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Abstract The effect of the activation of the nucleobase

(leaving group) or the activation of the water molecule

(nucleophile) by a general acid or a general base on the

hydrolysis of the N-glycosydic bond of 20-deoxyguanosine

has been analyzed by means of density functional methods.

First, we have considered two limiting cases: (1) the acti-

vation of the guanine by protonation at N7 and (2) the

nucleophile attack by a hydroxyl ion, to separately evaluate

the two kinds of activation. Next, we have studied the

simultaneous activation of the leaving group and the

nucleophile by introducing models of amino acid residues

such as a formic acid (HCOOH) and imidazolium

(C3N2H5
?), methylammonium (CH3NH3

?) and formate

(HCOO-) ions in the system. It is shown that protonation

of the nucleobase greatly catalyzes the hydrolysis of the N-

glycosydic bond, the reaction occurring through a stepwise

(DN*AN) mechanism with a discrete oxocarbenium ion

intermediate. However, when a H2O nucleophile molecule

is activated by a formate anion, the reaction mechanism is a

concerted ANDN but with different degrees of dissociative

character of the transition structure depending on the acid

that is activating the nucleobase.
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1 Introduction

The stability of the N-glycosydic bond between the

deoxyribose sugar and a nucleobase is extremely impor-

tant to maintain the integrity of the hereditary material

stored in DNA. On the one hand, the hydrolysis of the

N-glycosydic bond, which may occur spontaneously or

induced by chemical damage, leads to the formation of

apurinic/apyrimidinic sites that may be potential sources

of mutagenesis [1]. On the other hand, the removal of

damaged nucleobases from DNA, first by base flipping

[2–4] and second by bond cleavage of the N-glycosydic

bond, is the first process in the enzymatic base excision

repair (BER) mechanism of DNA [5–7]. This nucleobase

removal is carried out by DNA glycosylases, which are

classified as monofunctional or bifunctional [5, 6]. The

former ones use a water molecule to attack the anomeric

carbon of the damaged nucleotide and hydrolyze the

glycosydic bond, whereas bifunctional enzymes remove

the nucleobase by glycosyl transfer using an amine

nucleophile of the enzyme.

Due to the importance of the N-glycosydic bond, many

studies have been devoted to understand the mechanism by

which the glycosydic bond is hydrolyzed (see references

[5] and [6] and references therein). These include enzy-

matic structural and inhibition studies, kinetic isotope

effect (KIE) analysis of DNA glycosylases or related sys-

tems and non-enzymatic studies of the pH dependence of

the hydrolysis. These studies have shown that the enzy-

matic cleavage mechanism of the N-glycosydic bond is

different for purine and pyrimidine nucleobases [5, 6, 8]. In

the case of purines, protonation of the nucleobase to make

it a better leaving group catalyzes the hydrolytic cleavage

[8–10]. Another generally invoked factor is the activation

of the nucleophile by a close base [8, 11–14]. The amino
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acid residues directly involved in the protonation of the

nucleobase and the nucleophile activation are not well

identified, and the proposed mechanisms use a general acid

and a general base as catalysts [5, 6, 15].

The hydrolysis of the N-glycosydic bond can proceed

either through a concerted SN2 reaction or through a

stepwise SN1 mechanism [5, 6]. The SN2 reaction is

referred as ANDN to indicate that there is a nucleophile

addition (AN) and a nucleophile dissociation (DN) in the

transition structure. Furthermore, this ANDN mechanism is

designated as associative or dissociative depending on

whether there is a significant bond order between the sugar

and the attacking nucleophile and leaving group in the

transition structure. The stepwise mechanism is termed

DN*AN or DN ? AN to indicate that the leaving group

departure precedes the nucleophile addition, the difference

between the two mechanisms being the lifetime of the

oxocarbenium ion intermediate: short-lived in DN*AN and

fully solvent equilibrated in DN ? AN. Transition state

analyses have revealed that the mechanism of glycosyde

hydrolysis lies within the borderline between a stepwise

DN*AN (SN1) and a highly dissociative ANDN (SN2)

mechanism [8, 16–18].

The knowledge of how different factors influence the

mechanism of this reaction is important to understand

how DNA glycosylases function. In this context, quantum

chemical calculations can provide useful information to

understand the relative contributions of leaving group and

nucleophile activation. Indeed, several studies have used

computational chemistry to get specific information at a

molecular level on pyrimidine [11, 19–25] and purine

deoxynucleosides [24–35]. However, few previous quan-

tum chemical studies have considered the hydrolysis

mechanism of 20-deoxyguanosine (dG) [24, 25, 33, 35].

Both neutral [24, 25, 33, 35] and N7-protonated [33] dG

have been considered, showing that nucleobase proton-

ation plays a fundamental role in the catalysis of this

reaction. Moreover, Wetmore et al. [24, 35] have con-

sidered different nucleophile molecules including acti-

vated water. The present work extends our previous study

and systematically analyzes how either the activation of

the leaving group or the activation of the nucleophile by

a general acid or a general base influences the mecha-

nism of the reaction. In particular, we study the simul-

taneous activation of the leaving group and the

nucleophile by introducing models of amino acid residues

such as a formic acid (HCOOH) and imidazolium

(C3N2H5
?), methylammonium (CH3NH3

?) and formate

(HCOO-) ions in the system. While these are reduced

model systems, their size allows us to perform quantum

chemical calculations at a reasonable level of theory and

get insights of the acid–base catalysis in this kind of

systems.

2 Computational details

Full-geometry optimizations and harmonic vibrational

frequency calculations for all different species under

consideration have been performed using the non-local

three-parameter hybrid exchange B3LYP [36, 37] density-

functional method with the 6-31??G(d,p) basis set.

However, the hydrolytic cleavage of the N-glycosydic bond

is a nucleophilic substitution, which may be either a SN2 or a

stepwise SN1 reaction, and SN2 reactions have been shown

to be quite sensitive to the amount of exact exchange

included in the functional. Benchmark calculations carried

out in our previous study [33] on the hydrolysis of

9-methylguanine using the B3LYP (20% exact exchange),

the MPWB1K [38] (44%) and the BHandHLYP [37, 39]

(50%) density-functional methods have shown that the

optimized structures of reactants, products and transition

structures obtained with the three functionals are basically

identical, the largest difference (0.09 Å) corresponding to

the N9-C distance in the transition structure TS. Moreover,

because for the hydrolysis of 9-methylguanine, the energy

profile computed with B3LYP was found to be in reasonable

good agreement with the one obtained from CCSD(T) [40]

single-point calculations at the B3LYP optimized geome-

tries, results for all the remaining systems were performed at

the B3LYP level. In all cases, intrinsic reaction coordinate

(IRC) calculations were carried out in order to identify the

minima connected by a given transition structure.

All calculations were performed with the GAUSSIAN

03 program package [41]. Thermochemical corrections to

the energy values were computed using the standard rigid

rotor/harmonic oscillator formulae [42]. Solvent effects

were introduced using the conductor polarized continuum

model (CPCM) [43], at the gas-phase optimized geome-

tries. This is the strategy generally used in similar systems

[24, 35] and is not expected to modify the major conclu-

sions of the work. Finally, to analyze the stereoelectronic

effects, natural bond orbital (NBO) analysis of Weinhold

and Carpenter was carried out [44, 45]. It should be men-

tioned that all calculations have been performed using a

slightly modified 20-deoxyguanosine (see Scheme 1), in

which the hydroxyl group of C30 has been substituted by

OCH3, to avoid spurious hydrogen bonds with the incom-

ing H2O molecule.

3 Results

As mentioned, in this paper we analyze how the activation

of the leaving group or the activation of the nucleophile

influences the mechanism of the N-glycosydic bond

hydrolysis of 20-deoxyguanosine (dG). Thus, results will be

organized as follows. First, we will present the results for
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N7 guanine-protonated systems (HdG). Second, we will

consider the nucleophilic attack of OH- on dG

(dG 1 OH2). These two situations represent the two

limiting cases associated with the activation of the leaving

group and of the H2O nucleophile, respectively, and will

allow us to separately evaluate the two kinds of activation

and how they contribute to the mechanism of the reaction.

Next, we will consider the simultaneous activation of the

leaving group and the nucleophile.

3.1 Leaving group activation. Mechanism

of N7-protonated 20-deoxyguanosine

(HdG) ? H2O

Purines are susceptible to acid catalysis by N-protonation

because this helps to accommodate the increased electron

density that is developed during the glycosydic bond

cleavage. Since N7 is the most basic site in dG, we have

considered protonation to take place at this site. Figure 1

shows the potential energy profile and the optimized

structures of the relevant species involved in the mecha-

nism. It can be observed that the hydrolysis of the N–C bond

occurs through a stepwise mechanism. The first step is the

formation of an oxocarbenium-like intermediate (I1)

through a transition structure (TS1) that presents a C10–N9

bond distance of 2.33 Å. This value is very similar to that

previously reported [33] (2.32 Å), although the orientation

of the water molecule in the transition structure is now

somewhat different. In the present work, H2O establishes a

hydrogen bond with the O bound to the C30 of 20-deoxyri-

bose, whereas in our previous study, H2O establishes a

hydrogen bond with the N3 of guanine. Nevertheless, this

change in orientation of the attacking H2O molecule pro-

duces a small variation (*1.5 kcal mol-1) on the activation

energy of the reaction. In the present case, DG� with respect

to the reactant H?dGN7���H2O complex is 15.7 kcal mol-1

(17.6 kcal mol-1 if referred to the H?dGN7 ? H2O

asymptote), whereas in our previous study, the DG� value,

reported with respect to the H?dGN7 ? H2O asymptote,

was found to be 19.1 kcal mol-1. The I1 intermediate,

obtained from IRC calculations, is only 0.5 kcal mol-1

(0.9 kcal mol-1 in terms of Gibbs energy) below TS1 and

shows a C10–N9 distance that is significantly larger than in

TS1 (2.80 vs. 2.33 Å). Changes in the Onucl���C10 distance

are much smaller, the computed values being 2.78 Å in TS1

and 2.50 Å in I1. In addition to I1, another more stable

Scheme 1 Numbering of the most relevant centers of 20-deoxyguanosine

Fig. 1 Potential energy profile

(Gibbs energies in parenthesis)

for the hydrolysis of N7-

protonated 20-deoxyguanosine

(HdG) and optimized

geometries of the involved

species. Bond distances are in Å

and energies in kcal mol-1
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oxocarbenium-like intermediate (I2), in which a hydrogen

bond interaction between the positively charged oxocarbe-

nium and N9 of guanine occurs, has also been located.

Attempts to localize the transition structure connecting both

intermediates failed because the potential energy hyper-

surface is very shallow in this region. In this intermediate,

the attacking water molecule establishes an additional

H-bond with N3 of guanine, which allows a more efficient

interaction with the sugar that manifests in a significantly

shorter Onucl���C10 distance (2.22 Å). From this intermedi-

ate, the nucleophilic attack of water to the C10 atom of the

oxocarbenium ion occurs very easily, since the Gibbs free

energy barrier is only 1.3 kcal mol-1. Note that this reac-

tion leads to a tautomer in which N9 is deprotonated and

N3 and N7 are protonated. Overall, these results indicate

that the N-glycosydic bond hydrolysis of N7-protonated

20-deoxyguanosine occurs easily through a stepwise

(DN*AN) mechanism with a discrete oxocarbenium ion

intermediate. Protonation of the guanine at N7 has an

important catalytic effect, i.e., the computed energy barrier

is much smaller than that of the neutral system [25, 33],

since it helps to accommodate the negative charge that is

generated in the nucleobase during the hydrolysis.

3.2 Nucleophile activation. Mechanism

of 20-deoxyguanosine (dG) ? OH-

As previously mentioned, activation of the water molecule

by a base has been invoked to be an important factor in the

catalytic hydrolysis of the N-glycosydic bond [6]. In order

to analyze the role of nucleophile activation, we have first

considered the limiting case in which the water molecule is

deprotonated by a nearby base and so the nucleophile

attack is carried out by a hydroxyl ion. The potential

energy profile and the optimized structures of the relevant

species involved in the process are shown in Fig. 2. It can

be observed that the Onucl���C1’ distance in the reactant

(2.80 Å) is much shorter than that in the previous case

(3.12 Å) and that the reaction takes place through a con-

certed mechanism with a more compact transition struc-

ture. Both the C10–N9 and the Onucl���C1’ distances in the

transition structure are shorter than those in the protonated

case (2.05 vs. 2.33 Å and 2.39 vs. 2.78 Å, respectively),

the energy barrier (either potential or Gibbs energy) being

somewhat smaller for the OH- attack (see Figs. 1, 2) and

similar to the values previously reported [24, 35]. Thus,

nucleophile activation has also an important catalytic effect

on the hydrolysis reaction. The major difference between

both situations (leaving group vs. nucleophile activation)

appears in the mechanism; i.e., while the activation of the

leaving group by protonation leads to a stepwise (DN*AN)

mechanism with a discrete oxocarbenium ion intermediate,

the hydrolysis reaction using a strong nucleophile such as

the hydroxyl anion leads to a concerted ANDN mechanism.

Since both strategies have been suggested for enzymatic

processes, the mechanism of the hydrolysis of 20-deoxy-

guanosine when the leaving group and the nucleophile are

simultaneously activated may be SN1 or SN2 as it will be

analyzed in the next section.

3.3 Simultaneous leaving group and nucleophile

activation

Different amino acid residues such as aspartic or glutamic

acids and protonated histidine, lysine or arginine have been

invoked to activate the leaving group. In the case of the

nucleophile activation, glutamate has been proposed as

responsible for the deprotonation of the attacking water

molecule [8]. Thus, for the activation of the water mole-

cule, we considered a formate ion (HCOO-), and for the

activation of the leaving group, we considered, as models

of the previously mentioned amino acids, a formic acid

(HCOOH), an imidazolium (C3N2H5
?) and a methylam-

monium (CH3NH3
?) molecule. In addition, we also con-

sidered the case in which guanine is just protonated. For

the sake of brevity, the studied systems will be designated

as XdGY where X indicates the group activating the

nucleobase (H for the proton, Fmc for the formic acid,

ImH for the protonated imidazole and NH for the pro-

tonated methylamine) and Y indicates the activating water

group, which is always a formate anion (Fmt).

Fig. 2 Potential energy profile (Gibbs energies in parenthesis) for the

nucleophile attack of OH- to 20-deoxyguanosine and optimized

geometries of the involved species. Bond distances are in Å and

energies in kcal mol-1
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Figure 3 and Table 1 show the optimized geometries of

the transition structures of the considered reactions as well

as the reaction energies, the energy barriers, the total

charge of each system, the mechanism of the reactions and

the activation solvation free energies. As presented in

Table 1, in all cases where both the leaving group and the

nucleophile are activated, the reaction takes place through

a concerted ANDN mechanism. However, there are mean-

ingful differences between the different considered sys-

tems. Figure 3 shows that in all the transition structures,

the formate group forms two hydrogen bonds, one with the

water molecule and the second one with the NH2 group of

the guanine nucleobase. It should be noted that the water

molecule is not yet deprotonated in the transition structure.

If we compare the structures of Fig. 3, it appears that in

the case of the system activated by a formic acid molecule

and a formate anion (FmcdGFmt), the C10–N9 distance is

the largest one (2.51 Å) while the Onucl���C10 is the shortest

one (2.38 Å), thus indicating that this is the most disso-

ciative process. In this case, the formic acid establishes a

strong hydrogen bond with the N7 atom of guanine, being

the only situation where the guanine is not protonated. In

all of the remaining systems, HdGFmt, ImHdGFmt and

NHdGFmt, the nucleobase is protonated at the N7 posi-

tion. In these three cases, the C10–N9 distance is shorter

than in FmcdGFmt and the Onucl���C10 distance is larger. It

should be mentioned that in HdGFmt and ImHdGFmt,

the C10–N9 distance (2.15 and 2.22 Å) is even shorter than

in the limiting case where only the leaving group was

activated, HdG (2.33 Å, see Fig. 1), indicating the effect

of the water activation by the formate anion. Particularly

interesting is the comparison between ImHdGFmt and

NHdGFmt, where both the C10–N9 and Onucl���C10 dis-

tances are much larger for the latter transition structure

than for the former one. This may be related to the fact that

the methylamine group, in addition to acting as a proton

acceptor with the protonated N7 site, it also acts as a proton

donor in a hydrogen bond with the O6 atom of guanine.

Table 1 shows that the computed activation energies

follow the Hammond principle since in all four cases, the

activation barrier decreases as the stability of the product

increases. It can also be observed that the activation of the

leaving group by formic acid (FmcdGFmt) is significantly

less efficient than that in the other systems where the N7

position is protonated. Note that the energy barrier for

FmcdGFmt is 33.0 kcal mol-1, whereas for the proton-

ated systems (HdGFmt, ImHdGFmt and NHdGFmt),

the computed values are much smaller (18.8–21.2 kcal

mol-1). Remarkably, the potential energy barrier for

HdGFmt (18.8 kcal mol-1) is almost identical to the case

where only the leaving group is activated, HdG,

(18.9 kcal mol-1) in spite of the significant differences

found in the geometries (see above). For ImHdGFmt and

NHdGFmt, potential energy barriers are slightly larger

(21.2 and 20.3 kcal mol-1, respectively) than those for

HdGFmt, in agreement with the fact that in these cases

protonated guanine establishes a hydrogen bond with the

imidazole and methylamine groups, reducing the positive

charge at the guanine moiety. The differences observed in

the values of the C10–N9 and Onucl���C10 distances in the

two systems are, however, quite remarkable since they

are about 0.2 Å larger in NHdGFmt than in ImHdGFmt,

the potential energy barrier being somewhat lower in

FmcdGFmt
(Fmic. Ac. + dG + Fmt-)

HdGFmt
(H+dG + Fmt-) 

ImHGFmt
(ImH+ + dG + Fmt-) 

NHdGFmt
CH3NH3H

+ + dG + Fmt-) 

Fig. 3 Transition structures optimized geometries of the hydrolysis

of N7-protonated 20-deoxyguanosine with simultaneous activation of

the leaving group and the nucleophile. Bond distances are in Å

Table 1 Total charge of the system, mechanism, reaction energies,

barrier energies and activation solvation free energies of the studied

reactions

System Qtotal Mech. DE� DG� DDGsolv
� DE DG

HdG ?1 DN*AN 18.9 15.7 4.1 – –

dGOH -1 ANDN 15.1 14.5 7.2 -48.6 -45.3

FmcdGFmt -1 ANDN 33.0 31.7 -4.2 -3.0 -2.3

HdGFmt 0 ANDN 18.8 17.7 3.0 -20.0 -21.1

ImHdGFmt 0 ANDN 21.2 20.1 0.2 -15.3 -16.1

NHdGFmt 0 ANDN 20.3 17.6 2.4 -16.0 -16.9

Energies are in kcal mol-1
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NHdGFmt. This may be due to the different hydrogen

bond interactions established with the leaving group in the

two systems. Note that in NHdGFmt, O6 forms a hydro-

gen bond with methylamine, which may induce electronic

changes at the guanine moiety.

3.4 General trends

The comparison of the energetic parameters of all the

studied systems, shown in Table 1, will allow us to ratio-

nalize the different factors implied in the catalytic process.

It can be observed in Table 1 that when only the leaving

group is activated (HdG), the reaction takes place through

a DN*AN mechanism. However, in all the remaining cases,

the reaction corresponds to an ANDN mechanism. In par-

ticular, although the potential energy barrier for the HdG

and HdGFmt systems is almost identical, the mechanism

changes substantially, thus indicating that nucleophile

activation has little influence on the barrier but an impor-

tant role in the mechanism.

If we compare the values for the potential energy and

free energy barriers, it can be noted that the latter ones are

always smaller. Thus, the entropic term (DS�) of the pro-

cess is favorable, showing that in all cases, the transition

structure is more flexible than the reactants, in agreement

with a dissociative mechanism. Focusing on the two lim-

iting cases, it can be observed that the difference between

DE� and DG� is the largest one for HdG (3.2 kcal mol-1)

and the smallest one for dGOH (0.6 kcal mol-1), in

agreement with the fact that HdG shows a DN*AN mech-

anism, while dGOH shows the less dissociative transition

structure. Moreover, the decrease in the activation free

energy is also important for NHdGFmt, with a less com-

pact transition structure when compared to the other sys-

tems with a simultaneous activation of the leaving group

and the nucleophile. Consequently, entropic effects are

more favorable.

The effect of the solvent over the process is shown by

the values of the DDGsolv
� in Table 1. This magnitude

accounts for the difference between the solvation energies

of transition structure and reactants at the gas-phase

geometries. In general, solvation increases the barrier

except for the case of FmcdGFmt. The most unfavorable

situations correspond to the two limiting cases HdG and

dGOH, where only the leaving group or the nucleophile is

activated. In these cases, the total charge of the system is

different from 0 (?1 and -1, respectively), and in the

transition structure, this charge is more delocalized that in

the reactants. Therefore, the stabilization due to solvation is

more important in the reactants than in the transition

structure, especially for dGOH where the negative charge

in the reactants is localized over the OH- ion. As noted

above, the effect of solvation over the barrier in

FmcdGFmt is favorable. This system also shows a total

charge of -1; however, in this case, the nucleobase is not

protonated and the heterolytic bond cleavage leads to a

transition structure with separated charges in addition to

the initial negative charge of the formate anion. Thus,

solvent effects are more stabilizing at the transition struc-

ture than in the reactant. In all the remaining cases, the total

charge of the system is 0 as a result of the positive charge

of the activating group and the negative charge of the

formate group. In this situation, the charge is more delo-

calized in the transition structure than in the reactants.

In order to get a deeper insight into the associative or

dissociative character of the studied transition structures,

Table 2 shows the bond order values for N9–C10 and

Onucl���C10 as well as the charge of the sugar moiety and the

C10–O40 bond distance. The associative or dissociative

character can be related to the sum of bond orders of the

new bond formed and the broken one. The mechanism can

be defined as associative if this sum is larger in the tran-

sition structure than in the reactants and dissociative if the

sum is smaller in the transition structure [6]. As mentioned

in the introduction, an important aspect related to the nat-

ure of the mechanism of the process is the oxacarbenium

character of the sugar in the transition structure. It can be

observed in Table 2 that the formation of the oxocarbeni-

um is accompanied by the shortening of the C10–O40 bond.

Actually, the larger the charge of the sugar, the shorter the

C10–O40 distance is (see Table 2), indicating a double bond

formation in the oxocarbenium. In all of the studied cases,

the sum of the N9–C10 and Onucl���C10 bond orders is much

smaller than 1, thus indicating a dissociative character of

the mechanism, the smallest values corresponding to

NHdGFmt and HdG. As expected, the two limiting cases

considered, where only the leaving group (HdG) or the

nucleophile (dGOH) is activated, show very different

values both for the total bond order and for the sugar

Table 2 Bond orders for N9–C10 and O���C10, charge of the sugar

ring and C10–O40 bond distance (in Å) computed at the TSs

System Bond ordera

N9–C10 O���C10 Total QdR dC10–O40

HdG 0.057 0.011 0.068 0.824 1.281

dGOH 0.145 0.040 0.185 0.521 1.333

FmcdGFmt 0.031 0.042 0.073 0.738 1.292

HdGFmt 0.103 0.013 0.116 0.695 1.303

ImHdGFmt 0.082 0.014 0.096 0.715 1.298

NHdGFmt 0.041 0.007 0.048 0.804 1.286

a Calculated as nij ¼ eðr1�rijÞ=0:3 where rij is the distance between i and

j atoms in the transition structure and r1 is the distance between i and j

in reactants and products (r1(C–N) = 1.47 Å, r1(C–O) = 1.43 Å)

[48]
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charge in agreement with the differences observed in the

mechanism (DN*AN for HdG and ANDN for dGOH).

Particularly interesting is the comparison between HdG

and HdGFmt, which show that the activation of the

nucleophile (HdGFmt) leads to very different values of the

total bond order, the sugar charge and the C10–O40 dis-

tance, in agreement with the different mechanism observed

for both cases and in spite of the similar energy barriers.

The values shown in Table 2 for ImHdGFmt are similar to

those of HdGFmt since in this case the nucleobase is also

protonated. Overall, results from Table 2 indicate that the

oxocarbenium character (QdR) does not correlate with

neither the N9–C10 nor the Onucl���C10 bond orders, but it

follows reasonably well the total bond order, showing that

the final transition structure results from the balance

between acid–base interactions with dG.

If larger models or whole enzymatic systems were taken

into account, other effects different from those studied here

would arise. For example, the electric field of the protein

could change the stabilization of the ionic species, leading

to different protonation states [46]. Furthermore, as we

have shown in a previous work [47], protonation of the

nucleobase can be influenced by stacking interactions with

neighboring aromatic amino acids. However, the present

work shows how the strength of an acid and a base mod-

ulates the mechanism of the acid–base catalytic hydrolysis

of the N-glycosydic bond.

4 Conclusions

The catalytic activation of the leaving group and the

nucleophile by a general acid or a general base in the

hydrolysis of 20-deoxyguanosine has been investigated by

means of density-functional methods. Two limiting cases

where only the leaving group is activated, by protonation at

the N7 position of the nucleobase, or the nucleophile is a

hydroxyl anion, have been investigated and shown to

present very similar activation barriers but different

mechanisms (DN*AN and ANDN, respectively). In all the

remaining cases, in which both the leaving group and the

H2O nucleophile are simultaneously activated, the reaction

mechanism is ANDN but with different degrees of disso-

ciative character of the transition structure.

Comparison between the different systems indicates that

protonating the nucleobase is essential for the catalysis,

since it compensates the negative charge generated at the

guanine moiety in the heterolytic cleavage of the N-gly-

cosydic bond. When the nucleobase is not protonated, the

bond cleavage leads to a situation with charge separation,

which is energetically more demanding if the charges are

not stabilized by the environment. On the other hand, the

comparison between HdG and HdGFmt shows that the

activation of the H2O nucleophile by formate leads to a less

dissociative mechanism but a similar energy barrier.

Finally, it is observed that even in similar situations where

the interacting acid (imidazolium or methylammonium)

leads to guanine protonation, the nature of the hydrogen

bonds formed with guanine can also significantly influence

the dissociative character of the mechanism. The present

work shows how the strength of an acid and a base can

modulate the mechanism of the acid–base catalytic

hydrolysis of the N-glycosydic bond.
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