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Abstract

Tautomerism in nucleotide bases is one of the possible mechanisms of mutation of DNA. In spite of numerous studies on the structure
and energy of cytosine tautomers, little information is available on the process of proton transfer itself. We present here Born—-Oppen-
heimer dynamics calculations, with the potential surface obtained “on the fly” from ab initio quantum chemistry (QC) and the atoms
moving classically. In search for water-mediated tautomerization the monohydrated complex was studied, running about 300 trajectories
each of 3000-5000 points of 1 fs steps. One single trajectory has been found to lead to tautomerization. Although the QC method used in
the simulations was inevitably modest (B3LYP/3-21G), higher-level test calculations along the same trajectory suggest that the simula-
tion grasped the basic mechanism of proton transfer: a concerted, synchronous process characterized by strong coupling between the

motions of the two participating hydrogen atoms.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Tautomerization as a possible cause of mutations in
DNA has been a recurring question ever since the historic
formulation of the double helix model. One recalls Watson
and Crick’s comment [1]: “spontancous mutation may be
due to ... less likely tautomeric forms”. This idea has been
advanced by Topal and Fresco [2]. Recently, Williams and
co-workers [3] performed a complex experimental study on
the nucleoside analogue dP. By chemical synthesis they pre-
pared fixed imino and fixed amino tautomers of N-methyl-P
and, using UV spectroscopy, determined a tautomer ratio
of 11:1 in favor of the imino form. By determining the
kinetic parameters of the incorporation of dPTP, they
found strong correlation between the tautomeric ratio
and the incorporation specificity, leading to the conclusion
that “minor tautomeric forms of the natural bases may play
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an important role in substitution mutagenesis during DNA
replication”.

The subject of the present study is tautomerization spe-
cifically in cytosine. It is now generally accepted that cyto-
sine has three primary, low-energy forms as shown in
Fig. 1. The amino-oxo (keto) tautomer 1 is the “canonical”
form present in DNA. In the gas phase, however, the
amino-hydroxy (enol) structure 2b dominates. The imino-
oxo tautomer 3a is considered as the “rare” form. Beyond
this overall picture, the exact ordering of stabilities is quite
difficult because the total range of relative energies of these
three tautomers is only 2-3 kcal mol ™', as determined by
numerous quantum chemical (QC) calculations [4-27].
Among the latter, highest level calculations [25-27] using
the coupled cluster method CCSD(T) and large basis sets
give the following energies relative to 2b: AE(1) =1.2—
1.6 kcal mol ™!, AE(3a) = 1.5-2.1 kcal mol™~!. It is remark-
able that according to these results the “rare” imino-oxo
form should be only little less stable, if at all, than the
amino-oxo form. Beyond energies, Gibbs free energies
bring the stabilities even closer: at room temperature, AG
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Fig. 1. Three low-energy tautomers of cytosine. Less stable rotamers are
indicated by dashed lines, with hydrogens in parentheses.

was calculated [27] practically the same for 1 and 3a, and
only ~0.8 kcal mol~' above 2b. From the methodological
point of view, it should be noted that the widely used
MP2 method seems unsatisfactory in the light of the
coupled cluster values: MP2 gives relative energies over-
estimated by ~0.5 kcal mol™! for 1 and ~1.5 kcal mol ™!
(!) for 3a. Density functional theory, DFT, gives a picture
[7,10,25,27] qualitatively different from standard wave func-
tion theory: using various functionals and basis sets, DFT
calculations consistently predict the keto form 1, rather
than the enol form 2b, as the most stable tautomer. This
seems to be a failure of the DFT method: a careful analysis
by Piacenza and Grimme [28] has shown that the deficiency
can be ascribed to the insufficient reproduction of the aro-
matic character of the ring — the latter being most pro-
nounced in 2b as indicated by its Lewis structure.

Experimental spectroscopic results [29-33] all agree that
the enol form is dominant in the gas state, and the keto
form is also present in significant amounts. At the same
time, information about the imino-oxo form is very uncer-
tain; normally, the presence of a few percent is suggested,
much less than in the theoretical results. In fact, a recent
sophisticated study [33] of the infrared spectrum of cyto-
sine in helium nanodroplets does not see 3a at all, while
reports the observation of rotamer 2a, in addition to the
two major components 2b and 1. These authors refute
the original interpretation of a molecular beam microwave
spectrum by Brown et al. [32] which suggested the presence
of a small amount of the imino-oxo form. The appearance
of the rotamer pair seems to be in accord with theory: vir-
tually independent of the level of quantum chemical
method, the computed energy difference between 2a and
2b is small, only ~0.75 kcal mol ™' [24].

In the presence of water the situation may change qual-
itatively. Estimates of the interaction with bulk water by
electrostatic continuum models show rather large varia-
tions [26,34,35]. Explicit consideration of water molecules
gives the following picture [36]: water binds to the amino-
oxo and imino-oxo form stronger than to the hydroxy tau-
tomer by 1.5-2.0kcalmol™' and 0.4-0.8 kcal mol ™!,
respectively. This leads to relative energies for the monohy-
drates: E(2b.H,O) = 0.0 (by def.), E(1.H,O) = —0.5 to 0.0,
E(3a.H,0) = 0.6 to 1.2 kcal mol~'. Complexes of cytosine
with up to 14 water molecules have also been investigated
by quantum chemistry [35,37,38]. On the experimental side,
Nir et al. [39] notice the existence of clusters with up to fifty

water molecules in their REMPI spectroscopy study on a
supersonic beam.

Concerning the intramolecular proton transfer (PT)
between tautomers, several QC studies have calculated
the transition state (TS) barrier. Early on, Sobolewski
and Adamowicz [19] investigated the monohydrated com-
plexes of tautomers 1 and 3a and, in conjunction with this,
the proton transfer between the two. Defining the PT reac-
tion coordinate simply as the Ng—H 3 distance (Scheme 1),
they determined the potential energy function along it by
optimizing all other coordinates. The calculated barrier
was ~20 kcal mol~! at the HF/3-21G level. A similar study
by Gorb and Leszczynski [40] investigated the other tauto-
merization, 2b to 1. Using more accurate (electron correla-
tion) methods, they emphasized that water lowers the
barrier significantly. Similar results were reported by Mor-
purgo et al. [41] on the 1 to 3a tautomerization. Podolyan
et al. [42] discuss in detail the significance of the rare imino
tautomer 3a for mutation, investigate the equilibrium
between 1 and 3a and estimate the rate constant based
on their “instanton model”. For the TS barrier they calcu-
late values between 17 and 20 kcal mol .

In spite of numerous studies like the above, little is known
about the mechanism of proton transfer in cytosine. Our aim
here is to catch the process in detail, on the basis of explicit
ab initio dynamics calculations. Because the H-atom on N;
is blocked by the glycoside bond in DNA, only the amino-
0X0 — Imino-oxo tautomerization, sketched in Scheme 1,
will be investigated.

The chemist’s notion of reaction mechanisms is based on
the Born—-Oppenheimer (B-O) approximation: the atomic
nuclei move and rearrange on a multidimensional potential
energy surface (PES), on which the energy in each point is
the electronic energy (plus the additive term of fixed
nuclear repulsion), as determined by solving the electronic
Schrodinger equation. Normally it is assumed that atomic
movements can satisfactorily be described by classical
Newtonian mechanics. Furthermore, the simplest models
assume that reactions follow closely the minimum energy
pathway (MEP) going from reactants to products through
a TS. (The MEP expressed in mass-weighted Cartesian
coordinates is referred to as the internal reaction coordi-
nate, IRC). Studying only the MEP is, of course, not yet
a full dynamics study. More importantly, recent theoretical
investigations in Hase’s group [43] and in Dupuis’ group
[44] have come to the remarkable observation that
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Scheme 1. Tautomerization of cytosine by water-mediation from the
amino-oxo to the imino-oxo isomer.
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chemical reactions may follow a route totally different from
the IRC!

A true dynamics calculation requires knowledge of the
complete multidimensional PES. In very small dimensions
the PES can be determined in advance, with dynamics done
separately on this surface. This approach is of course
impractical for larger systems and recent methods generate
the surface “on the fly”: at each point of the trajectory,
energy and forces (negative first derivatives of the energy
with respect to the nuclear coordinates) are determined
by a QC method and the atomic displacements are calcu-
lated from these by classical mechanics. The most success-
ful method has been developed by Car and Parrinello [45].
This method is computationally efficient because the elec-
tronic wave function — rather than being optimized at the
trajectory points — is “‘propagated”. As a consequence,
the system is moving close to, but not exactly on the B—
O surface.

In B-O dynamics, the electronic wave function is fully
optimized in each step along the trajectory. Perhaps the first
study of this type was reported by Field [46], and such stud-
ies are becoming increasingly viable; it should be realized,
however, that tens of thousands of full QC computations
are needed to obtain reasonable trajectories. This is the
approach adopted here.

2. Computational details

All dynamics calculations were done by a private version
of the PQS program system [47]. The dynamics part of the
package uses direct Newtonian molecular dynamics in con-
junction with the Verlet algorithm [48]. For accelerating
SCF convergence, the recently suggested “Fock dynamics”
method [49] was used: at each trajectory point, a starting
Fock matrix is determined by extrapolation of the last
few Fock matrices. No thermostat is used at present, the
temperature serves only as an orientation value: the initial
velocities are randomly set consistent with a kinetic energy
of kT. Thus, if the dynamics run was started at the energy
minimum, the kinetic energy will develop toward kT/2.
Somewhat arbitrarily, we have run the simulations at
T ~ 350 K. (In part by chance, we started the calculations
at this temperature, and after having numerous trajectories
completed, we stayed with that; room temperature would
have been more sensible.) Overall translation and rotation
are removed from the molecule before a dynamics run is
started. Several quantum chemical methods can be com-
bined with the dynamics program and we used here the
density functional theory (DFT) method with the B3LYP
potential [50,51]. To be able to run the huge number of
required calculations, the small 3-21G basis set was used
as a compromise. Some exploratory runs were done using
larger basis sets, and also including electron correlation
at the MP2 level. To avoid any built-in bias, trajectories
were started at the equilibrium configuration. All internal
degrees of freedom were allowed to vary. Individual runs
differ in the random starting velocities.

3. Results and discussion

For isolated cytosine no tautomerization is expected due
to the high barrier of 30-40 kcal mol™' [41]. Still, just to
check the behaviour of the system, we have run ~50 trajec-
tories at extreme high temperatures. It was interesting to
see, for example, that at ~2000 K (!) the amino group still
stays stable, while the CH bonds and the ring start break-
ing up.

The role of water was studied by adding just one water
molecule to the system. For the cytosine-water complex
the geometry was optimized to obtain a local minimum
which holds the water in the neighbourhood between the
amino- and the C=0 group. (In the absolute minimum
the water is between the C=0 and the N1-H group [36]).
Starting with random velocities from this minimum, about
300 trajectories were run, each of 3000-5000 points of 1 fs
steps, thus covering time ranges of 3-5 ps. The total num-
ber of wave function calculations, including forces, was
about one million. (For one point along the trajectory
the QC calculation takes about 1 min on a dual-processor
(Athlon 2600+) PC and a cluster of 10 PCs was used.)

In typical cases only vibrations are seen along the trajec-
tory. In one single case, however, the trajectory did lead to
tautomerization! To show how this takes place, the critical
steps of the tautomerization process are reproduced in
snapshots in Fig. 2. It is interesting to observe that once
the system is close to the TS, proton transfer occurs
remarkably fast, in 15-20 fs (steps 2-6). (For comparison,
the time period of an infrared X—H stretching vibration is
~10 fs.) Before the points shown in Fig. 2, there are only
vibrations in the system; after tautomerization is com-
pleted, the imino form stays preserved. More details are
available in form of moving pictures from the author.

Variation of the potential energy and selected atom-pair
distances during the simulation are followed in Fig. 3. Note
about the potential energy that, in independent calcula-
tions, we determined the transition state energy Ets by
standard methods (stationary point on the PES with one
imaginary frequency). At this level of theory
FErg = —468.7535 a.u. and the graph was constructed with
this value as the ground level. (The minimum energy is
E.= —468.7627 a.u., yielding a barrier of 5.9 kcal mol™';
see below.) As seen in the graph, the system is above the
TS all along and the success of hydrogen transfer depends
on the position of the water molecule: it must be close
enough to the relevant nitrogen atoms, and correctly ori-
ented. In Fig. 3b, the two O-N distances indicate the over-
all distance of water from cytosine, showing quite regular
oscillations. Incidentally, at about 1480 fs, both N3Oy
and Ng-Oy are decreasing: the water molecule is approach-
ing both nitrogen atoms. As a consequence, H;s of water is
getting closer to N3. Note, however, that no structural
changes are taking place at this point yet; specifically, the
bonded Ng—H 3 and O¢—H,s stay stable. It happens first
at ~1530 fs that both O-N distances have decreased to
about 250 pm thus offering possibility for the formation
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Fig. 2. Snapshots from the tautomerization trajectory. Total time span 5 ps, with resolution of 1 fs (5000 steps). Shown are steps from 1535 to 1570 fs

taken from the original trajectory, every 5th geometry reproduced.
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Fig. 3. Variation of (a) the potential energy, (b) selected bond distances along the tautomerization trajectory; 1 ps window.

of hydrogen bonds. The critical region is shown in more
detail in the insert to Fig. 3b, including two additional
O-H distances. Here, the stretching of the two relevant
X-H bonds, Og-H;5s and Ng-H;3 starts simultaneously.
Within 30-40 fs, H;s has got attached to N3 and H;; to
Oy and the proton transfer is completed. It is remarkable
that the two hydrogen motions have been running parallel

during the whole process, indicating strong coupling
between the two.

To get more information about this coupling we have
run two sets of constrained geometry optimizations: if
O9—H;5 in water is stretched, with all other parameters
optimized, Ng-H;3 becomes stretched, and vice versa
(Fig. 4), proving directly the coupling. By contrast, one
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Fig. 4. The coupling between two hydrogen motions as indicated by
constrained geometry optimizations (B3LYP/3-21G). Blue (lower curve):
Ng-H;i3 in the amino group varied, all other parameters optimized. Red
(upper curve): Og—H;s of the water molecule varied, all others optimized.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

could imagine a stepwise process with the intermediate for-
mation of a protonated cytosine molecule. Obviously, how-
ever, this would require higher energy.

Because only one successful event was found we have no
statistics for estimating the rate of the process. What we
have seen is the mechanism of proton transfer, as it
occurred in one single case. This mechanism can be easily
reproduced, however, if one biases the system towards
crossing the TS by stretching the relevant OH or NH bond
in the starting configuration. We have run several such
tests: tautomerization then occurs more frequently and
confirms the above picture.

The cytosine-water complex may be one of the largest
systems studied up to now by extensive ab initio dynamics
but this could only be achieved by serious compromises.
Besides limitations of the DFT method itself, the basis
set is, of course, far too small. As a result, the barrier of
~6 kcal mol™! is grossly underestimated; more accurate
calculations all give a barrier of ~15-20 kcal mol™!
[19,41,42]. As part of the present study, we have also rede-
termined the transition state: at the level of CCSD(T)/cc-
pVTZ//MP2/cc-pVTZ [52] the barrier is 18.8 kcal mol .

We are fully aware that the compromises in the dynam-
ics calculation are severe and may even question the rea-
sonableness of the study. However, the following test
gives some reassurance: 200 configurations have been taken
from the tautomerization trajectory around the TS and the
energy in each point was recalculated at higher levels of
theory, using larger basis sets and including electron corre-
lation in form of the second-order Moller—Plesset perturba-
tion theory (MP2). Two of these results are compared with
the original one in Fig. 5. The various plots, while being
obviously different, agree in their basic features. This
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Fig. 5. Following the tautomerization trajectory at various levels of
theory. To bring the three graphs together, energies are shifted. a (red)
- the original B3LYP/3-21G results, E + 468; b (green) - B3LYP/6-31G™;
E + 470.606; ¢ (blue) - MP2/aug-cc-pVDZ, E + 469.416. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

proves that the trajectory obtained in the lower-level simu-
lation is basically correct and reflects a realistic mechanism
of the proton transfer.

4. Conclusion

Tautomerization of cytosine, as mediated by one water
molecule, has been studied by extensive Born—-Oppenhei-
mer dynamics calculations. In the model used, the potential
surface is determined on the fly by ab initio (DFT) quan-
tum chemistry, while the movement of the atoms is
described classically. Of several hundred randomly started
trajectories, one trajectory was found to lead to tautomer-
ization. Details of the atomic movements show a concerted
process, with no intermediate state. The primitive changes
are the rupture of the Ng—H;3 bond and the formation of
N3;-H;s. These motions are strongly coupled so that the
changes occur practically simultaneously, in a fast, syn-
chronous process.
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