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M.Pvull is a DNA methyltransferase from the bacterium Proteus vulgaris that catalyzes methylation of
cytosine at the N4 position. This enzyme also displays promiscuous activity catalyzing methylation of
adenine at the N6 position. In this work we use QM/MM methods to investigate the reaction mechanism
of this promiscuous activity. We found that N6 methylation in M.Pvull takes place by means of a
stepwise mechanism in which deprotonation of the exocyclic amino group is followed by the methyl
transfer. Deprotonation involves two residues of the active site, Ser53 and Asp96, while methylation takes
place directly from the AdoMet cofactor to the target nitrogen atom. The same reaction mechanism was
described for cytosine methylation in the same enzyme, while the reversal timing, that is methylation
followed by deprotonation, has been described in M.Tagl, an enzyme that catalyzes the N6-adenine DNA
methylation from Thermus aquaticus. These mechanistic findings can be useful to understand the

evolutionary paths followed by N-methyltransferases.

Introduction

DNA methyltransferases are a family of enzymes that transfer
the methyl group from cofactor S-adenosyl-L-methionine
(AdoMet) to cytosine or adenine bases in DNA, converting
AdoMet into S-adenosyl-L-homocysteine (AdoHcy).! Enzymatic
DNA methylation is an important biochemical process that pro-
vides DNA with new information, which is not encoded in the
nucleotide sequence. These enzymes are found both in prokar-
yotes and in eukaryotes. In the former, DNA methyltransferases
are mostly components of restriction-modification systems
whose central function is protection of the host cell from foreign
DNA.*? Moreover, these enzymes coordinate DNA replication
and cell division and direct postreplicative mismatch repair. In
eukaryotes, DNA methylation contributes to the regulation of
gene expression, protection of the genome against selfish DNA,
maintenance of genome integrity, parental imprinting, inacti-
vation of the X-chromosome, carcinogenesis, ete."7

DNA methylation can occur at the exocyclic amino groups of
adenine (N6-adenine DNA methyltransferase) and cytosine (N4-
cytosine DNA methyltransferase) or the 5 position of cytosine
(C5-cytosine DNA methyltransferase) yielding 6-methyladenine,
4-methylcytosine or 5-methylcytosine respectively. Structural
and biochemical studies have shown that all DNA
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methyltransferases share the mechanistic feature that methylation
is preceded by flipping the target nucleotide out of the DNA
helix,® and then it is inserted into the binding pocket.” DNA
methyltransferases have similar catalytic domains, one large
domain containing the binding sites for the cofactor and the
flipped base and one smaller domain that participates in DNA
binding and recognition.lo’15 The two types of amino methyl-
transferases are likely to be more closely related between them
than with the C5-cytosine DNA methyltransferase. Not only do
they have a common target, the exocyclic amino group of cyto-
sine or adenine, but they also contain several conserved residues
in their major structural and functional motifs.'® In addition, it
has been demonstrated that amino methyltransferases not only
show structural but also functional similarity, they can methylate
both target bases, adenine and cytosine.!” That is, N6-adenine
DNA methyltransferases M.EcoRV, M.EcoRI, E. coli Dam and
M.Fokl also modify cytosine residues at the N4 position'®'* and
N4-cytosine DNA methyltransferase from the bacterium Proteus
vulgaris (M.Pvull) also methylates adenine residues.'” There-
fore, some amino methyltransferases show substrate promiscuity.
Understanding this overlap of substrates between N4 and
N6 methyltransferases can be important to unravel the molecular
evolution of these enzymes.

The reaction mechanism for methylation of cytosine catalyzed
by M.Pvull has been previously explored by us using hybrid
quantum mechanics/molecular mechanics (QM/MM) methods.*
The reaction mechanism involves a methyl transfer from
AdoMet to the exocyclic nitrogen atom of the base and a proton
transfer from this atom to Ser53, which in turn transfers a proton
to Asp96. Different timings for the proton transfer and
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methylation steps have been explored at the AMI/MM and
B3LYP/MM levels including localization and characterization of
stationary structures. It was found that the deprotonation of the
exocyclic amino group (from NH, to NH™) occurs first through
a proton relay mechanism that involves Ser53 and Asp96. The
amino group of the deprotonated base is then more nucleophilic,
facilitating the subsequent methyl transfer step from AdoMet.*
Interestingly, a previous theoretical analysis showed that the reac-
tion mechanism for N6-adenine DNA methylation from
Thermus aquaticus (M.Tagql) takes place with a reverse ordering
of the two chemical events, first methyl transfer followed by
proton transfer.?! As said before, and in spite of the reported
mechanistic differences, it has been experimentally shown that
N4-cytosine DNA methyltransferase M.Pvull also methylates
adenine residues.'’

We herein present a theoretical study of the reaction mechan-
ism of the adenine methylation catalyzed by M.Pvull by means
of hybrid QM/MM methods. Our results point out that the reac-
tion mechanism for adenine methylation in this enzyme is the
same as that for cytosine methylation but with a slightly higher
energy barrier. The nature of the residues of the active site deter-
mines the type of reaction mechanism while the optimization of
the barrier depends on the optimization of the interactions estab-
lished with the substrate. These findings could help to trace the
evolutionary path of the different kinds of DNA N-methyl-
transferases.

Methods

A QM/MM approach is here used to study substrate promiscuity
of DNA methyltransferase M.Pvull following the same compu-
tational procedure employed to analyze the primary activity in
our previous study.?” The initial coordinates of the protein were
taken from the X-ray crystal structure of Pvull DNA-(cytosine
N4)-methyltransferase complexed with AdoMet, PDB code
1BOO."* Since there is no X-ray structure crystallized for the
enzyme with DNA, we then built a small model of the reacting
system that consists of inserting an adenine base into the active
site. This model was introduced inside a cubic box of water mole-
cules of side 79.5 A. We performed several optimization cycles
followed by QM/MM molecular dynamics (MD) simulations
using the DYNAMO program.>>?* The QM subsystem, which
includes the base, part of the AdoMet cofactor and side chains of
residues Ser53 and Asp96 (see Fig. 1), was described by the
semiempirical method AM1?* while the classical atoms were
described by means of the OPLS-AA?>?® and TIP3P?’ force
fields as implemented in the DYNAMO program. To saturate the
valence of the QM/MM frontier, we used the link atoms pro-
cedure.”®* To treat the nonbonding interactions, a switch func-
tion with a cutoff distance in the range 14-18 A was used. The
NVT ensemble, with a reference temperature of 300 K, and
periodic boundary conditions were employed in the simulations.
The time step was 1 fs.

The final structure obtained after 200 ps of MD simulation
was used as the starting point for the exploration of the potential
energy surface (PES). Stationary structures localization and
characterization and intrinsic reaction coordinates (IRCs) were
performed using the micro/macroiteration  optimization
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Fig. 1 Active site of M.Pvull containing the adenine base. The region
surrounded by a dashed line is the quantum region defined in our calcu-
lations (37 QM atoms).

algorithm.**>? This method consists of dividing the coordinate
space into two subsets: the control space (that usually matches
up with the QM region) and the complementary space (the rest
of the system). Optimization on the control space (microitera-
tions) makes use of a Hessian-based algorithm and at each step
in the control space the complementary space is fully minimized
using gradient vectors (macroiterations). This exploration was
carried out at the B3LYP/MM level, using a combination of
DYNAMO/GAUSSIANO3 programs.®> The 6-31G* basis set
was selected for the exploration of the PES and single-point
energy calculations of the stationary structures (reactants, TSs,
intermediates and products) were afterwards obtained using a
larger 6-311+G** basis set.

Results
Reaction mechanism of adenine methylation in M.Pvull

A preliminary exploration of the PES was carried out using as
distinguished coordinates the antisymmetric combinations of the
distances defining the methyl transfer from S(AdoMet) to
N6(Ade), the proton transfer from N6(Ade) to Oy(Ser53) and
the proton transfer from Oy(Ser53) to O32(Asp96).

From these explorations the possibility of a methyl transfer
preceding the proton transfer was excluded and the only possible
reaction mechanism is described as a stepwise one in which
deprotonation of the exocyclic amino group of adenine is fol-
lowed by a direct methyl transfer from AdoMet to the deproto-
nated amino group (see Fig. 2). This reaction mechanism is the
one found as the most favorable (lower barrier) in the case of
N4-cytosine methylation.*°

Potential energy calculations with the methyl transfer to
N6(Ade) preceding the deprotonation of the exocyclic amino
group systematically resulted in spontaneous proton transfer. We
then explored the methyl transfer by applying a constraint to the
antisymmetric combinations of the distances defining the proton
transfer from N6(Ade) to Oy(Ser53) and the proton transfer from
Oy(Ser53) to 082(Asp96), and the resulting potential energy
barrier was much higher than for the case in which proton trans-
fer precedes methyl transfer (see Fig. S1 in ESIY).
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Fig. 2 Reaction mechanism found in this work for adenine in M.Pvull, in which proton transfer is followed by methylation. R, TSy, Int, TSy; and
P designate reactant, transition structure of proton transfer, intermediate, transition structure of methylation and product respectively.

Table 1 Relevant geometrical parameters (distances in A, angles in °) found for the stationary structures of the reaction mechanism explored at the
B3LYP/6-31G*/MM level for the adenine methylation in M.Pvull?

R TSH Int TSM P
d(S(AdoMet)-CH;(AdoMet)) 1.831 1.838 1.848 2.166 3.888
d(CHs(AdoMet)-N6(Ade)) 3.688 3.366 3.202 2.458 1.463
d(N6(Ade)-H2(N6)(Ade)) 1.024 1.236 1.862 2.091 3.894
d(Oy(Ser53)-H2(N6)(Ade)) 1.981 1.307 1.001 0.985 0.979
d(Oy(Sers3)-Hy(Ser53)) 1.028 1.633 1.838 1.954 1.816
d(052(Asp96)-Hy(Sers3)) 1.571 1.026 0.989 0.983 0.985
d(S(AdoMet)-N6(Ade)) 5.466 5.185 5.027 4616 4788
d(O(Pro54)-H1(N6)(Ade)) 1.697 1.855 1.927 1.975 1.860
a(S(AdoMet)-CH;-N6(Ade)) 163.13 169.87 168.71 173.2 119.8
v 961.2i 342.1i

AE 0 14.3 6.0 10.7 —423

“ Imaginary frequencies of transition structures are given in cm™',
basis set) in kcal mol™

and relative energies (obtained from single point calculations using the 6-311+G**

Fig. 4 Representation of the transition structure found for deprotona-
tion of the exocyclic amino group of adenine in the M.Pvull active site.

Fig. 3 Overlap of the reactant structures of adenine (blue) and cytosine . . . . )
Relevant distances for adenine (blue) and cytosine (red) are given in A.

(red) methylation in the M.Pvull active site. The base and the cofactor
(AdoMet) are drawn using stick representation.

The most relevant geometrical parameters and the relative
internal energies of the stationary structures found in the explora-
tion of the PES are given in Table 1. Representations of the reac-
tant structure (R) and the two transition structures (TSy and
TSy) are shown in Fig. 3-5, respectively. Finally the energy

profile, together with that found in the case of N4-cytosine
methylation, is shown in Fig. 6.

Adenine is accommodated in the active site of M.Pvull using
the same set of interactions as in the case of cytosine. As can be
seen in Fig. 3, the positions of these bases in the active site

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Representation of the transition structure found for the methyl-
ation step of adenine in the M.Pvull active site. Relevant distances for
adenine (blue) and cytosine (red) are given in A.
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Fig. 6 Potential energy profiles obtained for the reaction mechanism
where proton transfer precedes methylation, for both the M.Pvull—cyto-
sine system (red) and the M.Pvull-adenine system (blue).

overlap quite nicely. The exocyclic amino group of adenine
establishes two hydrogen bond interactions: one with the carbo-
nyl oxygen of Pro54 (1.697 A; see Table 1) and another with the
hydroxylic oxygen atom of Ser53 (1.981 A). This residue in turn
donates a hydrogen bond to one of the oxygen atoms of the car-
boxylate group of Asp96 (1.571 A). The same hydrogen bond
interactions but with slightly larger hydrogen bond distances
were reported in the case of cytosine.?” In addition the positively
charged methyl group of AdoMet is oriented towards the lone
pair of the nitrogen atom of the exocyclic amino group of
adenine. The distance between the methyl donor (S(AdoMet))
and the acceptor atom is larger for adenine (N6) than for cytosine
(N4), 5.466 and 4.985 A respectively. These differences found
between the reactants structure of cytosine and adenine could
then explain why the mechanism with methyl transfer preceding
proton transfer is not observed in the case of adenine and that
the only available mechanism is the one in which the proton
transfer takes place first, increasing then the nucleophilic charac-
ter of the exocyclic amino group.

After exploration of the PES we located a transition structure
(TSh), shown in Fig. 4. Diagonalization of the Hessian matrix
corresponding to this structure results in a unique negative eigen-
value from which an imaginary frequency of 961.2i cm™' was
obtained (see Table 1). The transition vector corresponds to the
proton transfer from the N6 atom of adenine to Oy of Ser53 and
the proton transfer from this last atom to 082 of Asp96. In the
transition structure the latter proton transfer is almost completed
while the proton transfer from the exocyclic amino group of
adenine to Ser53 is halfway, as reflected in the distances given in
Table 1 and in Fig. 4. So, deprotonation of the adenine amino
group is initiated by the proton transfer from the hydroxyl group
of Ser53 to Asp96 and then the activated Ser53 abstracts one of
the protons of the amino group. In this transition structure the
distance between the methyl donor and acceptor (the S(AdoMet)
and N6(Ade) atoms) is reduced up to 5.185 A.

From this transition structure we located an intermediate struc-
ture (Int) that presents a protonated Asp96, a neutral Ser53, and
a formally negatively charged N6 atom of adenine. The deproto-
nated base is stabilized by means of hydrogen bond interactions
with Ser53 (1.862 A) and Pro54 (1.927 A). In this intermediate
the distance from the N6 of adenine to the sulfur atom of
AdoMet is already significantly reduced (5.027 A) but still
longer than the distance shown by the intermediate correspond-
ing to cytosine methylation (4.738 A).%°

From the intermediate structure we located a new transition
structure (TSyy) corresponding to the direct methyl transfer from
the sulfur atom of the cofactor (S(AdoMet) in Table 1) to the
target nitrogen atom of the base (N6(Ade)). This is an early tran-
sition state where the distance from the carbon atom of the
methyl group to the N6 position of the aromatic ring (2.458 A)
is longer than the distance from the carbon atom of the methyl
group to the sulfur atom of the cofactor (2.166 A), as seen in
Fig. 5 and in Table 1. This process is accompanied by a slight
lengthening of the hydrogen bond interactions established
between the exocyclic amino group and Ser53 and Pro54 resi-
dues (see Table 1).

Tracing the IRC from TSy, directly leads to the final product.
In this structure the exocyclic amino group of adenine obviously
has a unique hydrogen bond interaction with the protein. The
distance from the hydrogen atom to the carbonyl oxygen atom of
Pro54 is 1.860 A. In this product structure Asp96 is protonated
and has a hydrogen bond interaction with Ser53. The latter
residue in turn acts as a hydrogen bond donor to the carbonyl
oxygen of Asp96 (1.910 A).

The energy profile obtained by means of single-point calcu-
lations at the B3LYP/MM level using the 6-311+G** basis set is
depicted in Fig. 6, together with that obtained for cytosine
methylation at the same computational level. Both bases follow
the same reaction mechanism in the active site of M.Pvull. For
both cytosine and adenine bases the highest energy transition
structure is the first one, which corresponds to the proton transfer
from Ser53 to Asp96 and from the N6 nitrogen atom of adenine
to Ser53. The energy barriers, as determined from the potential
energy difference between TSy and R structures, are 11.1 and
14.3 kcal mol™', for cytosine and adenine, respectively. The
larger energy barrier obtained for adenine reflects the fact that
the enzyme M.Pwull is specialized in N4-cytosine methylation
and thus it has been optimized by evolution to catalyze the
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reaction on this substrate. We confirmed this observation by cal-
culating the averaged energy barriers for the rate-determining
step in the case of adenine and cytosine, starting from four
different reactant structures selected from the MD simulation and
spaced by at least 10 ps. The averaged barriers were 11.2 + 0.8
and 14.9 + 0.5 kcal mol™" for cytosine and adenine, respectively.
Thus the averaged difference in the barrier is 3.7 £ 0.9 kcal
mol ™.

The preference of the enzyme for its natural substrate is
reflected in the fact that the interactions established between the
exocyclic amino group and the protein are better designed to
speed up the process in the case of cytosine. First, the distance
from the methyl group to be transferred to the target nitrogen
atom is systematically larger in the case of adenine than for cyto-
sine. Second, the hydrogen bond interactions established
between the amino group and the protein (Ser53 and Pro54 resi-
dues) in the intermediate structure (Int) are shorter in the case of
cytosine. It is interesting to point out that these distances are
shorter for adenine in the reactant state, but then these distances
are lengthened in the rest of the stationary structures. The oppo-
site trend is found in the case of cytosine,° reflecting the optim-
ization of the hydrogen bond interactions not with the sole
purpose of stabilizing the reactant state but to catalyze the reac-
tion; this is to diminish the energy barrier.

A general mechanistic view of N-methyltransferases

N-Methyltransferases catalyze methylation of the exocyclic nitro-
gen of adenine (N6) and cytosine (N4). This reaction necessarily
involves two chemical steps: deprotonation of the amino group
and methyl transfer from AdoMet to this group. According to
our studies it seems that two mechanistic routes are available for
N-methyltransferases: (i) a reaction mechanism in which depro-
tonation occurs first, by means of a proton transfer to a protein
residue, followed by methyl transfer to an activated amino group
and (ii) a mechanism in which the methyl transfer from AdoMet
takes place first, producing a positively charged amino group,
followed by a proton transfer from the acidified exocyclic amino
group. These two mechanistic routes can be optimized using
different strategies. The first route would require the presence of
a proton acceptor in the active site (typically a glutamate or an
aspartate).”’ The second one could be favoured by an active site
designed to assist electrostatically the transfer of a positive
charge from the AdoMet cofactor to the target atom.**>® This
classification can be useful to unravel the path followed by evol-
ution in these enzymes. M.Pvull (an N4-methyltransferase) is an
example of the first case while M. Tagl (an N6-methyltransferase)
belongs to the second category. In this work we showed that the
same substrate (an adenine base) can be methylated following
one or another mechanism depending on the environment, and
this environment is dependent on the nature of the active site.

Conclusions

In this work we have analyzed the promiscuous activity of an
N4-cytosine methyltransferase (M.Pvull) as an N6-adenine
methyltransferase. The reaction mechanism for this promiscuous
activity implies a stepwise process in which a proton transfer

from the exocyclic amino group to the protein (Ser53 and Asp96
residues) is followed by the direct methyl transfer from AdoMet
to the target nitrogen atom. This mechanism is the same as that
found when this enzyme methylates its natural substrate, cyto-
sine. Substrate specificity is reflected in the smaller energy
barrier obtained for cytosine. This specificity seems to be the
consequence of the subtle optimization of the interactions estab-
lished with the target amino group with the positively charged
methyl group of AdoMet and the hydrogen bonds established
with Ser53 and Pro54.

When these results are related to other theoretical analysis of
N-methyltransferases reactivity,”>*' we found that two different
mechanistic routes can be followed to methylate the target base,
irrespective of its nature. Depending on the presence or not of a
basic residue in the proximity of the substrate, deprotonation of
the amino group precedes methylation or methylation precedes
deprotonation. This finding could be useful to investigate the
evolutionary paths followed by these enzymes, because different
strategies are required to optimize the rate of the chemical step
depending on the actual mechanism.

Acknowledgements

This work was supported by the Ministerio de Ciencia e Innova-
cion project CTQ2009-14541-C02-02, Generalitat Valenciana
projects ACOMP/2011/028, ACOM/2012/243, GV/2012/053
and Universitat de Valencia project UV-INV-AE11-40931. J.A.
and M.R. thank Ministerio Ciencia e Innovacion for a doctoral
grant and a ‘Juan de la Cierva’ contract, respectively. The
authors acknowledge computational facilities of the Servei d’In-
formatica de la Universitat de Valéncia in the ‘Tirant’ supercom-
puter, which is part of the Spanish Supercomputing Network.

Notes and references

A. Jeltsch, ChemBioChem, 2002, 3, 274-293.

G. G. Wilson, Nucleic Acids Res., 1991, 19, 2539-2566.

J. Heitman, Genet. Eng. (N Y), 1993, 15, 57-108.

A. Razin, EMBO J., 1998, 17, 4905—4908.

S. B. Baylin and J. G. Herman, Trends Genet., 2000, 16, 168—174.

J. Newell-Price, A. J. L. Clark and P. King, Trends Endocrinol. Metab.,

2000, 11, 142-148.

7 A. V. Lichtenstein and N. P. Kisseljova, Biochemistry (Moscow), 2001,
66, 235-255.

8 X. D. Cheng and R. J. Roberts, Nucleic Acids Res., 2001, 29, 3784—
3795.

9 S. Klimasauskas, T. Szyperski, S. Serva and K. Wuthrich, EMBO J.,
1998, 17, 317-324.

10 X. D. Cheng, S. Kumar, J. Posfai, J. W. Pflugrath and R. J. Roberts, Cell,
1993, 74, 299-307.

11 J. Labahn, J. Granzin, G. Schluckebier, D. P. Robinson, W. E. Jack,
I. Schildkraut and W. Saenger, Proc. Natl. Acad. Sci. U. S. A., 1994, 91,
10957-10961.

12 K. M. Reinisch, L. Chen, G. L. Verdine and W. N. Lipscomb, Cell, 1995,
82, 143-153.

13 W. M. Gong, M. Ogara, R. M. Blumenthal and X. D. Cheng, Nucleic
Acids Res., 1997, 25, 2702-2715.

14 P. H. Tran, Z. R. Korszun, S. Cerritelli, S. S. Springhorn and S. A. Lacks,
Structure, 1998, 6, 1563—1575.

15 R. Scavetta, C. B. Thomas, M. A. Walsh, S. Szegedi, A. Joachimiak,
R. I. Gumport and M. E. A. Churchill, Nucleic Acids Res., 2000, 28,
3950-3961.

16 T. Malone, R. M. Blumenthal and X. D. Cheng, J. Mol. Biol., 1995, 253,
618-632.

17 A. Jeltsch, Biol. Chem., 2001, 382, 707-710.

[ N S

This journal is © The Royal Society of Chemistry 2012

Org. Biomol. Chem., 2012, 10, 5395-5400 | 5399


http://dx.doi.org/10.1039/c2ob07021a

Downloaded by University of California- San Diego on 01 September 2012

Published on 30 May 2012 on http://pubs.rsc.org | doi:10.1039/C20B07021A

View Online

18

19
20

21

22

23

24

25

26

27

28
29

30

31

A. Jeltsch, F. Christ, M. Fatemi and M. Roth, J. Biol. Chem., 1999, 274,
19538-19544.

M. Roth and A. Jeltsch, Nucleic Acids Res., 2001, 29, 3137-3144.

J. Aranda, M. Roca, V. Lopez-Canut and 1. Tuién, J. Phys. Chem. B,
2010, 114, 8467-8473.

Z. E. R. Newby, E. Y. Lau and T. C. Bruice, Proc. Natl. Acad.
Sci. U. S. A., 2002, 99, 7922-7927.

M. J. Field, M. Albe, C. Bret, F. Proust-De Martin and A. Thomas,
J. Comput. Chem., 2000, 21, 1088—-1100.

M. J. Field, 4 Practical Introduction to the Simulation of Molecular
Systems, Cambridge University Press, Cambridge, U.K., 1st edn, 1999.
M. J. S. Dewar, E. G. Zoebisch, E. F. Healy and J. J. P. Stewart, J. Am.
Chem. Soc., 1985, 107, 3902-3909.

W. L. Jorgensen and J. Tiradorives, J. Am. Chem. Soc., 1988, 110, 1657—
1666.

J. Pranata, S. G. Wierschke and W. L. Jorgensen, J. Am. Chem. Soc.,
1991, 113, 2810-2819.

W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey and
M. L. Klein, J. Chem. Phys., 1983, 79, 926-935.

U. C. Singh and P. A. Kollman, J. Comput. Chem., 1986, 7, 718-730.

M. J. Field, P. A. Bash and M. Karplus, J. Comput. Chem., 1990, 11,
700-733.

V. Moliner, A. J. Turner and 1. H. Williams, Chem. Commun., 1997,
1271-1272.

A. J. Turner, V. Moliner and 1. H. Williams, Phys. Chem. Chem. Phys.,
1999, 1, 1323-1331.

32

33

34

35

36

S. Marti, V. Moliner and 1. Tufion, J. Chem. Theory Comput., 2005, 1,
1008-1016.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. J. Montgomery, T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi,
V. Barone, B. Mennucci, M. Cossi, G. Scalmani, M. Rega,
G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchain, J. B. Cross,
V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A. D. Danniels, M. C. Strain,
O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford,
J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaroni, R. L. Martin, D. L. Fox, T. Keith, M. A. Al-Laham,
C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill,
B. Johnson, W. Chen, M. W. Wong, C. Gonzalez and J. A. Pople,
Gaussian 03, Gaussian Inc., Wallingford, CT, 2004.

M. Roca, S. Marti, J. Andres, V. Moliner, 1. Tufién, J. Bertran and
1. H. Williams, J. Am. Chem. Soc., 2003, 125, 7726-7737.

M. Roca, J. Andres, V. Moliner, I. Tunén and J. Bertran, J. Am. Chem.
Soc., 2005, 127, 10648—10655.

M. Roca, V. Moliner, I. Tufién and J. T. Hynes, J. Am. Chem. Soc., 2006,
128, 6186-6193.

5400 | Org. Biomol. Chem., 2012, 10, 5395-5400

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ob07021a

