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Appendix
A. Superposition state of an asymmetric double-well system in vacuum

Let us consider an asymmetric double-well system with two local minimum states|0)and |1)for
the wells 0 and 1, respectively, in vacuum (Figure S2 (a)). For an unperturbed system, we define
the Hamiltonian operator as Hy . The eigenstates are |0)and |1) with respect to the atomic orbitals
and their eigenvalues are Eg and E;. The approximate solution 1) = ¢9|0) + ¢;|1), corresponding
to the molecular orbital, of the double-well system satisfies the Schréodinger equation

Hy = Exp (A1)

where H = Hy + Hy, H; is the external perturbed Hamiltonian operator, and F is the



eigenvalue. In order to solve the mixing coefficients ¢y and c¢;, we multiply both sides of Eq.(1)
with|0) and |1), and integrate the coordinate from — oo to co. Then, we can obtain

H + H =F
00 €0 01 C1 Co (A2)
Higcg+Hi1e1=F
where H;; = [(i|H|j) dz, (iand j =0, 1), [(0[0) do = [(1|]1) dz =1 and [(0|1) dz ~ 0. Equations
(A2) are a set of the secular equation with two variables (¢p and c¢1). The coefficients are Hyy =
E(), FEi1 = El, and H01 = H10 = —V(V > 0)

Based on an asymmetric double-well system with two distinct Ey and Ej(Figures S2(a)),
Eq.(A2) can be rewritten as

Ey—F -V leo| _ 0
-V E,—FE| ||

Typically, (co,c1) # (0,0), the determinant of the 2 x 2 matrix is vanished, and the eigenenergies
are K= Fy = % + \/(%)2 + V2, where E_ and E are the energies for the ground

state and the excited state, respectively (Figure S2(b)).

The ratios of population at the ground state and at the excited state are

VAZLV2 _ JAZ V2 _
wand(%) By — VA2HVZ WhereA:%andEav—%.

(£) = o = =
co /ground excited % )

Then, the excited state and the ground state are 1, = cos(g) e~i% |0) + sin(%) eis |1) and ¢_ =

—sin(9) e~i% |0) + cos(9) ei |1), respectively, where tan 0 = |V|/A and V = |V]e®.

Furthermore, let us apply this double-well system to the H-bond, i.e. N-H ... O, in vacuum,
and adopt the atomic orbitals from N and O atoms as |0) = ¢y and |1) = . Initially, the
proton is located at the |0) state close to the N-atom. We here define the initial state at ¢ = 0

as ¥(0) = 10) = et [cos(g) vy — Sin(%) ¥_] . The time evolution of the state follows

-Ht

P(t) = U(t,0) $(0) = e 4(0)

4 B B
= ¢'% [cos(g) e by — sin(g) e i P_] (A3)
= Co|0> + C1|1>
where
E_t . E_
co = (cos (g) et —|—sin2(g) e’ Tt) (A4)



and

= %cos(&) €l (et T — e ) (A5)

are complex amplitudes and satisfy the relationship |co|? +|c1]|? = 1 . This proves the superposition
state of qubit.

B. Superposition state of an asymmetric double-well in solution: spin-boson model

Let us consider a simplified double-well system embedded in solution by using the spin-boson
model in which the spin part denotes the H-bond system and the bosonic part mimics the solvent
degrees of freedom. The total Hamiltonian operator of this model is then given by

H=Hg+ Hg+ Hgp

1 1 IR R R
_—§hA0 Jg;—i-ie Jz—i—; T bgby—i-az Z; Cy (by—i-bfy)

and

Ho=Hs+ Hp

1 1
HS:—§hA00m—|—§eoZ
Hp = hwy blb,

ol

HSB = 0y Z C»y (B»Y—FZA)L)
Y

where the sum is based on the bosonic modes. Here, the parameter e denotes the energy difference
between the ground-state energies of the states localized in the two wells without tunneling, and
Ag indicates the matrix for tunneling between the two wells (Figure S2 (c)). The o,,0, and o,
are Pauli operators while IA)L and IA)7 are the creation and annihilation operators acting on the v th
bosonic mode of the heat bath and they obey the relationship [IA)V, 3}} = 0,5. The ¢ is the coupling
strength between the v th bosonic mode and the wells. The dynamics of o, depends on the ratio
of hAg/e. The eigenvalue of Hg is By = +1+/€? + (hA¢)2. Here, |1) [T, lgy1)and |0) T, |gy0) de-
note the ground states in the separated right and left isolated local minimum, respectively. Note
that [], [gy), i = 0 and 1, indicates the ground bosonic states in the well 0 and 1. To estimate
the degree of population for each atomic eigenfunction |[0)and |1) in the molecular eigenfuncti-

on ¢ = e|0) + f|1), we adopt the ratio (g) , which satisfies the population in the ground state
2 2 /2 2
and the excited state as (%)ground = %ZAO) and (%)ezcz‘ted = —%ZAO). Then, the excited

state is ¢y = cos(§) e~i% 0 I, lgy0) + sin(9) ¢i 1) I, lgy1) and the ground state is ¢— =
— sin(9) e~i% 0)IT, lgy0) + cos(9) ¢i D IL, lgy1) , where tan® = hAo/e and hAg = |hAg|e™®
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or ¢ = 0. By applying the spin system to the H-bond N-H. .. O in solution, the atomic orbitals of the
N and O atoms are denoted as |0) = ¢y and |1) = Y. Initially, the proton is located close to the
N-atom. We here define the initial state as Us(0) = [0) [, |gy0) = [cos(8) 4 —sin(§) ¥_] at t =0
and solve the Schrodinger equation of the time evolution of state Wg(t ) Uo(t,0) Ur(t,0) Ug(0),
where ‘S’ means Schrodinger picture and ‘I’ indicates the interaction picture. By using the expo-
nential of Pauli identity ¢ = (04, 0y, 0.) and exp(i 0 ¥ - &) = cos(0) o9 + i sin(f) v - &, where oy
= identity 2 x 2 matrix, we obtain

Ui(t,0) = exp, [~ [o dr Vi(7)]

— con) o0+ i) (A, + 2, 4 S,
= evolution operator in the interaction picture

and

Uo(t,0) = exp+[% ft dr Hy(7)]
= e DX Bby [eos(A) og + i sin(M) (22 oy + 720)]

where \ = % A2 + (£)2. Then, we have the superposition state

Us(t) = co |0) + 1 |1) (A6)

where |0) = [ﬂ and |1) = [(1)}, and

co =€’ t L BLBV{COS()\ t) (cosk — i sink C:t))
C(t)
(cosm —i sink T) (A7)

h
+1 H’vO

— i sin(At) |

€
2 A

Ay B(t)
—i—ﬁm nk (——=

e =t 2y ETVEV{COS()\ t) sink (B’it) +1 A/it))
+ 4 sin(A t)[(— ) (cos&—z sin Kk @) (A8)
B(t)

n Kehsinfﬁ (=t AS))]}l;[ |970)

51n(w t)  sin((wy—2M\)1) in((wy+2M\)t) 7 /71 7
Alt) = 5 X, oy {[E2lnt) — sinflen 200 _ sinflen 201G+ 5,)

. rcos(w )71 cos((wy—2X) t )— cos((wy+2X) t)—17 /71 7 Age
I ey S ro>y - + oy 1y =0y} 538
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cos((2A—w. -1 cos((2\ 4w 14,0 ~
. rsin((2A—w~ )t sin((2A 4w~ )t ot ~
+i ] 2(((2/\7w3)) L+ éémwﬁ () - by)}

in(w in((w~y—2X in((w A 7 7
C(t) = =55 2 eo{[® Lft) +° 2((&1—22»”) +° 2‘&;;_%;“](1;@ +by)

. rcos(w~t)—1 cos((wy—2A) t )—1 cos((w~+2N) t)—17,7 7
| B 0ot | et 01y, )

sin(w~t sin((w~y—2A)t sin((w~y4+2A)t)1/71 2
—a5 2 coAl L(uf - 2((&17»)) L 2(((w;/+2/\)) (0 +b,)

. rcos(w~t)—1 cos((wy—2A) t )—1 cos((w~+2N) t)—17,7 7 (S)Q*AQ
— i (of;) + ((2(1;7_2&)) + ((2(2;2&)) J(BL — by)}

k= /A(t)2+ B(t)2 + C(t)2.

In the weak coupling limit by taking ¢, — 0, the equations (A7) and (A8) are with respect to
the equations (A4) and (A5), while setting E,, = 0. Here ¢y and ¢; are complex numbers and are
temperature dependent. Wg(t) satisfies the superposition state of qubit.



Table S1: Table 1. Structures of the nucleotide base pairs and the definition of the H-bonds and
states.
nucleotide | structure H-bond state
DD
N6—H1---04 AT
AT ANt NsT
DA
N6—H1.--04 AT
ANTZHaN3T
DNA AD
N6---H1—04 AT
ANT 2= NsT
AA
N6---H1-04 AT
ANTZHaNaT
N8 | Do peNACe
0% H3_N2 DDDgna-ca
NG | o
O2—H3--N2 DDApna-cG
CN47H1-~~06G DADpna-ca
N3—H2--N1
02--H3—N2 DADgNya-cG
NG | e
02— H3-.N2 DAARNa-cG
N4---H1—-06 ADDpna-cG
N3.--H2-N1
COZ---H37N2G ADDRNa-cc
N | Apalee
02— H3.-N2 ADARNa-cG
ONET GG | oA
RNA O9Ha N7 AADgNA-cG
ONEE 0 | e
02— H3--N2 AAArNa-ca
DD
N6—H1--04 AU
AU ANT - N3U
DA
N6—H1---04 AU
ANiZm2n3U
AD
N6---H1-04 AU
ANT - N3U
AA
N6---H1—04 AU
ANT H2N3U
DD
06---H1—-N3 GU
G h2-02U
DA
06---H1—N3 GU
Gy He—03U
AD
O6—H1--N3 GU
GNi—H2-02U
AAcu

O6—H1---N3
GN1-~~H2—02U




Table S2: Table 2. Energy barrier for proton transfer in the nucleotide base pairs.

state vacuum (kcal mol~!)  solution (kcal mol~1)
base pair initial final AGp AG 4 AGp AG 4
DNA
_ AD 37.15 1.35 34.47 4.26
A=T DDar DAur 18.22 4.26 16.95 7.17
ADDpna—_ca 23.91 2.25 26.64 2.47
cC=G DDDDNA—CG DADDNA—CG 28.03 4.76 20.51 10.17
DDApNna—ca 33.42 1.59 29.45 4.76
RNA
. AD ay 36.62 1.72 35.02 4.23
A=U DD av DAy 20.14 4.55 17.96 8.41
ADDpNA_cG 26.61 1.72 98.44 2.96
C=aG DDDgryna—ca DADpna—ca 24.82 4.63 20.43 9.82
DDApxa_cc 34.24 1.42 30.22 5.15
_ ADqy unstable unstable 25.68 1.20
G=U DDau DAcu 24.28 5.36 24.20 5.35

Table S3: Table 3. Truth table of the DNA-CG nucleotide base pair with the phosphate group
charge (-1, -1) in the three spin states.

spin state
singlet triplet quintet
« 15} Q B8

(Iy) L) L () ) L

in out out out
state X y 2z z’ z’ z’
DDApna-ca 0 0 O 0 0 0 0 0 #0 1
DDDpna—ca 0 0 1 1 #£0 0 1 0 #0 1
DAApNa-ca 0 1 0 0 0 0 0 0 0 0
DADpna_ca 0 1 1 1 0 0 0 0 #0 1
ADDpna-ca 1 0 0 0 0 #0 1 0 0 0
ADApNA_ca 1 0 1 1 0 #0 1 #0 # 0 1
AADpna-ca 1 1 0 1 0 #0 1 0 0 0
AAApNna_ca 1 1 1 0 0 0 0 0 #0 1

logic gate
Toffoli none none




Table S4: Truth table of the DNA-CG nucleotide base pair in the singlet state.

Phosphate group charges (left, right)*
(0,0) (0,-1) (-1,0) (-1,-1) (0,-2) (-2,0) (-1,-2) (-2,-1) (-2,-2)

=
o
=
-+

state

DDApna-ca
DDDpna-ca
DAApNa-ca
DADpna-ca
ADDpna-ca
ADApna-ca

AADpNa-ca
AAApNa-ca

e e e === e M el
— 0 O RO O
—_— O = O = O~ O|IN
e e e N N S )
SO OO O o oo
R O, O R KRR
O = = O = OO
ooooowooN\
OO RO OOoOo
OO = OO~ FEO
SO OO O o oo
=l elelleoBell S o)

logic gate
none none none Toffoli none none none none  none

*distance d(Ny....0g) = 2.835 A.



Potential Energy (kcal/mol)
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Figure S1: Potential energy of proton transfer. The systems are (a) in vacuum and (b) in the
aqueous system; the nucleotide base pairs are (1) DNA: A=T, (2) DNA:C=G,(3)RNA: C =G,
(4) RNA: A=U, and (5) RNA: G=U. T1, T2, and T3 indicate the transfer process for protons Hy,
Hs, and Hs, respectively. All proton transfer potential surfaces contain an asymmetric double-
well. AGp ( AGa) is the barrier height from the donor state (the acceptor state) to the barrier
top and it is much larger than the thermal energy kT at room temperature. When the residue
pairs are in aqueous solution, it is explicitly shown that AGp ( AGy) is increased. Under such
high energy barriers, there is a distinct separation between the donor state and the acceptor state,

where the donor (acceptor) state can be defined as either |0) (|1)) or [1) (]0))

. In Appendix,

Eq.(A3) shows the superposition of the two states |0)and |1) , and then the qubit state can be

obtained.
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Figure S2: Energy level diagram and asymmetric double-well system. (a) The energy level diagram
for the two-level system in vacuum. (b) An asymmetric double-well system with two eigenener-
gies E_ and E. of the molecular orbital in vacuum. The double-well local minima are labeled
as |0) and |1). (c) An asymmetric double-well system for the spin-boson model in solution. The
two states |0) and |1) are described by the spin Hamiltonian and the solvent degrees of freedom
is depicted by the boson Hamiltonian. The energies Ey and E; correspond to the ground states of
the two-well state, |0) and |1), respectively.
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Figure S3: TS (left, in black) and DOS (right, in blue) of the nucleobase pairs. (al-a3) AT, (b1-b3)
CG, (c1-¢3) AU, and (d1-d3) GU. The truth tables are summarized in Table 1.
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Figure S4: TS and DOS for the AT nucleobase pair. (a) TS, (b) DOS, (c) molecular orbital (MO)
analysis for HOMO and LUMO, where the charge separation is clearly shown between HOMO and
LUMO, (d) atomic orbital (AO) analysis. The 2py, 2py, and 2p, orbitals are shown for the N-atom
and O-atom. It clearly shows the overlap of the 2p, orbitals.
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Figure S5: Spin effect on TS (left, in black) and DOS (right, in blue) of the nucleotide AT base
pairs at the (L-phosphate, R-phosphate) charge (-1, 1). The spin state is (a) the singlet, (b) the

triplet and (c) the quintet in which the spin up (down) is colored black (red). The truth tables are
summarized in Table 2.

13



(@ Y T T T ™ o0 T e
05F | - 250 <250
0.0f M in a5
1.0} 4 500 1500

=

L05F 4250 250

2

EO00F H0 @ 0w

E 1.0fF 4 500 2 500 8

=05f {20 250
0.0 == o 1o
1.0F < s00 4 500
05 250 250
0.0F = o 1

-6 6 6

©
10 4 500
05 250
0.0 Ho
1.0k < 500

H
S05F 250
200l & 0 &
£00 E ]
Z10F Jen 8
H
S05F 250
00 =l Jo
1.0} 500
05 250
o0f b Jo
-6 6
(©)
Lo 500
0.5 - 250
0.0 40
1.0} 4 500
=
205F 250
%
E 0.0F 40 @
Z10F P
£
=050 lan
0.0 1°
LOF - 500
0.5 250
0.0 40
-6 6
® " Jm Jom
ar
05F I * - 250 250
0.0 e |  J
1.0F DA 150 1 500
= ar
205 - 250 250
£oof L 0
|-Bd * n n h T T | é 0 E
E 1.0 AD,, ] 500 2 500 2
= 05F J - 250 250
0.0 A —— J° 1°
10F AA 4 500
At
05F - 250 - 250
0.0 = :I n N I n e 1°
6 4 2 0 2 4 6 E 6
E-E, (V) E-E, (V)

Figure S6: Charge effect on TS (left, in black) and the DOS (right, in blue) of the AT nucleotide
base pair. The (L-phosphate, R-phosphate) charges are (a) (0, 0), (b) (0, -1), (c) (-1, 0), (d) (0,
-2), (e) (-2, 0), (f) (-1, -2), (g) (-2, -1) and (h) (-2, -2). The truth tables are summarized in Table
3.
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Figure S7: NBO charge distribution of the nucleotide AT base pair. The (L-phosphate, R-
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M1(2) group, where the subscript L(R) denotes the left (L) and right (R) sides of the AT base
pair.
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Figure S8: Spin effect on TS (left, in black) and the DOS (right, in blue) of the DNA-CG nucleotide
base pairs at the (L-phosphate, R-phosphate) charges (-1, 1). The spin state is (a) the singlet, (b)
the triplet and (c) the quintet in which the spin up (down) is colored black (red). The truth tables

are summarized in Table S3.
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Figure S9: Charge effect on TS (left, in black) and the DOS (right, in blue) of the DNA-CG
nucleotide base pairs. The (L-phosphate, R-phosphate) charges are (a) (0, 0), (b) (0, -1), (¢) (-1,
0), (d) (0, -2), (e) (-2, 0), (f) (-1, -2), (g) (-2, -1) and (h) (-2, -2). The truth tables are summarized
in Table S4.
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Figure S10: NBO charge distribution of the DNA-CG nucleotide base pair. The (L-phosphate, R-
phosphate) Charges are (a) (Oa 0)7 (b) (07 '1)7 (C) (_17 0)7 (d) (Oa '2)7 (e) ('27 0)7 (f) ('17 '2)7 (g) (_27
-1), (h) (-2, -2) and (i) (-1, -1). The regions are divided into the Auy,g) electrode, the interfacial
SpL(r) atom, the phosphate Ppg) group, the deoxyribose Ryg) group, and the L(R)-nucleobase
M1(2) group, where the subscript L(R) denotes the left (L) and right (R) sides of the DNA-CG
base pair.
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Figure S11: TS (left, in black) and DOS (right, in blue) of the RNA nucleotide base pairs. (a) AU,
(b) GU and (c) RNA-CG. The spin state is the singlet state, and the (L-phosphate, R-phosphate)
charges are (-1, -1). For GU base pairs, there is no T'S(D.) peak and no qubit states.
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Figure S13: The molecular junctions and TS along the same strand. (a) The parallel stacked AC
nucleobases and stacked GT nucleobases. TS of (b) the eclipsed AC nucleobases, (c) the eclipsed
GT nucleobases, (d) the staggered GT nucleobases, and (e) the shifted GT nucleobases.
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Figure S14: Molecular junctions and T'S of DNA. (a) Electron transfer pathway in DNA. There are
6 possible pathways. (b) Molecular junctions and TS for paths in (a). The conductance of each
deoxyribose and ribose group is zero; however, when it is combined with the phosphate group, it
can conduct electrons.

21



(a3) [

Transmission

(a4) oF

Transmission

Potential Energy (kcal/mol)

15

45

30

15

L5 oK1

OE2

Ser,

.Glu

178" 184

[ Glu.Lys, d(NZ..OE1)=299A[ Ser,...Gluj,, d(0G..OE)=2.74A

o L 1 L 1 _F | N 1 L 1

Ha2) Hb2)

L .Glu,,,

™ Glujr...Lys,

o 1
1.0 2.0

0.6 |-
04
02}

0.0 |
Lo

08|
0.6 |
04|
0.2
0.0 |

1 L.

0.5
DGlu':_h,..L_va“
0.0 |
-05F
=10 |
; ; ; i
Lof
e A(;Illm...Lys“ “
00 s :
st m
-1.0
A . ) .
-6 -4 -2 2 4

0
E-E, (eV)

1000
800
600
400
200

0
w0 =

300
600
400
200

0

1000

500

-500

1000 %
=
1000

500

=500

1000

Transmission

Transmission

22

Gl“ls4

St

-2

1]
E-E, (eV)

1000

800

600

400

200

q0
Tooe <

500
600
400

200

1000
500
0
-500

-1000

1000 g
500

0

=500

-1000

Figure S15: PCET of the amino acid pair: (a) Gluyss...Lysgr structure and (b) Serizs...Glujg,
structure. The proton transfer potential energy surface is (al and bl) in vacuum and (a2 and b2)
in aqueous solution, TS of (a3 and b3) the singlet state and (a4 and b4) the triplet state in which
the spin up (down) is colored by black (red).
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Figure S16: Pulse signal vs MD time. (a) Pulse outputs of the H-bond distance changes in the
nucleotide base pairs C3—Gag2, G4—Ca1, A5—T9p, A¢—T19 and T7—A 5. (b) Pulse outputs of the
distance between the stacked nucleobases Ai1g—T1g, T19—T9 and T9g—Cs1. Each nucleic acid
sequence shows a distinct signal pattern.
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