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Architecture of DNA
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Outcome Including Potential Applications

1. Biological relevance
Generation of damage and mutations
Implications in aging, several types of cancer and 
diseases such as arteriosclerosis

2. DNA-based molecular technologies
Detection of DNA and electrochemical 
sequencing techniquessequencing techniques

3. Nanoelectronics
DNA as a molecular wire in mesoscopic electronic devices 

4. Chemistry
Possibilit of doing "chemistr at a distance“

Molecular computing

Possibility of doing "chemistry at a distance“
Possibility to detect anomalies in the base pair stack



Biological Significance: Radiative Damage
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Charge migration and sequencing 
techniquesq

DNA flow

DNA chip

DNA chips are patterned with many short snippets of
single-strand DNA, each with a different sequence of
bases When DNA has been extracted from a cell forbases. When DNA has been extracted from a cell, for
example, and labelled with a fluorescent marker, it will
only bind to the fragments that have exactly the right
genetic code. Currently the chips are read out optically
by searching for the fluorescent markers but theby searching for the fluorescent markers, but the
electronic properties of DNA can be exploited for this
purpose as well.



Molecular Detection and Diagnosis Device 
Based on Electrically Wired Single DNA

An array of different DNA probes 
hybridized with target DNA

Rapid screening based on 
conductance measurementhybridized with target DNA conductance measurement



Nanoelectronics: M-DNA

Replacement of imino proton by Zn2+ Co2+ and Ni2+

GCAC

Replacement of imino proton by Zn2+, Co2+, and Ni2+

Energy gap

Interelectrode spacing: 10 μm

Length of DNA fibers:    15 μmg μ

A. Rakitin et al. Phys. Rev. 
Lett. 86 (2001) 3670



"Chemistry at a Distance"

Reaction Reaction 
sitesite

Site Site 
of generationof generation



Energetics of Bases and Base Pairs

A, I=8.53 eV T, I=9.14eV

A.A.Voityuk, J. Jortner, M.Bixon, and N. Rösch, Chem. Phys. Lett. 324, 430 (2000)

, ,

More recent data for More recent data for 
nucleotide tripletsnucleotide triplets

AT pair, I=8.22 eV
K. Santhilkumar, F. C. Grozema, C. F. Guerra,
M. L. Bickelhaupt, F. D. Lewis, Y.A. Berlin,
M.A. Ratner, L.D.A. Siebbeles, JACS 127,
14894 (2005)

G, I=8.01eV C, I=9.09 eV
( )

NeighboringNeighboring basesbases inin tripletstriplets doesdoes
notnot affectaffect thethe hierarchyhierarchy ofof
ionizationionization potentialspotentials

G<A<C<T

pp

GC pair, I=7.76eV



Stack Structure and Energy Profile

H. Sugiyama, I. Saito, JACS 118, 7063 (1996)
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solvation (Beratan et al 2002) and  the solvation (Beratan et al 2002) and  the 
effect of flanking nucleobases (Berlin, effect of flanking nucleobases (Berlin, 
Siebbeles, Ratner et al 2005) are Siebbeles, Ratner et al 2005) are 
taken into accounttaken into account

GG doublets and GGG triples 
are traps for traveling holes

So, G bases are resting sites 
for traveling holes



Hole and excess electron states in the 
DNA energy landscape gy p
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Elementary Processes on Stacks of Base Pairs

Hole generation
• Intercalated hole injectors (Barton)

Trapping
Intercalated hole injectors (Barton)

• Covalently attached hole-injecting 
chromophores (Schuster)

• Nucleobase analogue acting as a hole-
donating species (Fiebig, Zewail et al., 

AT bridge

+
Geacintov et al.)

• Site-selective generation of holes (Giese, 
Michel-Beyerle)

Hole transition between resting G

G G G GH2O

Side reaction with waterHole transition between resting G 
states

AT bridge

Side reaction with water

AT bridge

+

AT bridge

G G

+

AT bridge

G G
H2O

G
H2O

G



Theoretical Methodology

Macroscopic level: Theoretical 
analysis of charge migration

Microscopic level: Quantum chemical 
calculation of parameter controlling theanalysis of charge migration 

within the model of sequential charge 
hopping

1/ 22 2( )V G λ⎛ ⎞ ⎡ ⎤Δ +

calculation of parameter controlling the 
rate, W, for elementary hopping step

G   T   G   T   T   G
C   A   C   A   A   C

2 2( )exp
4B B

V GW
k T k T
π λ

λ λ
⎛ ⎞ ⎡ ⎤Δ +

= −⎜ ⎟ ⎢ ⎥
⎝ ⎠ ⎣ ⎦h

Description of charge transport in DNA and its 
iti it t i t hsensitivity to mismatches



Issues

Steady-state experiments

Their theoretical analysisy

Information available from steady-state studies

Time-resolved measurement

Estimates of rates for elementary process

The effect of conformational dynamics on the rates  



Experimental Approaches

1. Hole transfer through AT bridges
Observable: the damage ratio φ'=P /P

G•+

C
T
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Observable: the damage ratio φ =PGGG/PG
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Information: dependence of hole transfer
efficiency on the AT bridge length

2. Hole transfer through bridges with AT and GC
Observable: the damage ratio φ=PGGG/ΣPGi

T TTG•+ T G G GGT
A

T
A

T
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C
T               
A

G G G
C C C
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Information: distance and sequence dependenceq p
of hole transfer efficiency



Key Theoretical Problem

1. To propose a mechanism and a minimal description of hole
transfer through AT bridgestransfer through AT bridges

2. To formulate a kinetic model for hole transfer through sequencesg q
of AT and GC base pairs

3. To predict the efficiency of hole transfer in DNA



Minimal Theoretical Description of Hole 
Transfer through AT Bridgesg g
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Hole
energy

K. Senthilkumar et al, J. Am. 
Chem. Soc. 127, 1894 (2005) 

A. A. Voityuk, et al, J. Phys. 
Chem. B 104, 9740 (2000); 
Chem. Phys. Lett. 324, 430Site0 46 V

εAT = 0
C e ys ett 3 , 30
(2000) 

SiteεGC ~ -0.46eV



Mechanism of Individual Hopping Steps

Thermal Activation:The (AT)n bridge

Yu. A. Berlin, A. L. Burin and M. A. Ratner,
Chem. Phys. 275, 61 (2002)

2b

Tight-binding band
E = [(2b)2+εG

2]1/2-2b ≈ 
0.24eV

Wth~exp[-E/(kBT)]

on 2b

A
ct

iv
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io

Tunneling:
W ~exp(- βL)

εεGG is the difference of ionization potentials for AT and GCis the difference of ionization potentials for AT and GC

Activation energy, E
[(2b)2+ εG

2]1/2

m
al

Wtun exp(- βL), 
β=(2/a)ln[x+(1+x2)1/2],
x=εG/(2b)
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C
G
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W W W
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Comparison of Theory and Experiment
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Kinetic Modeling
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Regular Sequences

k0,1=km k1,2=km kN-1,N=km

G•+AT…TGAT…TG... AT…T GGG
C TA ACTA AC TA A CCC

For comparison, 
superexchange yieldsC  TA…ACTA…AC…TA…A CCC

m m m

R

p g y

~ exp( )Rφ β′ −

00     
)1(

γγ
φ

R
Lk

R
kma mm =+=′

is  the length of elementary hopping stepL 



Comparison with Steady-state Experiment

Experiment: E. Meggers, et al, J.Am.Chem.Soc. 120 (1998) 12950;   B. Giese, et al,  Angew. 
Chem.,  Int.  Ed. Engl. 38 (1999) 996
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Influence of Mismatches on Hole Transfer: 
Experimental EvidencesExperimental Evidences

• No effect if there is a mismatch in
the AT bridgethe AT bridge

Damage Yield PGGG:

• Efficiency of charge transfer
decreases if there is a mismatch at
G site

B. Giese and S. Wessely, Angew. Chem. Int. 

(H is a vacancy on strand)

Ed. 39, 3490 (2000).



Ionization Potentials of G Paired with 
Different  Nucleobases
Y.A. Berlin, I.V. Kurnikov, M.A. Ratner, in press

AT

CG

AT

TGCG

AT

TG

AT

Ionization Potential:
Electron coupling:

7.31 eV 7.74 eV
5.8 10-3 eV  for G1TG2
1.4 10-2 eV  for G2TTGGG

2.1 10-3 eV  for G1TG2
3.5 10-3 eV  for G2TTGGG

Damage Yield PGGG: 68 % (theory)
68% (experiment)

21 % (theory)
23% (experiment)



Energy Profiles for Normal Base Pair Stacks 
and Stacks with a Single Mismatchg

No mismatch With mismatch
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Consequences for Hole Transport in DNA

• Unlike GC pairs, the GT
mismatch serves as a bridging
state rather than the “resting”

G2
T

+

T1
A

T2
A

state rather than the “resting”
state for holesG1

C
G2
C

G3
C

• Transition from tunneling to the• Transition from tunneling to the
regime of thermally activated
hopping

T1
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T2
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T3
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C
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C



Energetics of Excess Electron Transfer in DNA

A A Voityuk M E Michel Beyerle

C, EA= +0.36 eV T, EA= +0.28 eV
More recent data for More recent data for 
nucleotide tripletsnucleotide triplets

A.A. Voityuk, M.E. Michel-Beyerle, 
N.Rösch, Chem. Phys. Lett. 342, 231 
(2001)

ElectronElectron affinitiesaffinities decreasedecrease inin thethe
orderorder

C   T>>A>G≈
A, EA= -0.27 eVG, EA= -0.57 eV

Thus “resting” sites Thus “resting” sites 
for electrons are C for electrons are C 
and T.and T.



Excess Electrons in DNA: Steady-State 
MeasurementsMeasurements

C. Behrens, L.T. Burgdorf, A. Schwögler, and T. Carell, Angew. Chem. Int. Ed. 41, 1763 
(2002)

1 1 →→22 Photoexcitation initiates Photoexcitation initiates 
electron transfer fromelectron transfer from flavinflavinelectron transfer from electron transfer from flavin flavin 
injectorinjector to the to the thymine dimerthymine dimer

22→→33 Electron irreversible Electron irreversible 
trapped by the dimer trapped by the dimer 
subsequently triggers a subsequently triggers a 
cycloreversion (CR)cycloreversion (CR)

Observable:Observable: the yield of the cleaved DNA measured as a function of the yield of the cleaved DNA measured as a function of 
a n mber of AT pairs bet een fla in injector and the t mine dimera n mber of AT pairs bet een fla in injector and the t mine dimera number of AT pairs between flavin injector and the tymine dimera number of AT pairs between flavin injector and the tymine dimer



Yield of DNA Cleavage y vs. the Length of AT 
Bridge between Flavin (Fl) and TT Dimer

Tunneling through A bases Tunneling through A bases 
located at the same strandlocated at the same strand
Thymine TT dimer is the electron Thymine TT dimer is the electron 
traptrap



Is Electron Transfer from Flavin to TT dimer
Sequence Dependent?q p

Experiment:Experiment: S. Breeger, U. Hennecke, T. Carell, JACS 126, 1302 (2004)

Schematically denotes flavin electron donorSchematically denotes flavin electron donor

Excess electron pathwayExcess electron pathwayExcess electron pathwayExcess electron pathway

InIn general,general, electronelectron transfertransferInIn general,general, electronelectron transfertransfer
isis expectedexpected toto bebe sequencesequence
dependentdependent..
TheThe lacklack ofof thethe sequencesequence
dependencedependence inin thisthispp
particularparticular casecase isis duedue toto thethe
factfact thatthat forfor sequencessequences 11-- 55
electronelectron pathwaypathway involvesinvolves
onlyonly basesbases (T(T andand C)C) withwith
almostalmost thethe samesame EAEA valuesvalues

Yi ldYi ld 4 1 0 2 %/ i

almostalmost thethe samesame EAEA valuesvalues

Yield: Yield: 4.1±0.2 %/min
Yield: Yield: 2.7±0.2 %/min



Summary of Stead-state Studies

Accessible Information Inaccessible information
G base is a resting site for a hole, C 
and T are resting sites for an excess 
electron

The absolute rates of hole and 
electron generation, hopping, and 
trapping

Mechanisms of individual hole hops 
between two neighboring Gs 
connected by AT bridge
Charge transfer efficiency in any

Influence of DNA dynamics on 
transport of holes and excess 
electrons
How fast a hole and an excessCharge transfer efficiency in any 

sequence of Watson-Crick pairs as a 
function of the sequence structure 
and length
How far a hole can travel along the

How fast a hole and an excess 
electron can be transferred over a 
given distance

How far a hole can travel along the 
stack     

This allows to specify the 
initiation of chemistry over a largeinitiation of chemistry over a large 
distance in DNA (several 
hundreds of Å)



Issues

Steady-state experiments

Their theoretical analysisy

Information available from steady-state studies

Time-resolved measurement

Rates the elementary processes

The effect of conformational dynamics on the rates  



DNA Hairpins

F. D. Lewis, R. L. 
Letsinger, and M. R. 
Wasielewski, Acc. Chem. 
Res 34 (2001) 159Res. 34 (2001) 159

Stilbene-4,4‘-dicarboxamide linker

DNA 
Hairpin Analysis of transient absorption ofHairpin Analysis of transient absorption of 

St anion in certain families of 
hairpins yields rates of hole 
generation 

St* + G  → St- + G+

and hopping
G  → G+



Hole Transfer Rates for Short AT Bridges

2π
Marcus-Levich-Jortner equation

FCVkCT
22

h

π
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Electronic coupling V Franck-Condon factor FC

( )2/exp0 LVV cβ−≈ ⎟⎟
⎠
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⎛ +Δ
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Tk
GTkFC

B
B λ

λπλ
4

)(exp)4(
2

2/1

⎠⎝ B

βc is the falloff parameter

L is the donor acceptor

λ is the reorganization energy

ΔG is the change in Gibbs freeL is the donor-acceptor 
distance

ΔG is the change in Gibbs free 
energy driving charge transfer



Information Needed to Estimate Hopping 
Rates

El i liElectronic coupling V  
Available from quantum chemical  calculationsAvailable from quantum chemical  calculations
K. Santhilkumar, F. C. Grozema, C. F. Guerra, M. L. Bickelhaupt, F. D. Lewis, Y.A. Berlin, M.A. 
Ratner, L.D.A. Siebbeles,  JACS 127, 14894 (2005)

Gibbs free energy driving hole transfer ΔG
A il bl f th d t th li k d ti t ti lA il bl f th d t th li k d ti t ti lAvailable from the data on the linker reduction potential, Available from the data on the linker reduction potential, 
its oxidation potential, and singlet energyits oxidation potential, and singlet energy

How can the reorganization energy λ be evaluated?



Distance-dependent Reorganization Energy

To calculate λ, a molecular non-local model of solvent response is useful

Advantages:
• calculations are beyond the continuum approach
• molecular correlation length for orientation of  permanent dipoles in water can 

properly be taken into account

D. N. LeBard, M. Lilichenko, 
D. V. Matyushov, Yu. A. Berlin, 
M. A. Ratner, J. Phys. Chem. B

properly be taken into account 
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Consequences from Theoretical 
Analysisy

Estimate for the hopping rate G+→GG  through one    
AT base pair
Theory: k = 1 4 107 s-1       Experiment: k = 2 0 107 s-1Theory: kh= 1.4 10 s Experiment: kh= 2.0 10 s

Distance dependence of the rate results from
the distance dependence of electronic couplingthe distance dependence of electronic coupling  

)exp(2
0

2 LVV cβ−=

and the distance dependence of Frank-Condon factor  

)exp(~ LFC rβ−



Two Contributions to the Distance 
Dependence of Charge Transferp g
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Possible Mechanisms of Hole Motion in 
DNA A-tracts

• Polaron motion
According to Voityuk J. Chem. Phys. 122, 204904 (2005) the polar surroundingsAccording to Voityuk J. Chem. Phys. 122, 204904 (2005) the polar surroundingsAccording to Voityuk  J. Chem. Phys. 122, 204904 (2005) the polar surroundings According to Voityuk  J. Chem. Phys. 122, 204904 (2005) the polar surroundings 
should essentially suppress the formation of polaronshould essentially suppress the formation of polaron

,/ scattB τh> where scattm
e τμ =

• Motion in the tight-binding band with the width B

m
2 -1 -1

4
10  cm V se e

mB mb
μ > =

h h
�

Estimation based on experimental results of T Takada et al JACSEstimation based on experimental results of T Takada et al JACS 126126 11251125Estimation based on experimental results of T. Takada et al. JACS Estimation based on experimental results of T. Takada et al. JACS 126126.1125 .1125 
(2004) gives (2004) gives μμ =9 10=9 10--44 cmcm22VV--11ss--11

• Sequential A-hopping



General Kinetic Analysis of Sequential 
Hopping
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A-hopping vs. Superexchange
Experiment: K. Kawai, T. Takada, S, Tojo, M. Fujitsuka, and T. Majima, JACS 125, 6842 (2003);p , , , j , j , j , , ( );

T. Takada, K. Kawai, X. Cai, A. Sugimoto, M. Fujitsuka, and T. Majima, JACS 126, 
1125 (2004)

Theory: K. Santhilkumar, F. C. Grozema, C. F. Guerra, M. L. Bickelhaupt, F. D. Lewis, Y.A. 
Berlin, M.A. Ratner, L.D.A. Siebbeles,  JACS 127, 14894 (2005)

Forward A-hopping Backward superexchange

+
+

Ptz: phenothiazine
oxG: 8-oxo-7,8-dihydroguanine

hν532

Ptz+* A A A oxG Ptz A A A oxG+

Rate of ARate of A--hoppinghopping 2 1010 s-1 (deduced from transient absorption measurements)
1.8 1010 s-1 (theory)



Hole Motion through A-tracts
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Hopping Conductance
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Relationship between the Charge 
Transfer Rate and Molecular 

Conductance
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Different Mismatches Modify Energy 
Landscape for Hole Transport Differently
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Changes in DNA Conductance Depend on 
the position of the mismatch within the base 

pair sequence

MUTANT SEQUENCE
WITH CONDUCTANCE g
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Conclusions

1. The proposed model of variable range hopping adequately describes sequence 
and distance dependencies of charge transfer in DNAand distance dependencies of charge transfer in DNA

2. Analysis of the mechanism governing the elementary step of hopping motion 
shows that for short AT bridges hole transfer between neighboring G bases 
proceeds via tunneling. By contrast, hopping over longer bridges requires thermal 
activationactivation

3. These two mechanisms allow a hole to travel along the stack of Watson-Crick base 
pairs over long distances (several hundreds of angstroms)

4. The reorganization of the environment slows down hopping motion, so that a hole 
needs at least 0 1 μs to cover this distanceneeds at least 0.1 μs to cover this distance

5. Theoretical analysis shows that within the model of variable range hopping the 
rate of charge transfer and molecular conductance are interrelated. Using this 
relationship we predict that measurements of DNA conductance allow the 
detection of single mismatch. The change in conductance caused by mismatch detect o o s g e s atc e c a ge co ducta ce caused by s atc
depends on the position of “mutant” pair in the sequence and on the type of the 
mismatched base pair. Recently these theoretical findings were supported by 
experiments of N. Tao and co-workers (Arizona).

6. For hopping motion, the effect of DNA dynamics on the rate of hole transfer can be 
t k i t t b i th f th l t li t i l ttaken into account by averaging the square of the electron coupling matrix element 
over fast conformational changes
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Last but not the leastLast but not the least
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Conformational Degrees of Freedom

Rise
Shift

Twist

3' 5'
Real structure (X-ray data
for 400 base pairs):
Ri 3 2 3 6 Å

Slide

Roll
Tilt

Rise=3.2÷3.6 Å,
Shift=-1.0 ÷ 1.6 Å,
Slide=-2.4 ÷ 2.8 Å
T i t 20 41 º

5' 3'

Twist=20 ÷41 º,
Tilt=-7.8 ÷ 6.6 º,
Roll=-8.6 ÷ 25 º

5 3

Ideal structure: Rise=3.38 Å, twist=36º,
all other parameters are zerop



Charge Carriers in Dynamic DNA

The charge density of 
HOMO is shown in greenHOMO is shown in green



Is Charge Transport Conformationally 
Dependent?p

Time scale of hopping: τ h~10-8 s

Time scale of conformational motion: τm ~10-11 - 10-10 s
T. E. Cheatham,III and P. A. Kollman, Ann. Rev. Phys. 
Chem. 51 (2000) 435Chem. 51 (2000) 435

So, τ h>>τ m  and averaging over the spectral density function yields
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Is the Correction Important?
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ProblemsProblems forfor FurtherFurther InvestigationsInvestigations

• Effect of mismatches and binding events involving repair enzyme on 
h t t ( i t d l l ti f ticharge transport (more experiments and calculations of energetics 

are needed)
• Electron migration in DNA  (more experiments are needed)
• Localization of charge vs delocalization

Large polaron formation - Schuster, 1999; Conwell, 2000
Small polaron formation - Beratan, 2002
Localization of holes on individual G’s - Voityk, 2005

• Solvent response to charge motion
• Adiabatic vs non-adiabatic mechanism of charge transfer• Adiabatic vs. non-adiabatic mechanism of charge transfer
• DNA-nanopartical interfaces


