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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 techniques that would enable the detection and repair of an

Hydrogen bonding between nucleotide pairs is a major factor undesireq tautome.rization once it has occutfed.
in the observed stability and fidelity of replication of DNA. The object of this paper is to show that control of such a

It has been recognized for quite some time that double proton PrO¢ess can Ee achieved with optical means, uSlogerent
transfer between hydrogen-bonded dinucleotides can transformcontrol (CC)° techniques. CC is based on guiding a material

one dinucleotide pair to another, leading to loss of recognition SYStem (employing “tailor-made” external laser fields) to arrive
of the correct base pair in DNA and RNA. For example, proton at a given final state via a number of indistinguishable quantum
transfer in the Guanine-Cytosine G pair is considered a pathways. It has been amply documented, both experimentally
crucial part of the radiation-induced damage to DRA and theoreticallyy%—25 that selectbity in a host of physical and
The mechanism of the tautomerization of hydrogen-bonded chemical processes can be achieved by controlling the interfer-
base-pairs, induced by double proton transfer (DPT) from one €Nce between SUfCh quantum pathwa%s. Forl example, wducmg
stable configuration A to another (almost energetically equiva- constructive interference between pathways leading to the same

lent) stable configuration B, in either a sequential or concerted Product enhances a desired outcome, whereas destructive
fashion, has been extensively discussed in the litertife. guantum interferences lead to the suppression of undesired future

Control over the DPT process is a major objective, as well as €VENs: o _ ,
A complementary process, in which the material system is
T The University of British Columbia. guided in an adiabatic fashion along a single pathway (termed
¥ The Weizmann Institute. wpndi ; " 2 -
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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). .

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, g
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 . -

. i . o 0H25 -0825 o 0.825
and manipulate genomes in a sequence-specific manner. s s
. . ) Figure 2. Potential and electric dipole surfaces of our model. Upper
Il. Dinucleotide Pair Model System panels: The two-dimensional potential energy surface (left) and the surface

. . . for thex component of the electric dipole (right). Lower panels: The two-
As a vehicle for this demonstration we choose the well gimensional surfaces for the(left) andz (right) components of the electric

studied®12.14-16 nycleic acid base-pair model the 2-pyridone dipole.
(2PY) and 2-hydroxypiridine (2HP) dimer (shown in Figure 1)
embedded in a “pocket” of a nucleic acid. We keep the dimer the (y) plane at this level of ab initio theory, and consequently
at a separation similar to that found in nucleic acids, where the the linear reaction path from A to B is planar as well.
base-pair members are unable to approach each other too closely In addition to the in-plane motion we also consider the out-
due to their attachments to the nucleotide backiddne.this of-plane vibration that involves out-of-phase motions of the
way we slow the natural rate of DPT tunneling in isolated hydrogen atoms as the system propagates along the reaction
dimers, in keeping with environments typical of base pairs path®* This out-of-plane motion is parametrized by a variable
embedded in nucleic acids. —1 =< ¢ =< 1. Our working space is thus confined to §1(g,0)

The concerted motion of the two protons during the 2PY € [—0.825, 0.825k [—1, 1]} two-dimensional part of the dimer
2HP tautomerization process may be described as a motion alongonfiguration space. This is the minimal space needed to
a linear reaction patB? connecting the two equilibrium con-  Properly describe the dynamics of our control scheme using

figurations A and B. This path is given as the energetically lowest states of the dimer.
Our calculations yield a linear reaction path potential energy

barrier height 0of~8550 cnt. Our two-dimensional configu-
ration space model predicts tunneling times from A to B of
~0.3us. Although this is still much shorter than the estimated

where H denotes the three-dimensional Cartesian coordinate tunneling times in nucleic acid$,which may be also due to
vector of thei-th atom in the molecular center-of-mass frame the fact that B3LYP in general underestimates energy barriers
for the k= A, B) equilibrium structures. The paramete®.825 for proton transfer, it is by far longer than the tunneling times
< s < 0.825 describes the position of the system along the in the isolated unconstrained dimers where the monomers are
reaction path, with the A tautomer correspondingte —0.5, allowed to get much closer to one anotketé As shown in the
the B tautomer corresponding go= 0.5, and the “transition following, this tunneling time is sufficiently long to allow us
state” corresponding te= 0. This type of path is particularly ~ 0 consider the localized states at the A or B minima as
suitable for studying the transfer of light particles between two ‘legitimate” initial or final states. Our calculated potential energy
heavier moietied2 which are thus naturally kept immobile. and electric dipole surfaces in tH&C} space are shown in
The potential energy and the molecular structures are obtained™i9ure 2. The fact that there exist degenerate A and B tautomers
in an ab initio way using the hybrid B3LYP density functional Makes the separate addressing of these tautomers by optical
(DFT) method and the valence tripte6-311++G(d,p) basis means difficult. We have overcome this difficulty using a two-

set of theGaussian9&lectronic structure calculation package. ~ Ste€P approach: In the first step we affect iscrimination
The two equilibrium configurations of the dimer are planar in P&tween the tautomers. In the second step we use the discrimi-
nation afforded by the first step to control theercorversion

(32) Miller, W.; Ruf, B.; Chang, Y.-TJ. Phys. Cheml988 89, 6298. between the tautomers. The discrimination $tepy makes use

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. i i
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, OT the different Symme.tnes of the Y, andz.compqnents. of the
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, ~ dipole moment to manipulate molecules in configuration A and
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, i H H
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; B dlﬁerer!tly',AS C,an be Seen, n ',:Igure 2, th@.;ompo_nent of
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;  the electric dipole is symmetric with respectiinversion and
JR.a\l/).L;Icskt’e?ain%\i,RBégBh?\ﬁ?S,hgl;' E;s';g’nekso"faAr"; lgisESrzC,I%s.l;olz\?nﬁlérJdﬁqio,rlt.l;z' antisymmetric with respect te inversion; thez component
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;  (34) The instar]taneous out-of-plane normal mode along the linear reaction path

R(9 = 2R + R + s(RP — RY) (1)

Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, is chosen in such a way that overlaps maximally withithex 932 cnt?t
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.11; Gaussian, normal mode of the equilibrium configuration A or B.
Inc.: Pittsburgh, PA, 2001. (35) Lowdin, P.-O.Rev. Mod. Phys.1963 35, 724.
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Figure 3. Detection scheme. Top panel: The coupling scheme for the
discriminator. Middle panels: Thgg, (j =1, 2, 3) localized states (left to
right). Bottom panels: Thg[4, ( = 1, 2, 3) localized states (left to right).
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behaves in the opposite manner; and theomponent is
symmetric with respect to inversion gfor s.

Ill. 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

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

According to our calculation® the tunneling splittings
between thdi'Cand|i"' Ceigenstates for the first three doublets
i=1,2 38)are 10°cm?, 3 x 104cm?! and 103 cm™,
respectively. These numbers imply that the interconversion times
between théil[4 and|ilg (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; = 7i;*E(t) = Qmaxf' i), where
tij is the electric dipole moment for the~—J transmon and
E(t) is the electric field of the laser pulse. The time dependence
of Q; is given by the pulse shape funcm’Jh\(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
Q5.Q5.0% (k = A, B). As shown elsewher®, 3! by merely
changing this phase by we determine whether it is the A or
the B tautomeric states that are to be affected by the lasers.
Here, a-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

three vibrational Stat.es OT the A tautomer, as well as inter'COUple d|p0|e moments, Choosing the p0|arization of the pu|se Coup"ng
separately three vibrational states of the B tautomer. As of the|1[; and|30 (k= A, B) states to lie along the-direction
discussed below, we can, by controlling one overall phase of and that of the two other pulses to lie along thdirection,

the laser field2?-31 excite only thg1[g ground state to a higher
lilg 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 th&A (ground state of the A
tautomer) population, if such exists, tdj& = |i[3 B-tautomer
excited state. In this way, any population residing initially in
|1[4 is automatically converted to the B tautomer. Thus, we are
able both to detect the existence of a mutatoil 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,{ |10, |24, |30}, k = A, B tautomeric states. The two-
dimensional s} 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 afi’Cand an|i"Cvibrational eigenstate,

fgw&mﬂ,

where|i'Odenotes thes-symmetrici-th vibrational eigenstate,
and|i"[Jthes-antisymmetrid-th eigenstate. Since the dimer in

lig= k=A B @)

our study is assumed to represent a base pair confined to a

14436 J. AM. CHEM. SOC. = VOL. 127, NO. 41, 2005

results inQ7, = QF, Q5 ;= Q3 andQ}, = —QF 5 Hence
there exists ar 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 relevant—— j transitions being~0.01 D and the
chosen pulse intensities yieldisg™*~ 1 ps™%, 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” orde’’28By the term “counterintuitive”

(36) The vibrational eigenstates in thig¢} configuration space are obtained
in the Discrete Variable Representation (DVR) (for a review see ref 39)
by solving the corresponding Scldinger equation with a Hamiltonian for
the generalized coordinatésy; = sandg, =

—i%%%@xmgwmo+wx)w

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

Blnlgl}
+
Zz q1q2 3q2

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

14dln|g|
4 Lol

ainjg|
4% 3q,

G

usg) =

X, 0%, 190, 99,

90, 90, Mo, w, O

and|g| is the determinant of. In the above equations, where summation
over dummy indices is implicitly understoody, is the mass of the-th
atom in the dimerg, (o = X, y, 2) are the unit vectors in the center-of-
mass molecule-fixed frame, argldenotes the Cartesian coordinate vector
of the a-th atom in this frame.

gqqu = LIt
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Figure 4. Detection scheme dynamics. Upper panel: The pulse shape

functionsf :j (t) for the laser fields coupling resonantly the localizeédand

the [jld k = A, B states. The polarization is denotedlds= x, z). Middle
panels: The initial { = —3r) and final ¢ = 77) wave functions in
configuration B. Bottom panels: the same for the A configuration.

we mean that thé};s(t) “dump” pulse is applied before the
141 andQ7 (t) “pump” pulses. In addition, th&7 t) pulse
has to last longer than tk@’l‘ys(t) pulse, and its late part be
chirped®-3! according to exp—itQ7s" exp[—(t — 67)%74}.
As shown in the lower panels of Figure 4 by employing the
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Figure 5. Repair scheme. Upper panels: The eigenfunction of Ig/él
(left) and level|4"(right). Bottom panel: The levels considered and their
couplings.
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Figure 6. Time evolution of the wave functiop (s, t) = f|y(s,¢, t)|2 dg
during the “converter” scheme.

0.825

above pul§e ordering we can indeed discriminate beMeen theQTang expl—(t — 110)%77], Qaw = ngix exp[-(t — 9)%77,
tautomers: At the end of the process the A tautomer is seen 010} 4| = |Qua| and|Qau| = |Qau], (k= A, B). All the pulses

remain in the initially populated (ground) state, while the B
tautomer is transferred from its ground state to 2ig state.
Emptying the groundl(3 state population, as we have done in

are polarized along thedirection, and;*~ 100 ps(i = 1,
3).
In Figure 6 we show the time evolution of the total wave

the discrimination step, enables us now, in a second step, tofunctionhp(s@, 0= ca(t)] 4TH ca(t)] 4" TH Tiean(Cy, (O)]10

exclusively transfer the population from th&4 state to the
|38 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 thiB@ level. The

+ c3(t)|30) during the “converter” step, integrated over the
coordinate

w(s )= [lp(sE v°dg 3)
The population transfer from staté4 to statel3[3 is achieved

population at the end of the two steps is thus divided between py choosing the pulses in such a way that eiten/Q1 4 =

the |28 and|3[g states, thus convertirall 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 spaetd cni! apart,
denoted,|4'[) which is symmetric, and4''[] which is anti-
symmetric, with respect to thgreaction coordinate. The electric

—1 0r Q34/Q34 = —1(k= A, B).3031We note that, as in other
adiabatic passage schendé3®the |4'Oand |4 Ostates, though
being an indispensable part of the “converter” scheme, are never
populated during the entire proce8s!

VI. Conclusion

dipole matrix elements connecting the localized states to these We find that, after the “discriminator” and “converter” steps,

eigenstates have been calculated by us te-8605 D.

all the population in tautomer A has been converted to tautomer

The time dependence of the pulses, hence the Rabi fre-B. As mentioned above, by simply changing the phase of one

quencies, is given for the “converter” step aQ.4 =

of the Rabi frequencies involved, we could equally well have

J. AM. CHEM. SOC. = VOL. 127, NO. 41, 2005 14437
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ended up with only the A tautomer being populated. In fact, process computationally using the 2-pyridé2¥aydroxypyridine
our method is capable of purifying a mixture in which there is dimer. We anticipate that this novel and powerful method will
an initial population in both tautomers. In a complementary way, find direct applications in the detection and repair of undesired
our approach can be also used on $hiegle moleculdevel to nucleotide base-pair mutations and in sequence-specific genome
identify, for a given dimer, if the ground-state configuration is targeting for gene modificatio#:38
that of A or B.

In conclusion, in this paper we have introduced a phase-

coherent two-step optical method that enables the direct (37) ZOO%J,DQBKHQZY? Boxer, S.; Hanawalt, Proc. Natl. Acad. Sci. U.S.A.
identification and automatic repair of mutations arising from (38) Knauert, M.: Glazer, Fdum. Mol. Genet2001, 10, 2243.

; R R (39) Light, J.; Carrington, T., JAdv. Chem. Phys200Q 114, 263.
the mISplacemem of two prqtons involved in the hydmgen (40) Bunker, P.; Jensen, Rlolecular Symmetry and Spectrosco@yd ed.;
bonding between two nucleotides. We have demonstrated the ° NRC Research Press: Ottawa, 1998.
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