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I
nterest in using deoxyribonucleic acid
(DNA) as a building block for nanoelec-
tronic devices originates from two im-

portant properties of this molecule. One
property is the ability of DNA to be orga-
nized into predictable nanometer-sized
structures in both two and three dimen-
sions. This remarkable feature has been
exploited to obtain a variety of individual
constructs including a cube-like molecule, a
DNA-truncated octahedron, DNA origami,
two- and three-dimensional crystalline ar-
rays (for review, see e.g., ref 1) and spherical
DNA.2 The successful assembling of such
molecular objects and the subsequent de-
sign, formation, and structural evaluation of
various unusual DNA motifs clearly demon-
strate that DNA has great potential as a
“bottom-up” construction material for mak-
ing nanoscale templates and machines.3�5

Anotherproperty thatmakesDNAapromis-
ing candidate for a number of applications in
molecular electronics is the possibility to con-
duct electric current6�9 transporting charge
carriers (“electronic” holes) over distances as
largeas40�200Å.10�19 This, togetherwith the
relative ease to form various constructs, en-
ables one to consider DNA as an interesting
compound for the design of nanoelectronic
circuits.20,21 For that reason (as well as for the
biological relevance), processes of hole trans-
fer and transport in DNA have been the sub-
jects of extensive research efforts over almost
three decades (for comprehensive overviewof
the field, see e.g., refs 22�25). These efforts
have shown that the stacked base pairs inside
the double helix provide the pathway for the
long-distance charge transport along a DNA
molecule, and that the motion of a positive
charge primarily generated inside the π-stack
array on a particular guanine (G) site could
usually be treated as a series of short-range
hops between neighboring Gs.18,26�30 Within
this mechanistic picture, each single G is a

stepping stone for hole transport, since this
basehas the lowestoxidationpotential among
the four native nucleobases.31�33 Thus, ac-
cording to current consensus, the process of
hole migration along stacks consisting of gua-
nine:cytosine (G:C) base pairs linked by ade-
nine:thymine (A:T) bridges is viewed as a series
of steps of variable lengths determined by the
distance, R, between neighboring Gs (the so-
called G-hopping19). Each elementary step of
this multistep motion proceeds via tunneling
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ABSTRACT

We report a computational search for DNA π-stack structures exhibiting high electric

conductance in the hopping regime, based on the INDO/S calculations of electronic coupling

and the method of data analysis called k-means clustering. Using homogeneous poly(G)�
poly(C) and poly(A)�poly(T) stacks as the simplest structural models, we identify the

configurations of neighboring G:C and A:T pairs that allow strong electronic coupling and,

therefore, molecular electric conductance much larger than the values reported for the

corresponding reference systems in the literature. A computational approach for modeling the

impact of thermal fluctuations on the averaged dimer structure was also proposed and applied

to the [(G:C),(G:C)] and [(A:T),(A:T)] duplexes. The results of this work may provide guidance for

the construction of DNA devices and DNA-based elements of nanoscale molecular circuits.

Several factors that cause changes of step parameters favorable to the formation of the

predicted stack conformation with high electric conductance of DNA molecules are also

discussed; favorable geometries may enhance the conductivity by factors as large as 15.

KEYWORDS: DNA . π-stack . step parameters . molecular conductance .
electronic coupling
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or by thermal activation. The former mechanism is
characterized by strong (exponential) dependence of
the charge transfer rate kCT on R, in contrast to the
mechanism of thermal activation, which usually exhi-
bits small variations of kCT values with R, such as a/(1þ
bR) dependence. As a consequence, the tunneling
channel is dominant for bridges with a length of at
most four A:T base pairs, while the mechanism of
thermal activation prevails for longer bridges.19,34�37

The transition from tunneling to thermally activated
hopping regime was observed not only for charge
transfer in DNA, but also for the zero-bias electric
conductance g of various molecular wires connecting
two electrodes.38�42 This suggests that the same trans-
port mechanisms govern both phenomena in DNA as
well as in other systems. Therefore it can be expected
that for a particular wire, g and kCT should be closely
related. Indeed, for a given molecule, Nitzan et al.43�45

have derived a relationship between the charge trans-
fer rate and the zero-biasmolecular conductance in the
coherent tunneling regime. Their analysis has been
extended to the particular case of hopping with equal
transition rates for all successive elementary steps.46,47

The relation between kCT and g was also obtained,
beyond this limitation, for a fairly general form of the
energy landscape governing hopping motion.48

It should be noted that relations derived in all these
cases become remarkably simple if one neglects the
distinction between the rates to depopulate the stack
of base pairs in two situations, where the same stack (i)
links donor and acceptor species and (ii) connects two
metallic electrodes. Then for sufficiently high tempera-
ture, we obtain the following numerical estimate45,46,48

g(Ω�1) � 5� 10�18kCT(s
�1) (1)

This estimate is valid when the thermal energy kBT

exceeds the difference ΔE = EFB � EBD with EFB denot-
ing the energy spacing between the Fermi level of
leads and the bridge level, while EBD is the energy gap
between the bridge and the donor state.
Equation 1 predicts that the conductance of DNA

should be sequence-dependent since the rate of the
hole transfer process was found to vary with base pair
sequences.10,13,15,49,50 For instance, in sequences con-
taining G:C and A:T pairs a hole can be transferred
between G-C base-pairs separated by more than three
A:T base-pairs via a thermally induced hopping
mechanism.19,34,35 However the hole transfer in such
systems proceeds quite slowly (<105 s�1).51�54 Cer-
tainly this limits the potential applications of DNA as a
conducting molecule in molecular-scale devices since
for stacks involving both G:C and A:T pairs, the g values
are expected to be less than 0.5 pS according to eq 1.
Although hole transfer occurs rapidly along A3Gn di-
block polypurine sequences with n = 1�19 (kCT < 2 �
109 s�1)55 and along A-tracts with up to seven A:T pairs
(108 s�1 < kCT < 2 � 1011 s�1),36,37 the molecular

conductance in these two systems remains quite
low47,56 anddoesnot exceed10nS and1μS, respectively.
On the basis of these experimental data and numer-

ical estimates, we conclude that natural DNA is a poor
electrical conductor and that itsmolecular conductivity
must be substantially improved to be sufficient for
applications in nanoelectronics. Owing to its many
possible structural manipulations, DNA offers oppor-
tunities to reach larger conductance without doping
and without invoking other methods for chemical
modifications of base pair stacks.21 Recent theoretical
studies57�62 dealing with the effects of structural
fluctuations in DNA on two key parameters controlling
the hole transfer rate (electronic coupling and site
energies) strongly support these expectations. In par-
ticular, the results of quantum chemical calculations
and molecular dynamics simulations57 suggest that
the calculated electronic coupling is very sensitive to
variations of the positions of the Watson�Crick pairs.
Since kCT for hole transfer is proportional to the square
of the coupling matrix element,35,63�65 such structural
changes can alter the transfer rates by factors of
102�108 for different reasonable conformations of two
neighboring A:T nucleobases. By contrast, weaker con-
formational dependence is predicted for both the site
energies66 and the reorganization energy67 for hole
transfer.
In this paper we develop a computational metho-

dology for searching for DNA structures with strong
electronic coupling and therefore with large mobility
of charge carriers and high zero-bias intramolecular
conductance in the regime of sequential hopping. This
methodology combines the very efficient and quite
accurate INDO/S method for quantum mechanical
calculations of electronic coupling68 with the data
analysis technique known as k-means clustering.69,70

Using this methodology, we identify structures of homo-
geneous poly(A)�poly(T) and poly(G)�poly(C) stacks
with zero-bias intramolecular conductance significantly
larger than for conventional B-DNA. Corrections of the
averaged [(G:C),(G:C)] and [(A:T),(A:T)] dimer structures
for thermal fluctuations were also calculated and are
briefly discussed. The optimal structures occurring
through thermal fluctuations suggest new structural
targets for synthesis of newDNA stackswith substantially
(5-fold or more) increased conductance.

RESULTS AND DISCUSSION

Before proceeding to the identification of dimer
structures which provide high electric conductance in
the regime of sequential hopping, one should verify
that such conductive structures of [(G:C),(G:C)] and [(A:
T),(A:T)] duplexes do exist and that they make a
significant contribution to the mean of V2. This is done
by computing the distribution of the number of dimer
structures n(V2) over the electronic coupling squared
V2. Then the number of dimers N(V2 > Vmax

2 ) with V2
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greater than a certain value Vmax
2 is given by

N(V2 > V2
max) ¼

Z ¥

V2
max

n(V2) dV2 (2)

where Vmax
2 is the upper limit of the electronic coupling

for the given subset of configurations with V2 defined
as

ÆV2æ ¼
Z V2

max

0

V2n(V2) dV2 (3)

To avoid confusion, we note that n(V2) has units of 1/V2,
so that by virtue of eq 2 N(V2 > Vmax

2 ) is the dimension-
less quantity.
An example of the distribution n(V2) for the particu-

lar case of the [(G:C),(G:C)] dimer is shown in Figure 1.
As evident from the data obtained by numerical

integration of eq 2, N(V2 > Vmax
2 ) for [(G:C),(G:C)] struc-

tures drops very fast as Vmax
2 increases. In particular, the

number of dimer configurations with electronic cou-
pling squared larger than Vmax

2 = 0.005, 0.01, 0.05, and
0.1 (eV)2 is found to be ∼20%, 12%, 1.3%, and 0.2% of
the total number of randomly generated configura-
tions, respectively. Only 12% of all dimer configura-
tions have the V2 values that exceed V2 = 0.0065 (eV)2

deduced for the reference structure.71 Moreover, since
conductance in eq 1 linearly increases with kCT while
the latter quantity is usually proportional to V2,72,73 the
zero bias g value for [(G:C),(G:C)] dimer is expected to
decrease approximately by 30% if only about 2% of all
configurations, that is, the structures with V2 g 0.04
(eV)2, are excluded from consideration (see Figure 2).
Note also that according to the data shown in

Figure 2, the average conductance should fall by a
factor of 3.5 if we neglect 10% of configurations with
the strongest (>0.01 (eV)2) electronic coupling squared
for two neighboring G bases. Thus, a remarkable
enhancement of transport properties of base pair
stacks with homogeneous sequences can be achieved
using a relatively small number of conformations with
the proper structures providing the strongest elec-
tronic coupling. Such structures of [(G:C),(G:C)] and
[(A:T),(A:T)] dimers together with the values of step
parameters will be specified in subsequent sections.

Highly Conductive [(G:C),(G:C)] Dimer Structures. To find
out how the zero-bias electric conductance g depends
on the structure of [(G:C),(G:C)] dimer duplexes in the
regime of sequential hopping, V2 (linearly related to g)
was calculated at various randomly selected twist, shift,
and slide. The scatter plot of the electronic coupling
squared versus the values of these three step para-
meters is presented in Figure 3. Twist turns out to be
smaller than 50� for all structures with strong coupling
(g0.04 (eV)2, see highlighted region). The values of
base pair translations in these structures may vary
within wide limits ranging from �1 Å up to þ3 Å for
shift and from �1 Å up to 2.5 Å for slide, excluding in

the latter case the narrow interval between 1.5 and
2.5 Å.

For further analysis, 6097 dimer configurations with
twist e50� were selected from 22 000 randomly gen-
erated structures. The average V2 over this data subset
is <V2> g 0.012 (eV)2. Thereafter the selected config-
urations were divided into 20 groups using the k-means
clustering algorithm.74

Characteristics of four representative clusters with
electronic coupling squared Vcl

2 g 0.030 (eV)2 are given
in Table 1.

The structures with the largest Vcl
2 and therefore

with the highest molecular conductance are contained
in cluster A. For that group of structures, Vcl

2 is about 0.1
(eV)2, that is, 15 times larger than the average value
ÆV2æ ≈ 0.0065 (eV)2 calculated for the reference
structure.71 In addition, clusters A, B, C, and D, have
twist angle between 9� and 27�. These values are
smaller than the twist angle 36� reported for the ideal
π stack of B-DNA,75,76 but are close to the twist of
17�20� found for PNA.77,78 Table 1 also shows that for
structures with the similar twist angles, Vcl

2 (as
expected) decreases as translations become larger
(cf. the results for clusters A and D). The configurations

Figure 1. Distribution of the number of dimer structures
n(V2) as a function of the electronic coupling squared V2.

Figure 2. Variations of the mean V2 defined by eq 3 for
various subsets of configurations differing by the upper
limit Vmax

2 of the electronic coupling squared. Numbers near
the data points are the percentage of all configurationswith
themean value of the electronic coupling squaredV2 shown
on the vertical axis.
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corresponding to cluster centroids are depicted in
Figure 4.

Highly Conductive [(A:T),(A:T)] Dimer Structures. A compu-
tational search for structures with high conductance
was also performed for the [(A:T),(A:T)] dimer. The
results of the cluster analysis obtained for the dimer
conformations with the twist angle e50� are summar-
ized in Table 2. As can be seen, the Vcl

2 values for highly
conductive structures belonging to clusters A, B, C, and D
exceed at least by 1 order of magnitude the value of
electronic coupling0.003 (eV)2 obtained for the reference
structure.79 Similar to [(G:C),(G:C)] duplexes, the config-
urations of the [(A:T),(A:T)] dimer with the largest value of
Vcl
2 (clusters A and B) have relatively small twist, less than

36� found for the ideal π stack of B-DNA (see e.g., refs 59
and 68). Note that like the [(G:C),(G:C)] duplexes, the [(A:
T),(A:T)] dimers exhibit relatively large electronic coupling
squared and hence high hopping conductance in the
cases of configurations with significant translations of
base pairs (cluster D) or with the twist ∼36� (cluster C).

In addition, the results presented in Table 2 show
that there are configurations exhibiting high conduc-
tancewith significant translations of basepairs (cluster C).
Note that unlike the [(G:C),(G:C)] duplexes, the [(A:T),(A:T)]
dimers exhibit relatively large electronic coupling in
configurations with the twist ∼36� (cluster C).

It is interesting that according to the cluster anal-
ysis, the most conductive conformations of [(A:T),(A:T)]
and [(G:C),(G:C)] dimers have similar Vcl

2 values (cf. the
data for clusters A in Tables 1 and 2). This enables one to
assume that the difference in the zero bias hopping con-
ductance along poly(A)�poly(T) and poly(G)�poly(C)

stacks is mainly due to the higher position of the
HOMO level for G than for A bases, rather than to the
distinct values of their electronic coupling. Recent
experimental data on the HOMO energy gap depen-
dence of hole transfer kinetics in DNA56 strongly sup-
port this assumption.

Corrections for Thermal Fluctuations. Although the clus-
ter analysis suggests structural regions where elec-
tronic coupling for [(A:T),(A:T)] and [(G:C),(G:C)] dimers
is larger than for corresponding reference structures,
our estimates can be quite crude because they neglect
the effect of thermal fluctuations on the values of the
step and base pair parameters. In particular, it was
assumed that base pairs in the stack have strictly planar
arrangement, with both tilt and roll angles taken to be
zero for all configurations. In addition, the rise param-
eter was assumed to remain unchanged.

Figure 3. Scatter plot of the electronic coupling squared V2 vs the values of twist (a), shift (b), and slide (c).

TABLE 1. Results of the Cluster Analysis Performed for

6097 Conformations of the [(G:C),(G:C)] Dimer with Twist

e50�. The Data Refer Only to Clusters with Electronic

Coupling Squared g0.030 (eV)2

clusters

number

of points

Vcl
2 ,

(eV)2

shift,

Å

slide,

Å

twist,

degrees

A 98 0.099 ( 0.015 0.55 ( 0.54 0.06 ( 0.32 9.9 ( 7.1
B 190 0.065 ( 0.010 1.19 ( 0.74 0.13 ( 0.49 22.1 ( 9.1
C 184 0.032 ( 0.008 2.26 ( 0.56 2.14 ( 0.56 26.7 ( 6.9
D 254 0.031 ( 0.008 1.01 ( 0.82 1.31 ( 0.95 9.4 ( 6.1 Figure 4. Arrangement of twoneighboringG:Cbasepairs in

dimers with structural parameters corresponding to cen-
troids of clusters A, B, C, and D (see Table 1). Atoms H, C, N,
and O are shown in gray, cyan, blue, and red, respectively.
Three hydrogen bonds between G and C are also depicted.

TABLE 2. Results of theClusterAnalysis Performed for [(A:T),

(A:T)] Dimer Conformations with Twist e50�. The Data

Refer Only to Clusters with Electronic Coupling Squared

g0.030 (eV)2

clusters

number

of points

Vcl
2 ,

(eV)2

shift,

Å

slide,

Å

twist,

degrees

A 85 0.121 ( 0.018 0.44 ( 0.43 0.07 ( 0.34 10.1 ( 7.3
B 203 0.072 ( 0.015 0.72 ( 0.68 0.19 ( 0.62 17.1 ( 8.9
C 168 0.044 ( 0.010 1.80 ( 0.77 0.95 ( 0.96 35.9 ( 7.2
D 248 0.032 ( 0.009 1.84 ( 0.74 1.84 ( 0.66 12.0 ( 6.9
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To obtain more reliable estimates, any step param-
eter piwas considered as a real-valued randomvariable
clustered around a single mean value pi in accordance
with the normal (Gaussian) distribution

w(pi) ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
2πσ2

pi

q exp � (pi � pi)
2

2σ2
pi

" #
(4)

where σpi
2 is the variance characterizing the structural

flexibility of theπ stack and i=1, 2, 3, 4, 5, and 6 for shift,
slide, twist, tilt, roll, and rise, respectively. The mean
values for shift, slide, and twist were taken from the
results of cluster analysis (see Tables 1 and 2). Param-
eters tilt and roll (p4 and p5) were set to be zero, while for
rise, p6 was equal to 3.4 Å. To generate stack conforma-
tions, the following values of the variance σpi

2 were
assumed: σp1

2 = σp2
2 = 0.5 Å2 for shift and slide, σp6

2 =
0.3 Å2 for rise, and σp3

2 = σp4
2 = σp5

2 = 5 grad2 for twist, tilt,
and roll. These values are close to the standard deviations
of the step parameters extracted from the analysis of A
and B-DNA crystal structures76 and MD simulations.80

Some structures generated with this scheme may
have unreasonably short van der Waals contact dis-
tances, dVdW, between atoms belonging to distinct
base pairs. To find such configurations, we compute
the energy, E, of the electrostatic and van der Waals
interactions of base pairs in the duplexes81 using the
Amber 95 force field.82 The results of these calculations
were then compared with the interaction energy, E,
found for the reference structure determined by the
step parameters {pi} in eq 4. Since the difference
between these two quantities cannot be larger than
the interaction energy of base pairs in dimers (about 5
kcal/mol83), all conformations with E > E þ 5 kcal/mol
should be excluded from consideration as structures
with far too small dVdW values.

The computational approach described above en-
ables one to model the impact of thermal fluctuations
on the electronic coupling. The effective value Veff

2 was
obtained by averaging V2 over one thousand struc-
tures allowed from the standpoint of energy.

The values of Veff
2 calculated for [(A:T),(A:T)] and

[(G:C),(G:C)] dimers by taking into account thermal
fluctuations in these duplexes are given in Table 3.
The electronic coupling squared, V1

2, estimated for a
single dimer configuration with the step parameters
given in Tables 1 and 2, together with the value of this
quantity Vcl

2 predicted by the k-means clustering meth-
od are also presented in this Table.

Comparison of the data shown in Table 3 demon-
strates that in clusters B, C, and D for both dimers, the
obtained Vcl

2 and Veff
2 values are close to each other.

Generally, the V1
2 values computed for a single struc-

tures corresponding to the centroid of the cluster can
deviate considerably from the effective coupling as
found for cluster D of [(G:C),(G:C)]. This is because of the
high sensitivity of electronic coupling to structural

parameters. In most cases, however, we found that V1
2

is close to the largest value of electronic coupling
computed in the conformational space of the cluster.
Averaging over all configurations leads to a decrease of
the coupling (Vcl

2 < V1
2) because of including structures

with smaller values of V2. Thermal fluctuations may
lead to a further decrease of the coupling, so that Veff

2

can become smaller than Vcl
2 mainly due to the inclu-

sion of configurations with a nonparallel arrangement
of the base pairs. The latter effect is evident for cluster A
with the strongest coupling as well as for cluster D of
[(G:C),(G:C)] For other clusters, the distinction between
the values of Veff

2 and Vcl
2 almost vanishes. This implies

that additional conformations with nonparallel align-
ment of adjacent base pairs, which are involved in
averaging, do not significantly change V2. Therefore
the mean effect of thermal fluctuations is properly
described by the structures forming the cluster.

Structure of Homogeneous Sequences with Enhanced Hop-
ping Conductance. Once the configurations of [(G:C),
(G:C)] and [(A:T),(A:T)] dimer duplexes with ÆV2æ exceeding

TABLE 3. Electronic Couplings Squared (in (eV)2) Computed

for [(G:C),(G:C)] and [(A:T),(A:T)] Stacked Dimers

[(G:C),(G:C)] dimer duplex [(A:T),(A:T)] dimer duplex

clusters V1
2 Vcl

2 Veff
2 clusters V1

2 Vcl
2 Veff

2

A 0.128 0.099 0.072 A 0.152 0.121 0.086
B 0.104 0.065 0.062 B 0.133 0.072 0.077
C 0.043 0.032 0.033 C 0.036 0.044 0.031
D 0.59 � 10�4 0.031 0.020 D 0.042 0.032 0.034

Figure 5. Structures of the reference B-DNA oligomer con-
taining 10 stacked G:C base pairs (A) and poly(G)�poly(C)
sequence (B) with enhanced conductance compared to (A).
The poly(G)�poly(C) sequence has the same values of step
parameters as those found for cluster C in Table 1. Atoms H,
C, N, and O are shown in gray, cyan, blue, and red,
respectively.
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the reference values have been identified, one can
computationally construct structures of the entire
poly(G)�poly(C) and poly(A)�poly(T) stacks with im-
proved conducting properties, using for this purpose
the program X3DNA84 and the step parameters listed
in Table 1 and Table 2.

Atomic coordinates for four duplexes (GC)10 and
four duplexes (AT)10 are given in the Supporting In-
formation. The example of such a representative con-
struct together with the reference structure of the B-DNA
oligomer containing 10 G:C base pairs are shown in
Figure 5. It is interesting to compare the zero-bias hop-
ping conductance g for two structures represented in
thisfigure. For 10-mer B-DNA reference system,g can be
evaluated using eq 1 with kCT obtained from the experi-
mental data on the hole arrival rate in the G tract.55 This
evaluation yields g≈ 1 nS. Since the charge transfer rate
linearly scales with the mean electronic coupling
squared, which has already been calculated for poly(G-
)�poly(C) depicted in Figure 5B (see the data for cluster
C in Table 1), wefind that g for this stack is 7 nS. Thus, we
infer that in the regime of sequential hopping the
poly(G)�poly(C) stack with structure shown in Figure 5
B is seven times more conductive than the reference
B-DNA oligomer with 10 stacked G:C pairs. Greater im-
provement of hopping conductance should be ex-
pected for the poly(G)�poly(C) stack constructed ex-
ploiting the configuration of cluster A in Table 1. In the
latter case the hopping conductance along homoge-
neous poly(G)�poly(C) sequence is 15 times as large as
the conductance of the B-DNA oligomer in Figure 5A.

The values of parameters found for the dimers
appears to be appropriate for computational construc-
tion of longer DNA sequences as soon as sequential
hopping remains themainmechanismof hole transport
through homogeneous DNA oligonucleotides. In this
case the electronic interaction with flanking pairs does
not change significantly the coupling of neighboring
basepairs. Becauseof these reasons, the values of param-
eters employed in the computational construction of
the [(G:C),(G:C)] dimer duplex and DNA oligomer shown
in Figure 5B were taken to be the same.

The question now arises whether the configurations
of conducting stacks predicted by our calculations can

be realized in the lab. Although the answer to this
question is beyond the scope of the present work,
several possibilities that can be used to make desirable
changes in the values of step parameters for base pair
stacks in DNA are worthy of brief consideration here.
These include the following:

(1) Chemical modification of DNA backbone. A typi-
cal example is the substitution of the phosphoribose
backbone of DNA with a pseudopeptide consisting of
N-(2-aminoethyl)-glycine units with a methylene car-
bonyl linker connecting to the nucleobase. Such a
substitution affects the conformation of the base pair
stack, reducing the average twist angle to 19.8�.78,85,86

As a consequence, the base pair stack adopts the
configuration that is close to the configuration of
clusters A, B, and D in Table 1. Another example is an
“all LNA” duplex containing exclusively modified β-D-
20-O-40C-methylene ribofuranose nucleotides.87 In this
case the twist angle is equal to 26� instead of 36� as
known for B-DNA, rise becomes 2.8 Å as compared to 3.4
Å forB-DNA. In addition, dependingondegreeof the LNA
modificationof the9-merduplexes theabsolute valuesof
shift and slide parameters vary from 0.1 Å up to 0.6 Å and
from 0.5 Å up to 2.0 Å, respectively.88 Since for clusters
listed in Table 1, shift was found to be in the ranges
between0.7Å and 2.1Åwhile slide falls in the range from
0.1 Å to 1.9 Å, it can be expected that the proper LNA
modification will allow base pair stacks to have confor-
mations similar to those deduced computationally.

(ii) Solvent-induced changes in conformations of

base pair stack. To alter the values of step parameters
in the stack of base pairs inside DNA one also can
increase the water content around and inside the
double helix. This induces a transition from the A-form
to the B-form of DNA accompanied by the decrease of
helical twist and themagnitude of the base pair slide.89 It
should be mentioned that the A to B transition occurs
through a set of intermediate conformations with differ-
ent values of twist and rise parameters. Methylation and
bromination of cytosine allow each of these intermedi-
ates to be trapped in their particular configuration.

(iii) Changes of step parameters in the presence of

ions. Ions have a significant impact on the conforma-
tion of DNA molecule and hence on the values of step

Figure 6. Base pair (A) and step (B) parameters used to define π-stack geometries. Parameters describing translations and
rotations are shown in blue and red, respectively.
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parameters of the base pair stack (see e.g., ref 90 and
references therein). In particular, investigations of the
1.6-Å X-ray structure of the Dickerson�Drew dodeca-
mer composed of [d(CGCGAAXXCGCG]2 with X being
effectively a thymine residue linked at the 5 positions
to an n-propyl-amine have clearly demonstrated the
effect of the tethered positive charge on the conforma-
tion of the base pair stack.91 It has been shown that the
tethered cations directed in the 30 direction, toward a
phosphate group near one end of a duplex induce
changes in the values of rise, twist, and roll parameters.

(iv) Impact of external mechanical forces on geome-

try of base pair stack. It is well-known that external
mechanical forces are able to affect the arrangement of
stacked base pairs (see e.g., refs 92 and 93 and refer-
ences therein). The forced extension of DNA leads to
the transition of this biomolecule from classical B-form
to the so-called S-form, which is almost completely
unwound and contains base pairs tilted with respect to
the helix axis. This formofDNA can be transformed into
a zipper-like (zip-) structure,93 though the formation of
a denaturation bubble inside the double helix is also
possible as soon as double stranded DNA is sufficiently
extended.92 Note that in zip-DNA the bases of the DNA
strands interdigitate with each other and form a single-
base aromatic stack, thus increasing electronic coupling
and zero-biased conductance of the DNA structure.89

Thus, the ability of DNA to adopt a number of helical
forms depending on the external conditions, applied
mechanical forces, and chemical modification of the
backbone, offers possibilities to vary the arrangement
of base pairs stacked inside the double helix. Further-
more, each of the above-mentioned factors alone or in
combination with other factors causes changes in the
values of step parameters favorable to the formation of
the stack conformation, providing high conductance
of DNA molecules.

SUMMARY AND CONCLUSIONS

On the basis of the combination of the computa-
tionally efficient and quite accuratemethod for quantum

mechanical calculations of the electronic coupling and
the k-means clustering data analysis technique, we
developed a methodology for searching the region of
DNA step parameters and DNA structures with large
electronic coupling and hence with high zero-bias
intramolecular hoppingconductance. Our results clearly
show that a remarkable increase in conductance of base
pair stacks can be achieved using a relatively small
number of conformations with structures exhibiting the
strongest electronic coupling. Using the proposed com-
putational methodology, we demonstrate the possibility
to identify structures of homogeneous poly(A)�poly(T)
andpoly(G)�poly(C) stackswith zero-bias intramolecular
hopping conductance significantly larger (by ratios up
to 15) than the value of this important physical quantity
found for conventional B-DNA. To verify the reliability of
our estimates, the impact of thermal fluctuations on the
averaged dimer structures deduced from the cluster
analysis was modeled. The results show that thermal
fluctuations do not substantially change the values of
electronic coupling squared calculated for configurations
identified by the cluster analysis.
Certainly we recognize that other parameters, espe-

cially the reorganization energy, are extremely impor-
tant for exploring hole transport through DNA.
However one cannot ignore the contribution of elec-
tronic coupling in the conductance as well. Further-
more it is possible to separate the two effects
mentioned above. In the submitted manuscript we
are focused on electronic coupling in structurally very
different stacks. Thematrix element characterizing this
coupling is known to be rather insensitive to the
external electric field of surroundings. Owing to the
latter circumstance the results obtained are applicable
both to the gas and to the condensed media. The
environment effects are mainly determined by the
backbone (e.g., whether it carries a net charge as in
DNA or not as in PNA), the polarity, and dynamics of
solvent molecules around DNA. This aspect of the
problem deserves a separate investigation since it lies
beyond the scope of the present study.

COMPUTATIONAL METHODOLOGY
Model Structures. To measure molecular conductance under

conditions similar to those of real devices, DNA oligomers should
have lengths comparable to or larger than a sub-10-nm gap
between two metallic electrodes.94 As discussed above, on such
distance scales hole transport and DNA molecular conductance
should proceed mainly via multistep sequential hopping. More-
over, for the most conductive homogeneous poly(A)�poly(T)
and poly(G)�poly(C) stacks the elementary motion step always
represents a process involving two neighboring either A:T or G:C
base pairs. For this reason, we consider only fragments of the
DNA structure involving dimer duplexes [(G:C),(G:C)] and [(A:T),
(A:T)] as the model assemblies.

The structural parameters characterizing individual base
pairs that form the dimer duplexes under consideration are
schematically shown in Figure 6A. These parameters can be

separated into twomaingroups, that is, translations (shear, stretch,
and stagger) and rotations (buckle, propeller-twist, and opening).
As follows from Figure 6B, the same two groups are exploited to
describe base pair steps. In the latter case, however, translations
include slide, shift, and rise, while rotations involve tilt, roll, and
twist.

Detailed discussion of the base pair and step parameters
can be found elsewhere.75,76 The search for base pair stack
structures that provide high conductance in DNA imposes certain
limitations on the values of these parameters. In particular, the six
structural parameters shown in Figure 6A (shear, stretch, stagger,
buckle, propeller-twist, and opening) should be zero, because
electronic coupling between components of [(G:C),(G:C)] and
[(A:T),(A:T)] dimers and hence the electric conductance of homo-
geneous stacks poly(G)-poly(C) andpoly(A)-poly(T) have the largest
values for parallel arrangements of base pairs.57 For the same
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reason, roll and tilt were taken to be 0�. The values of shift and slide
parameterswere randomlygeneratedwithin the interval from�3.0
Å toþ3.0 Å. As follows from the comparison of these twoboundary
values with the values of base-pair parameters reported for B- and
A-DNAcrystal structures at high resolution,76 independent variation
of shift and slide in the range from �3.0 to þ3.0 Å will cover all
possible horizontal translations of base pairs in stable π stacks. The
valueof the twist anglewasalso chosen randomly to vary from0� to
180�. It should be noted that any twoDNAπ-stacks generatedwith
the program X3DNA84 using parameters (shift, slide, rise, tilt, roll,
twist) and (�shift, slide, rise, tilt, �roll, �twist) are structurally
identical. So consideration of structures with negative twist would
be redundant. In all preliminary calculations associated with the
scanning of the conformational space, the rise parameter had the
same value 3.4 Å as in B-form DNA.95�97

Large variations of the selected parameters (twist, shift, and
slide) may be justified by taking into account that to ensure the
effective π stacking of two neighboring base pairs, their planes
should be parallel. Furthermore, in most organic π stacks rise =
3.4( 0.3 Å, so that the value of this parameter does not change
much. Moreover, the coupling varies with rise as exp(�γ 3 rise).
This implies that for any configuration rise should be as small as
possible. As regards to tilt and roll, usually these parameters are
close to zero; otherwise the planes of base pairs will never be
parallel. It should be emphasized that thermal fluctuations of
these three parameters are taken into account by calculating
the final values of the coupling.

Atomic coordinates of the stacks were calculated using the
program X3DNA.84

By varying shift, slide, and twist 22 000 configurations with
parallel base pair planes were generated for each dimer duplex.
These configurations were used to calculate electron coupling
for hole transfer between base pairs in [(G:C),(G:C)] and [(A:T),(A:T)]
model duplexes as explained below.

Calculations of Electronic Coupling. According to the fragment
charge difference (FCD) method,98 the electronic coupling
matrix element V between the donor site D and the acceptor
site A can be written as

V ¼ (E2 � E1)jΔq12jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(Δq1 �Δq2)

2 þ 4Δq212

q (5)

Here Δq1 and Δq2 are the donor�acceptor charge differences
in the adiabatic states with energies E1 and E2, and Δq12 is the
corresponding off-diagonal term. These quantities were calcu-
lated within the self-consistent field approximation using the
semiempirical INDO/S method68 as described in detail else-
where.98 The method was shown to be computationally very
efficient, offering surprisingly good estimates for electronic
couplings in DNA stacks.99 These advantages enable quantum
mechanical treatment of several thousand different conforma-
tions of stacked base pairs.

Data Analysis. To analyze the results of our computational
studies, n data points (x1, x2, ..., xn) obtained for each investi-
gated duplex were represented as a set of 4-dimensional real
vectors. These vectors are defined by their components that
include electronic coupling squared, V2, and three step para-
meters (shift, slide, and twist) characterizing the structure of a
system. In the context of the present investigation the data
analysis is aimed at finding the regions for values of step
parameters where the dimer structure ensures large couplings
and therefore high electric conductance.

To achieve this objective we used the method of data
analysis called k-means clustering that allows partitioning of n
data points into the set S ={S1, S2, ..., Sk} of k clusters (ke n).69,70

Usually the grouping is accomplished byminimizing thewithin-
cluster sum of squares:

arg min
S
∑
k

i¼ 1
∑
xj∈Si

jj xj � μi jj2 (6)

where μi is the mean of points in Si. As a result, vectors in the
same cluster are very similar in values of their components as
opposed to vectors belonging to different clusters. The latter
have components that dramatically differ in magnitude.

Computationally the cluster analysis was realized using the
program Tanagra.74 This program enables one to find clusters
with shift, slide, and twist that define structures of dimer
duplexes with V2 and g far beyond the values of these para-
meters calculated for analogous reference systems. The refer-
ence systems correspond to two neighboring base pairs in
poly(G)�poly(C) and poly(A)�poly(T) sequences of B-DNA in
solution. For these reference structures, the average electronic
coupling squared, V2, was computed to be 0.01 (eV)2 and 0.003
(eV)2 for [(G:C),(G:C)] and [(A:T),(A:T)] dimers, respectively.71,79
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