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Systematic study of carrier transfer in DNA polymers

monomer = a DNA base-pair
carrier = electron (through LUMOs) or hole (through HOMOs)
monomers, dimers, trimers, tetramers, polymers
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Aim:
easily determine spatiotemporal evolution of electrons or holes
alonga N base-pair DNA segment

Important for:
nanotechnology (molecular wires, nanocircuits)
biology (carcinogenesis, mutagenesis, damage, repair)

monomer = a DNA base-pair

systematic study of carrier transfer along
all possible dimers, all possible trimers, and

characteristic polymers, including segments taken from experiments



Physical quantities defined:

Periodic cases (period T):

maximum transfer percentage p, pure maximum transfer rate p /T

All cases (charge transfer distance d):

(4 F)
pure mean transfer rate & = t , speedu=kd

Nmean
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Introduction to DNA
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Charge transfer in DNA



From Schrodinger equation to
a Tight-Binding System of Differential Equations

Description at the base-pair level
Deaxyribonucleic Acid (DMNA)

Starting from the time-dependent Schrodinger equation:
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We analyze the DNA wavefunction into the bp wavefunctions:
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we find that the time evolution of the coefficients
A (t) obeys the following system of equations: HEEHEE
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HOMO and LUMO on-site energies of the base-pairs

- Calculated by various authors
- Used for the solution of the tight-binding system of equations

1A ) A -
e et 4 0 A 5

B-DNA base-pair A-T G-C reference
By iy —8.0 (4]
P2 4.9 4.5 [4]
| 3 B 3 35 4]
P _(78-B2) | —(B.FT7) | [T17]
e 6.4 4.3-6.3 [12,13]
B~ 3.3 3.0 4]
P —1.9 —4.5 4]

All energies in eV




Hopping parameters between successive base-pairs

- Calculated by various authors
- Used for the solution of the tight-binding system of equations
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- Successive base-pairs <~ denoted by YX Xfompf
<X ecompl
5.

120 120

Base-pair| t77 ||t ty| 3 tg| t7| t7| t2|tr| iF 100 1100
sequence | [9]] [19] [8]] [20] [21]][22] {used || [9]]| [8] |used 80 180
AA,TT | —8| 26| —25|8-17| 19(19)| 22| 20| —20|35| —29 s 1

AT 20| 55 47(74)| 37| 35| 05 0.5 S e
AG,CT | —5| 25| —50 35(51)| 43| 30| 3|35 3 5 o 0
AG BT 2| 268 25(38)| 20| —10|| 32 32 2y 1%

TA 47| 50 32(68)| 52| —sof 2 2 . [
P DA | —d 27 11(11)| 25| 10| 17 17
TC, GA |—79| 122|—160 71(108)| 60| 110| —1[35| —1
GG, CC |—62| 93|—140| 75|72(101)| 63| 100|| 20|35 20

GG 1| 22 20(32)| 22| —10||—-10] |—10

CG |—44| 78 51(84)| 74| 50| —8 —8

All hopping parameters in meV




General solution of the tight-binding system of equations

To solve the system:

dA bp(A bp(A:A—1 bp( M A+1
R = B A A+ 2 A
" Aq () T
As(t)
we define the vector matrix x(t) = ,
| An(t)
Therefore: ] , _
B e 00 0 0
{PP(51) pbp(2) ,bp(23) 0 0 0

H/L PH/L "H/L

| ‘ ' ' bp(N—'l;N—Q) _bp(}\f—1) bp(N'_l;N)
0 0 0 =i B b L
0 0 I = 0 Lp(ViN-1)  pbp(N)

H/L H/L |

eigenvalue method, the general solution is:
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u,: normalized (linearly independent) eigenvectors
A, eigenvalues.



Results for dimers

hydrogen bonds
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carrier, schematically

frequency f . jumping back and forth
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phosphate

thymine
adenine

d b f ~ 97 THz (electron)
eoxyribose f ~ 90 THz (hole)

3!
10 unique dimers, 6 made of identical monomers
periodic carrier transfer in all cases

(equations, details . .. in our articles)



1

T (fs)

Periodic carrier transfer in base-pair dimers
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Periodic carrier transfer in base-pair dimers
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Results for trimers

guanine
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32 unique trimers, 8 made of identical monomers

periodic carrier transfer for trimers of identical monomers

for trimers of different monomers the carrier movement may be

non periodic

(equations, details . .. in our articles)



Pure mean transferrate k & < |Au(t)|2> for all possible trimers.
Initially, we place the carrier in monomer 1.
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Greater sequences, polymers

guanine
3

phosphate

thymine

carrier

deoxyribose

e.g. there are 136 unique tetramers, 20 made of identical monomers

increasing the number of monomers above 3
periodicity is (generally) lost

(equations, details . .. in our articles)



Polymers
pure mean transfer rate, k

Exponential fit k = k, exp(—6d) inverse decay length 8
Power-law fit k= ko, N exponent n

Computed values
8~0.2-2A1 k,usually 1072-10"1 PHz, generally 104-10 PHz

n=17-17, k, usually 1072-10"! PHz, generally 1074-103 PHz

& probability to find the carrier at a particular monomer
<[|A;(t)[*>



Polymers transfer rates

3B C. Stnserides /Chemical Physics 440 (2014) 31-41

Table 3

Estimated k, and g of the exponental fit k= k; expi —gd) for various DNA poly mers.
DMA segment kg (PHz) (AT Correlation coefficient HJL
poly(dG - poly(dC) 0.176 + 0,007 0.189 + 0.008 0.988 H
poly(dG - polydC) 0.035 + 0.001 0.189 + 0.007 0.989 L
poly(dA }-poly(dT) 0.035 £ 0,001 0.189 + 0.008 0.988 H
poly(dA }-poly(dT) 0.051 + 0,002 0.189 + 0,008 0.989 L
GOGOGC. . . 0032 + 003 0358 # 023 04988 H
ATATAT. .. 0057 & U2 168 £ 0008 04985 H
CGOGEG. . . 0932 +0234 0871 £ 00074 0994 H
TATATA. .. 0.1 10 £ 0LD0G 0251 £ 012 0985 H
AGTGCOCAAGCTTCOA [46) (U059 £ 0U002 L6H5 £ LO0E 1.0:00 H
AGTGCCAAGCTTGCA [46] (98426) » 10~ 0197 £ 0059 0.808 L
TAGAGGTGTTATGA [49] 4306 £ 5,001 1.321 £ 0342 094938 H
TAGAGGTGTTATGA [49] 28770833 2154 £ 0085 1.0:00 L

Table 4

Estimated ky and n of the power fit k = kN for various DMA polymers.
DMNA segment k"u (PHz) i Correlation coeffcient HjL
poly(dG - poly(dC) 0.359 + 0.001 1.893 + 0.002 1.000 H
poly(dG -poly(dC) 0.072 + 0.000 1.895 + 0,002 1.000 L
poly(dA }-poly(dT) 0.072 + 0.000 1.892 + 0,002 1.000 H
poly(dA ) —poly(dT) 0.104 + 0.000 1.893 £ 0.002 1.000 L
GOGOGLE. . . 0.087 £ 0.008 3176 +0.127 0.9493 H
ATATAT. .. 0.117 £ QL0043 1.776 £ 0,035 09494 H
CLOGCG. . . 5.082 + LG619 G6.715 £ 0458 09494 H
TATATA .. 0236 + L0077 2295 + 00035 049497 H
AGCTGCCAAGCTTGCA [46] 1.383 + LB26 4487 £ 0487 09497 H
AGTGCCAAGCTTGCA [46] (22 £10) = 107* 2,176 £ 0.543 0.761 L
TAGAGGTGTTATGA [49] 46 300 +53 288 9902 £+ 1.660 0494938 H
TAGAGGTGTTATGA [49] 203.457+99.552 16708 £ 0.706 1000 L
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pOIY(dG)‘ Edge Group = first and Iast monomer C. Simserides /Chemical Physics 440 (20014) 31-41
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Beyerle, Angew. Chem. Int. Ed. 38 (1999) 996

e.g. comparison with the experiment
[48] B. Giese, S. Wessely, M. Spormann, U. Lindemann, E. Meggers, M.E. Michel-
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Hole transfer in ACGCACGTCGCATAATATTACG [bridge] GGGTATTATATTACGC.
The [bridge] is made up of TT dimers separated by G monomers.




Conclusions

A handy method to examine the charge transfer in DNA segments.

. . . illustrates the extent a specific DNA segment can serve as a
medium for charge transfer.

The temporal and spatial evolution of electrons or holes alonga N
base-pair DNA segment can be determined, solving a system of N
coupled differential equations.

As input one needs the relevant on-site energies of the base-pairs
and the hopping parameters between successive base-pairs.

The method can be applied to any DNA segment.



Conclusions
The method has been applied here (either for electrons or holes) to

all possible dimers,

all possible trimers,

various polymers,

experimentally relevant segments

The results were compared with results obtained by other workers.

Useful physical quantities defined & calculated

maximum transfer percentage p (periodic cases)
pure maximum transfer rate p/T (periodic cases)
pure mean transfer rate k (all cases)
speed of charge transfer u=kd (all cases)

where d is the charge transfer distance.



The end

Thank you !
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