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Abstract: We show that phase-coherent optical techniques allow for the detection and automatic repair of
mutations in nucleotide pairs. We demonstrate computationally that there is a laser pulse sequence that
can detect the occurrence of a mutation caused by a double proton transfer between hydrogen-bonded
nucleotide pairs and automatically repair it by converting the mutated nucleotide pair to the nonmutated
one. The specific system chosen for this demonstration is the hydrogen-bonded 2-pyridone‚2-hydroxypyridine
dimer at typical internucleotide distances, a well-established model for tautomeric acid base pairs.

I. Introduction

Hydrogen bonding between nucleotide pairs is a major factor
in the observed stability and fidelity of replication of DNA.1,2

It has been recognized for quite some time that double proton
transfer between hydrogen-bonded dinucleotides can transform
one dinucleotide pair to another, leading to loss of recognition
of the correct base pair in DNA and RNA. For example, proton
transfer in the Guanine-Cytosine (G‚C) pair is considered a
crucial part of the radiation-induced damage to DNA.3,4

The mechanism of the tautomerization of hydrogen-bonded
base-pairs, induced by double proton transfer (DPT) from one
stable configuration A to another (almost energetically equiva-
lent) stable configuration B, in either a sequential or concerted
fashion, has been extensively discussed in the literature.5-17

Control over the DPT process is a major objective, as well as

techniques that would enable the detection and repair of an
undesired tautomerization once it has occurred.18

The object of this paper is to show that control of such a
process can be achieved with optical means, usingCoherent
Control (CC)19 techniques. CC is based on guiding a material
system (employing “tailor-made” external laser fields) to arrive
at a given final state via a number of indistinguishable quantum
pathways. It has been amply documented, both experimentally
and theoretically,20-25 thatselectiVity in a host of physical and
chemical processes can be achieved by controlling the interfer-
ence between such quantum pathways. For example, inducing
constructive interference between pathways leading to the same
product enhances a desired outcome, whereas destructive
quantum interferences lead to the suppression of undesired future
events.

A complementary process, in which the material system is
guided in an adiabatic fashion along a single pathway (termed
“Adiabatic Passage” (AP)26-28), enables one to transfer popula-
tions in acompleteway from one state to another. The merging
of the two techniques, appropriately named “Coherently Con-
trolled Adiabatic Passage” (CCAP), achieving bothselectiVity
andcompletenesshas been recently accomplished.29-31
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In this paper we demonstrate by computational means that
the CCAP method enables one to both distinguish between base-
pairs residing in two energetically equivalent A and B minima,
as well as induce and control the interconversion of the system
between these two configurations. This demonstration gives rise
to the hope that we would in the future be able to detect, as
well as correct by purely optical means, undesired mutagenesis
and manipulate genomes in a sequence-specific manner.

II. Dinucleotide Pair Model System

As a vehicle for this demonstration we choose the well
studied10-12,14-16 nucleic acid base-pair model the 2-pyridone
(2PY) and 2-hydroxypiridine (2HP) dimer (shown in Figure 1)
embedded in a “pocket” of a nucleic acid. We keep the dimer
at a separation similar to that found in nucleic acids, where the
base-pair members are unable to approach each other too closely
due to their attachments to the nucleotide backbone.17 In this
way we slow the natural rate of DPT tunneling in isolated
dimers, in keeping with environments typical of base pairs
embedded in nucleic acids.

The concerted motion of the two protons during the 2PY‚
2HP tautomerization process may be described as a motion along
a linear reaction path32 connecting the two equilibrium con-
figurations A and B. This path is given as

where RBi
k denotes the three-dimensional Cartesian coordinate

vector of thei-th atom in the molecular center-of-mass frame
for the (k ) A, B) equilibrium structures. The parameter-0.825
e s e 0.825 describes the position of the system along the
reaction path, with the A tautomer corresponding tos ) -0.5,
the B tautomer corresponding tos ) 0.5, and the “transition
state” corresponding tos ) 0. This type of path is particularly
suitable for studying the transfer of light particles between two
heavier moieties,32 which are thus naturally kept immobile.

The potential energy and the molecular structures are obtained
in an ab initio way using the hybrid B3LYP density functional
(DFT) method and the valence triple-ú 6-311++G(d,p) basis
set of theGaussian98electronic structure calculation package.33

The two equilibrium configurations of the dimer are planar in

the (x,y) plane at this level of ab initio theory, and consequently
the linear reaction path from A to B is planar as well.

In addition to the in-plane motion we also consider the out-
of-plane vibration that involves out-of-phase motions of the
hydrogen atoms as the system propagates along the reaction
path.34 This out-of-plane motion is parametrized by a variable
-1 e ú e 1. Our working space is thus confined to the{(s,ú)
∈ [-0.825, 0.825]× [-1, 1]} two-dimensional part of the dimer
configuration space. This is the minimal space needed to
properly describe the dynamics of our control scheme using
the energetically lowest states of the dimer.

Our calculations yield a linear reaction path potential energy
barrier height of∼8550 cm-1. Our two-dimensional configu-
ration space model predicts tunneling times from A to B of
∼0.3 µs. Although this is still much shorter than the estimated
tunneling times in nucleic acids,35 which may be also due to
the fact that B3LYP in general underestimates energy barriers
for proton transfer, it is by far longer than the tunneling times
in the isolated unconstrained dimers where the monomers are
allowed to get much closer to one another.15,16As shown in the
following, this tunneling time is sufficiently long to allow us
to consider the localized states at the A or B minima as
“legitimate” initial or final states. Our calculated potential energy
and electric dipole surfaces in the{s,ú} space are shown in
Figure 2. The fact that there exist degenerate A and B tautomers
makes the separate addressing of these tautomers by optical
means difficult. We have overcome this difficulty using a two-
step approach: In the first step we affect thediscrimination
between the tautomers. In the second step we use the discrimi-
nation afforded by the first step to control theinterconVersion
between the tautomers. The discrimination step29-31 makes use
of the different symmetries of thex, y, andzcomponents of the
dipole moment to manipulate molecules in configuration A and
B differently. As can be seen in Figure 2, thex component of
the electric dipole is symmetric with respect toú inversion and
antisymmetric with respect tos inversion; thez component
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Figure 1. Dinucleotide dimer. The double proton (cyan) transfer takes place
between the two nitrogen atoms (green) and the two oxygen atoms (red).

RBi(s) ) 1
2
(RBi

A + RBi
B) + s(RBi

B - RBi
A) (1)

Figure 2. Potential and electric dipole surfaces of our model. Upper
panels: The two-dimensional potential energy surface (left) and the surface
for thex component of the electric dipole (right). Lower panels: The two-
dimensional surfaces for they (left) andz (right) components of the electric
dipole.
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behaves in the opposite manner; and they component is
symmetric with respect to inversion ofú or s.

III. Detection and Automatic Repair

The cyclic laser coupling scheme, which is at the heart of
the first “discrimination” step, is depicted in the upper part of
Figure 3. As shown in the figure, the laser fields inter-couple
three vibrational states of the A tautomer, as well as inter-couple
separately three vibrational states of the B tautomer. As
discussed below, we can, by controlling one overall phase of
the laser fields,29-31 excite only the|1〉B ground state to a higher
|i〉B vibrational state of the B tautomer, while leaving all the
A-tautomer states untouched.

Following this selective excitation, it is now possible to
transfer in the second step the|1〉A (ground state of the A
tautomer) population, if such exists, to a|j〉B * |i〉B B-tautomer
excited state. In this way, any population residing initially in
|1〉A is automatically converted to the B tautomer. Thus, we are
able both to detect the existence of a mutationand to repair it
automatically.

Moreover, if it is the A tautomer that we desire, we can, by
tuning the overall laser phase, interchange the process, with the
excitation of the B states switched over to the excitation of the
A states and the transfer occurring from B to A.

IV. Dynamics of Detection

We now present a numerical demonstration of the detection
scheme. As our localized vibrational states we use the three
lowest,{|1〉k, |2〉k, |3〉k}, k ) A, B tautomeric states. The two-
dimensional{s,ú} configuration space wave functions, corre-
sponding to these six localized states, are shown in the middle
and bottom panels of Figure 3. Each of the above localized states
is a superposition of an|i′〉 and an|i′′〉 vibrational eigenstate,

where|i′〉 denotes thes-symmetrici-th vibrational eigenstate,
and|i′′〉, thes-antisymmetrici-th eigenstate. Since the dimer in
our study is assumed to represent a base pair confined to a

“pocket” of a nucleic acid, we are justified in neglecting the
rotational motion of the dimer.

According to our calculations,36 the tunneling splittings
between the|i′〉 and|i′′〉 eigenstates for the first three doublets
(i ) 1, 2, 3) are 10-4 cm-1, 3 × 10-4 cm-1 and 10-3 cm-1,
respectively. These numbers imply that the interconversion times
between the|i〉A and|i〉B (i ) 1, 2, 3) localized states are roughly
150, 50, and 15 ns, respectively. The laser pulses for our two-
step control scheme, “discriminator” and “converter” in tandem,
are of total duration∼300 ps, which is much shorter than the
tunneling interconversion times, thus justifying the assumption
that the localized states are well-defined physical entities.

The “discrimination” step depends on the Rabi frequencies
associated with each pulse,Ωij ) µbi,j‚EB(t) ) Ωij

maxf i,j
l (t), where

µbi,j is the electric dipole moment for thei r j transition and
EB(t) is the electric field of the laser pulse. The time dependence
of Ωij is given by the pulse shape functionf ij

l (t), shown in the
upper panel of Figure 4 for the polarizations used.

The primary factor that allows us to distinguish between
the case where the population resides initially in tautomer A
and the case where it resides initially in tautomer B is the
phase of the product of the three (complex) Rabi frequencies
Ω23

k Ω13
k Ω12

k (k ) A, B). As shown elsewhere,29-31 by merely
changing this phase byπ we determine whether it is the A or
the B tautomeric states that are to be affected by the lasers.
Here, aπ-phase dependence originates in the different symmetry
properties of the electric dipole component of the dimer, shown
in Figure 2. Due to these different directional properties of the
dipole moments, choosing the polarization of the pulse coupling
of the |1〉k and|3〉k (k ) A, B) states to lie along thex-direction
and that of the two other pulses to lie along thez-direction,
results inΩ1,2

A ) Ω1,2
B , Ω2,3

A ) Ω2,3
B , andΩ1,3

A ) -Ω1,3
B . Hence

there exists aπ phase difference in the product of the Rabi
frequencies as seen by the A tautomer relative to that seen by
the B tautomer. The discrimination process described above is
therefore possible.

Our numerical simulations, with electric dipole matrix ele-
ments for the relevanti r j transitions being∼0.01 D and the
chosen pulse intensities yieldingΩij

max ≈ 1 ps-1, are plotted in
Figure 4. As demonstrated in the upper panel, to attain complete
population transfer by adiabatic passage, we apply the pulses
in a “counterintuitive” order.27,28By the term “counterintuitive”

(36) The vibrational eigenstates in the{s,ú} configuration space are obtained
in the Discrete Variable Representation (DVR) (for a review see ref 39)
by solving the corresponding Schro¨dinger equation with a Hamiltonian for
the generalized coordinates40 q1 ) s andq2 ) ú.

H ) 1
2

∑
q1,q2

∂q1

/ Gq1q2
(s,ú)∂q2

+ u(s,ú) + V(s,ú) (4)

Here,V is the potential energy of the ground electronic state of Figure 2
andu is the “pseudopotential”

u(s,ú) ) p2

8
∑

q1,q2

∂

∂q1
{Gq1q2

∂ln|g|
∂q2

} + 1
4

∂ln|g|
∂q1

Gq1q2

∂ln|g|
∂q2

where g is the covariant andG is the contravariant metric tensor,
respectively, given by

gq1q2
) ma

∂xba

∂q1
‚
∂xba

∂q2
, Gq1q2

) ma
-1

∂q1

∂xba
‚
∂q2

∂xba
(5)

and|g| is the determinant ofg. In the above equations, where summation
over dummy indices is implicitly understood,ma is the mass of thea-th
atom in the dimer,ebR (R ) x, y, z) are the unit vectors in the center-of-
mass molecule-fixed frame, andxba denotes the Cartesian coordinate vector
of the a-th atom in this frame.

Figure 3. Detection scheme. Top panel: The coupling scheme for the
discriminator. Middle panels: The|j〉B, (j ) 1, 2, 3) localized states (left to
right). Bottom panels: The|j〉A, (j ) 1, 2, 3) localized states (left to right).

|i〉k ) 1

x2
(|i′〉 ( |i′′〉), k ) A, B (2)
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we mean that theΩ2,3
z (t) “dump” pulse is applied before the

Ω1,3
x (t) andΩ1,2

z (t) “pump” pulses. In addition, theΩ1,2
z (t) pulse

has to last longer than theΩ1,3
x (t) pulse, and its late part be

chirped29-31 according to exp{-itΩ12
max exp[-(t - 6τ)2/τ2]}.

As shown in the lower panels of Figure 4 by employing the
above pulse ordering we can indeed discriminate between the
tautomers: At the end of the process the A tautomer is seen to
remain in the initially populated (ground) state, while the B
tautomer is transferred from its ground state to the|2〉B state.
Emptying the ground|1〉B state population, as we have done in
the discrimination step, enables us now, in a second step, to
exclusively transfer the population from the|1〉A state to the
|3〉B state.

V. Automatic Repair Dynamics

The goal of the repair scheme is that the initial population of
the |1〉A ground level is transferred to the|3〉B level. The
population at the end of the two steps is thus divided between
the |2〉B and|3〉B states, thus convertingall the population from
the undesired tautomer A to the desired tautomer B.

This is achieved via a transient excitation to two higher lying
eigenstates (shown in Figure 5) that are spaced∼1.1 cm-1 apart,
denoted,|4′〉, which is symmetric, and|4′′〉, which is anti-
symmetric, with respect to thes reaction coordinate. The electric
dipole matrix elements connecting the localized states to these
eigenstates have been calculated by us to be∼0.005 D.

The time dependence of the pulses, hence the Rabi fre-
quencies, is given for the “converter” step as,Ω1k4′ )

Ω1k4′
max exp[-(t - 11τ)2/τ2], Ω3k4′ ) Ω3k4′

max exp[-(t - 9τ)2/τ2],
|Ω1k4′| ) |Ω1k4′′| and|Ω3k4′| ) |Ω3k4′′|, (k ) A, B). All the pulses
are polarized along thex direction, andΩi4′

max ≈ 100 ps-1(i ) 1,
3).

In Figure 6 we show the time evolution of the total wave
function|ψ(s,ú, t)〉 ) c4′(t)| 4′〉 + c4′′(t)| 4′′〉 + ∑k)A,B(c1k (t)|1〉k

+ c3k(t)|3〉k) during the “converter” step, integrated over theú
coordinate

The population transfer from state|1〉A to state|3〉B is achieved
by choosing the pulses in such a way that eitherΩ1k4′/Ω1k4′′ )
-1 orΩ3k4′/Ω3k4′′ ) -1(k ) A, B).30,31We note that, as in other
adiabatic passage schemes,27,28 the |4′〉 and|4′′〉 states, though
being an indispensable part of the “converter” scheme, are never
populated during the entire process.30,31

VI. Conclusion

We find that, after the “discriminator” and “converter” steps,
all the population in tautomer A has been converted to tautomer
B. As mentioned above, by simply changing the phase of one
of the Rabi frequencies involved, we could equally well have

Figure 4. Detection scheme dynamics. Upper panel: The pulse shape
functionsf ij

l (t) for the laser fields coupling resonantly the localized|i〉k and
the |j〉k k ) A, B states. The polarization is denoted asl (l ) x, z). Middle
panels: The initial (t ) -3τ) and final (t ) 7τ) wave functions in
configuration B. Bottom panels: the same for the A configuration.

Figure 5. Repair scheme. Upper panels: The eigenfunction of level|4′〉
(left) and level|4′′〉 (right). Bottom panel: The levels considered and their
couplings.

Figure 6. Time evolution of the wave functionψ(s, t) ) ∫|ψ(s,ú, t)|2 dú
during the “converter” scheme.

ψ(s, t) ) ∫|ψ(s,ú, t)|2 dú (3)
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ended up with only the A tautomer being populated. In fact,
our method is capable of purifying a mixture in which there is
an initial population in both tautomers. In a complementary way,
our approach can be also used on thesingle moleculelevel to
identify, for a given dimer, if the ground-state configuration is
that of A or B.

In conclusion, in this paper we have introduced a phase-
coherent two-step optical method that enables the direct
identification and automatic repair of mutations arising from
the misplacement of two protons involved in the hydrogen
bonding between two nucleotides. We have demonstrated the

process computationally using the 2-pyridone‚2-hydroxypyridine
dimer. We anticipate that this novel and powerful method will
find direct applications in the detection and repair of undesired
nucleotide base-pair mutations and in sequence-specific genome
targeting for gene modification.37,38

JA053396T

(37) Oh, D.; King, B.; Boxer, S.; Hanawalt, P.Proc. Natl. Acad. Sci. U.S.A.
2001, 98, 11271.

(38) Knauert, M.; Glazer, P.Hum. Mol. Genet.2001, 10, 2243.
(39) Light, J.; Carrington, T., Jr.AdV. Chem. Phys.2000, 114, 263.
(40) Bunker, P.; Jensen, P.Molecular Symmetry and Spectroscopy, 2nd ed.;

NRC Research Press: Ottawa, 1998.

A R T I C L E S Thanopulos and Shapiro

14438 J. AM. CHEM. SOC. 9 VOL. 127, NO. 41, 2005


