 + −

aReference 23. bA “+” indicates the occurrence and “−” indicates the
absence of proton transfer.

Table 5. PA Bracketing of 3,N4-Ethenocytosine (10)

proton transferb

reference base PA (kcal/mol)a ref base conj acid

2,4-lutidine 230.1 ± 2.0 + −
4-picoline 226.4 ± 2.0 + −
3-picoline 225.5 ± 2.0 + +
tert-amylamine 224.1 ± 2.0 − +
cyclohexylamine 223.3 ± 2.0 − +

aReference 23. bA “+” indicates the occurrence and “−” indicates the
absence of proton transfer.
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reverses the base damage at the affected site to yield the
repaired, normal base (Figure 1).3,8,11,12,14,15,29−33

We are intrigued by why some damaged nucleobases are
cleaved by AlkA while others are dealkylated by AlkB. A
reasonable hypothesis, and one that others have also proposed,
is that damaged bases are processed via excision, unless the N-
glycosidic bond is too stable�then Nature has to devise an
alternative repair pathway.9,11,34 Our interest is therefore in
assessing the N-glycosidic bond stability of both AlkA and
AlkB substrates; presumably if that bond is labile enough, AlkA
will excise it. However, if that bond is too stable, then other
enzymes such as AlkB will need to step in to effect repair.
Both enzymes have a broad substrate range, cleaving a wide

variety of damaged bases.1−3 We have found in prior studies
that enzymes that accept a large range of substrates often have
active sites that are not specific but do provide a hydrophobic
environment that can help differentiate among various
substrates.16,17,19,35,36 In such cases, gas phase studies can be
useful, as the gas phase is the ultimate nonpolar environment.
In prior work, we examined how AlkA differentiates and

cleaves damaged bases with more efficiency than normal bases
adenine and guanine.17 We found that ease of cleavage is
related to the intrinsic N-glycosidic bond stability; the better a
leaving group the damaged nucleobase is, the more easily it is
cleaved (Figure 12). Since better leaving groups are generally

correlated with acidity, nucleobases that are more acidic at the
N9-H (for purines) and N1-H (for pyrimidines) positions
should be more easily excised. Furthermore, we hypothesized
that a major role of AlkA is to provide a non-nucleobase-
specific active site that is hydrophobic, which enhances the
differences in acidity between damaged and normal nucleo-
bases, which in turn aids in the discrimination of normal from

damaged bases. In support of this hypothesis, we found that
the rate of excision of AlkA substrates tracked with their purine
N9-H gas phase acidity: the more acidic a substrate was, the
faster the cleavage. We found that these acidity differences
were greatest in the gas phase; the aqueous acidities were often
almost the same. In a nonpolar environment, the acidities, and
therefore the leaving group abilities, of the various damaged
bases were differentiable. This provided evidence for the
hypothesis that AlkA has a hydrophobic active site that helps
differentiate normal from damaged nucleobases.
Because the rate of AlkA excision tracked with gas phase

acidity, we further hypothesize that for substrates that are not
acidic enough to be cleaved, Nature had to devise a different
method for repair.37 AlkB may be the enzyme that “steps in”
when a damaged base is not acidic enough to be easily excised.
If this is the case, then one would expect AlkB substrates to be
less acidic at the N9-H site than AlkA substrates.
One interesting feature of both AlkA and AlkB is that they

process positively charged and neutral nucleobases. For both
enzymes, the positively charged substrates are processed more
efficiently.9,14,15,30,38−45 Positively charged substrates arise
from certain types of modification; for example, when adenine
is alkylated at N1 to form 1meA, the result is a positively
charged nucleobase (1aH+, Figure 13). Cleavage of that

positively charged nucleobase results in a neutral nucleobase
leaving group; therefore, the relevant acidity to correlate with
leaving group ability is the N9-H acidity value for the positively
charged substrates. The positively charged substrates for AlkA
and AlkB are shown in Figure 13; the acidity values are in blue
because they are equivalent to the proton affinity values at
those positions for the corresponding neutral substrates. In
Figure 13, we see that the three positively charged AlkB
substrates, 1meAH+ (ΔHacid = 247.9 kcal/mol), 3meCH+

(ΔHacid = 239.6 kcal/mol), and 3etCH+ (ΔHacid = 240.8
kcal/mol), are all less acidic than the two positively charged
AlkA substrates 3-methyladenineH+ (ΔHacid = 235.7 kcal/mol)
and 7-methylguanineH+ (ΔHacid = 234.4 kcal/mol). Thus, our
results are consistent with the hypothesis that AlkA substrates
are the more acidic nucleobases, while AlkB substrates are less

Table 6. Calculated (B3LYP-D3(BJ)/6-311++G(2d,p); 298
K) and Experimental Data for Damaged Bases

substrate calculated value experimental valueb

ΔHacid
a

1-methyladenine (1meA, 1) 337.4 334 ± 3
1-methylguanine (1meG, 2) 340.3 (337 ± 3)
3-methylthymine (3meT, 3) 337.5 339 ± 3 (338 ± 3)
1,N6-ethenoadenine (eA, 6) 333.8 332 ± 3c

3,N4-ethenocytosine (eC, 10) 335.0 336 ± 4 (335 ± 3)
PAa

1-methyladenine (1meA, 1) 241.6 239 ± 3 (244 ± 3)
1-methylguanine (1meG, 2) 232.3 (229 ± 3)
3-methylthymine (3meT, 3) 212.6 210 ± 3 (211 ± 3)
1,N6-ethenoadenine (eA, 6) 235.4 232 ± 4c

3,N4-ethenocytosine (eC, 10) 227.7 226 ± 3 (225 ± 3)
aΔHacid and PA values are in kcal/mol. bThe first listed experimental
value is bracketed; the Cooks kinetic method value, if available, is in
parentheses. cReference 28.

Figure 12. AlkA excision.

Figure 13. Positively charged AlkA and AlkB substrates, and their
corresponding calculated acidities. Calculations were conducted at
B3LYP-D3(BJ)/6-311++G(2d,p); reported values are ΔH at 298 K,
in kcal/mol.
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acidic. Because AlkB substrates are less acidic, Nature uses a
direct repair mechanism, rather than a cleavage mechanism, to
process the lesions.
The neutral substrates and their gas phase acidity values are

shown in Figure 14. These follow the same trend; the AlkB

substrates (eC, 3meT, 1eG, 1meG) all have ΔHacid values
(335.0, 337.5, 338.4, 339.4 kcal/mol, respectively) greater than
that of the AlkA substrates (3eG, purine, hypoxanthine; 318.8,
331.1, 333.8 kcal/mol, respectively). A larger ΔHacid value
would correspond to poorer leaving group ability and, thus, a
more stable N-glycosidic bond. Therefore, our results are
consistent with the hypothesis that nucleobases with more
stable N-glycosidic bonds are less likely to be excised by AlkA
and instead are repaired by a different path, which is in this
case direct repair by AlkB. Furthermore, these subtle
differences in substrate acidity are enhanced in a nonpolar
environment and the AlkA and AlkB active sites may provide
such an environment to aid in the discrimination among
damaged bases.
One caveat is that if AlkA excision were solely based on

acidity, one might expect the positively charged AlkB
substrates to be cleavable by AlkA. Clearly, there are other
factors at play that favor those substrates for AlkB; for example,
Kusḿierek and coworkers have found that positively charged
substrates (which, unlike AlkA substrates, are charged at the
N1/N3 position of purines/pyrimidines (Figure 13)) are
stabilized by a well-positioned aspartate group (Asp-135) in
the active site.39 Of course, also, the gas phase is an extreme
nonpolar environment that would not be expected to stabilize
charge. Still, it is certainly of interest that among the positively
charged substrates, the ones that are less acidic in the gas phase
are not cleaved by AlkA.
Last, there are two substrates that are processed by both

AlkA and AlkB, eA (6) and EA (7, Figure 15). eA is quite
acidic (ΔHacid = 333.8 kcal/mol), so we would expect it to be
excised easily by AlkA. Consistent with our hypothesis, AlkA is
believed to predominate in repairing eA, with AlkB acting only
in special situations.14 EA, on the other hand, is not so acidic
(ΔHacid = 338.3 kcal/mol), so we would expect AlkB to play a
larger role in repair. Also consistent with our prediction, AlkA
is in fact far less efficient at excising EA than eA.33

Furthermore, EA is found to be extremely toxic when cells
are deficient in AlkB, also implying the importance of AlkB in
managing this lesion.33

■ CONCLUSIONS
The relative energies of the possible tautomers, as well as the
acidities and proton affinities for a series of AlkB substrates,
were calculated and measured in the gas phase, for the first
time. Comparison between the gas phase experimental and
computational values indicates that B3LYP-D3(BJ)/6-311+
+G(2d,p) is an accurate method and level for calculating these
parameters.
The gas phase properties of the substrates were examined in

the context of AlkB versus AlkA. Both enzymes repair DNA;
however, AlkB reverses damage while AlkA excises the entire
damaged nucleobase. We find that more damaged nucleobases
that are more acidic at the N9-H position are more likely to be
cleaved by AlkA, due to the good leaving group ability of the
conjugate base. If a lesion is less acidic at the N9-H position,
then it is more likely to be repaired by AlkB, which reverses the
damage directly at the affected site. These differences are
enhanced in a nonpolar environment, giving support to the
hypothesis that AlkA and AlkB both provide a nonspecific,
hydrophobic active site that helps differentiate among lesions.

■ EXPERIMENTAL SECTION
All the substrates used herein are commercially available and were
used without further purification.

For AlkB substrates (1meA, 3-methylthymine, and 3,N4-ethenocy-
tosine), acidity and proton affinity were bracketed using a Fourier
transform ion cyclotron resonance mass spectrometer (FTMS) with a
dual-cell setup, which has been described previously.35 The magnetic
field is 3.3 T, and the baseline pressure in the cells is 1 × 10−9 Torr.
AlkB substrates were introduced into the system via a heatable solids
probe. The reference acids and bases were introduced via a system of
heatable batch inlets or leak valves.23 Water was pulsed into the cell
and ionized by an electron beam to generate either hydroxide (9 eV, 8
μA, 0.5 s) or hydronium (20 eV, 6 μA, 0.5 s) ions for acidity and
proton affinity measurements, respectively.

Reported acidity is the enthalpy of reaction for the transformation
shown in eq 1, while proton affinity is the negative of the enthalpy of
reaction for the transformation shown in eq 2.

+ +HA A H (1)

+ + +B H BH (2)

Our protocol for measuring gas phase rate constants has been
previously described.35 Briefly, taking 3-methylthymine for example,
for proton affinity, we generated protonated 3-methylthymine via
reaction with hydronium. The protonated 3-methylthymine cations
were then selected and transferred from one cubic cell to the other via
a 2 mm hole in the middle trapping plate. Transferred ions were
cooled with pulsed argon gas that allowed the pressure to rise to 10−5

Torr. Reaction with the neutral reference base was then tracked; we
also studied the reaction in the “opposite” direction (protonated
reference base plus neutral 3-methylthymine). The same methodology
is used for acidity, except that deprotonated ions are generated by

Figure 14. Neutral AlkA and AlkB substrates, and their corresponding
calculated acidities. Calculations were conducted at B3LYP-D3(BJ)/
6-311++G(2d,p); reported values are ΔH at 298 K, in kcal/mol.

Figure 15. The two lesions processed by both AlkA and AlkB.
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reaction with hydroxide. Rapid proton transfer (i.e., measured rate
constants near the collisional rate constant) was taken as evidence
that the reaction was exothermic and is indicated by a “+” in the
tables. Experimental uncertainty (where an endothermic reaction
could produce a “+”) is estimated to be roughly ±2 kcal/mol. The
reported values account for this experimental uncertainty as well as
the uncertainty in the literature PA and acidity values, which usually
range between 2 and 3 kcal/mol.21,46,47 Experiments were conducted
at ambient temperature. Since the amount of the neutral substrate is
in excess relative to the reactant ions, these reactions are pseudo first
order. Using the ion gauges to ascertain the pressure of the neutral
reactants is not always accurate; we instead “back out” the pressure of
the neutral substrate from fast control reactions (described
previously).35,48,49 We also note that for one substrate, 1meA, the
neutral pressure was such that the PA experiments required a longer
equilibration time after generating the protonated 1meAH+ ion;
details are in the Supporting Information.

We also measured gas-phase acidity and proton affinity using the
Cooks kinetic method.23−27 Briefly, for acidity, a proton-bound dimer
was generated between a reference acid HA with a known acidity and
the nucleobase HX (eq 3).

The proton-bound dimer was isolated, and then collision-induced
dissociation (CID) was used to dissociate the complex into
monomeric anions, either deprotonated nucleobase (via k1) or
deprotonated reference acid (via k2). We can relate the rate constants
(k1 and k2) to the acidity (ΔHacid) of the unknown nucleobases, as
shown in eq 4:
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where R is the gas constant and Teff is the effective temperature (in
kelvin) of the activated complex.50 Given the assumptions that there
is no reverse activation energy barrier in the dissociation process and
that the dissociation transition structure is late, the relative acidity of
the two compounds is represented by the ratio of the intensities of the
two deprotonated products in eq 4. These assumptions are generally
true for proton-bound systems.27,46,51 The acidities for a series of
reference acids and the natural logarithm of the relative intensity
ratios are plotted linearly to generate a slope of (1/RTeff) and a y-
intercept of (−ΔHacid(HX)/RTeff).

The proton-bound dimers were prepared in methanol, at a
concentration of 5 × 10−5 M. The dimers were vaporized via
electrospray ionization (ESI), with a needle voltage of 2−4.5 kV. The
sheath gas flow rate was 25 μL/min. The proton-bound complex ions
are activated for 30 ms before isolation and then dissociated by CID,
to yield the dissociated monomeric ions. The ratio of the dissociated
anions was used to determine the experimental acidity. A total of 40
scans were averaged for each spectrum. The same method was used
for proton affinity measurements. As with the bracketing experiments,
the reported values account for experimental and literature PA and
acidity value uncertainty.21,46,47 We also run three trials of each
experiment, to capture precision.

Calculations were conducted at B3LYP-D3(BJ)/6-311++G-
(2d,p)52−55 using Gaussian16;56 the geometries were fully optimized,
and frequencies were calculated. All the values reported are enthalpies
at 298 K.
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