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ABSTRACT

We report theoretical studies of charge transport in single-stranded DNA in the direction perpendicular to the backbone axis. We find that, if
the electrodes which sandwich the DNA have the appropriate spatial width, each nucleotide carries a unique signature due to the different
electronic and chemical structure of the four bases. This signature is independent of the nearest-neighbor nucleotides. Furthermore, except
for the nucleotides with guanine and cytosine bases, we find that the difference in conductance of the nucleotides is large for most orientations
of the bases with respect to the electrodes. By exploiting these differences it may be possible to sequence single-stranded DNA by scanning
its length with conducting probes.

There has recently been an increased interest in charge
transport in DNA, due to both its relevance in physiological Electrode
reactions and to its potential use in molecular electrohigs.
Previous studies have looked into the effect of the base
sequence and structural distortions on charge transport and
the interplay between different transport mechani$im&
However, much of the research so far has focused on how
charge flowsalong the DNA axis. Very few experimental
studies have looked into the transport properties of DNA in
the transverse direction. For instance, scanning probe
techniques have been used to image isolated DNA bases or
a few bases in single-stranded DNAL’ but no systematic
study is available on the relative ability of each base to carry
electrical current.

In this paper, we report on charge transport in single-
stranded DNA in the directioperpendicularto the backbone
axis. Our goal is to determine the relative current carried by
each nucleaotide in the presence of its neighbors. We envision
a possible experimental setup as schematically shown in
Figure 1 where two probes of nanoscale dimensions sandwich Electrode

the DNA in such a way that one or a few bases are spatially

confined within the lateral dimension of the probes. Experi- Figure 1. Schematic of a polynucleotide between two electrodes.
mentally, this could be realized by a polynucleotide molecule The electrodes only couple to a single nucleotide at a time.
between two electrodes embedded in a nandpéter by

adsorbing the polynucleotide onto a metal surface and usingto identify specific electronic signatures of each nucleotide

a scanning tunneling microscope (STM) tip to measure the that would allow us to create a DNA electronic map. In
current through a single nucleotié®e'> We therefore seek  particular, we investigate the role of the electronic and
chemical structures of the bases in charge transport, as well
* Corresponding author. E-mail: diventra@physics.ucsd.edu. as the role of interactions between each base and its nearest
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neighbors. We indeed find that the current through each 3
individual nucleotide provides a unique electrical signature 10
of each base. The ratio of the current for different nucleotides

gives a measure of the difference in their signatures. These
electrical signatures change with orientation of the nucleo-

tides, but are only affected slightly by neighboring nucleo-

tides, so long as the electrode lateral dimension is comparable:M 2
with the average “size” of the bases (i.e., a dimension on <

the order of 1.0 nm, comparable to the nucleotide spacing -

of 0.7-0.9 nntd). In most cases, the current ratios are quite

large when comparing between nucleotides of random
orientations, except for the ratio of the current through 2
deoxyguanosine'&monophosphate and the current through 1 I
2'-deoxycytidine 5monophosphate (i.e., nucleotides with 10 . L

guanine and cytosine bases). Such findings may help create 0 0.05 0.1
a practical sequencing tool based on the electronic read-out Voltage (V)
of DNA.

We consider a single strand of DNA, e.g., a polynucleo-
tide, between two electrodes kept at a given bias, see
schematic in Figure 1. The electrodes are represented by three ] . . ]
layers of about 30 atoms arranged in the [111] surface We first examine the current ratios for the four nucleotides

geometry, which gives an electrode surface spanning aboutWhich we label by A, G, C, or T, corresponding to their
100 A2 The electrodeelectrode spacing is fixed at 15 A.  Pase) without nearest-neighbor nucleotides attached. The
Both the area of the electrode surface and the electrode Nucleotides are therefore “p_asswat_ed”, ie., the oxygen atoms
electrode distance are such that the largest of the nucleotidedh@t are normally charged in solution are instead bonded to
(i.e., the one with the A base) can be accommodated betweer® Nydrogen atom.For each nucleotide, we relaxed the
the electrodes. Since we are interested only in réiéo geometry using total-energy HartreBock calculation$?We
between currents of different nucleotides (and we consider Consider first the nucleotides positioned so that the base is
only linear response), we employ a simple tight-binding N & plane perpendicular to.the electrode surface (see Figure
model for the electronic structure of the system with,s, p L)+ Figure 2 shows the ratio between the current of A and
n, and p orbitals for each carbon, nitrogen, oxygen, and the current of the other nucleotidés/lx whereX = G, C,
phosphorus atom; and s orbitals for hydrogen and gold. we ©" T- The ratios are about 20, 40, and 660 for G, C, and T,
then use a Green’s function approach in order to calculate "€SPECtively. Strong contrast has indeed been observed in
the current through the whole system (electrodes plus @ STM experiment between A and T nucleotiéfeBigure
DNA).2021 The Green’s functionépna of the combined 2 thus indicates that the isolated nucleotides can be distin-
electrode-DNA—electrode system is written as guished relatively easily from one another using transverse
currents.

The differences in the electrical current ratios are due to
the relative position of the Fermi level with respect to the
highest-occupied molecular orbital (HOMO) and the lowest-
where Jpna and %pona are the overlap and the Hamiltonian  unoccupied molecular orbital (LUMO) as well as the value
matrices, respectivelyZy are the self-energy terms that of the density of states (DO%)of the base at the Fermi
describe the effect of the electronic structure of the leads. level. By projecting onto the different atomic orbitals, we

-
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Figure 2. Current ratios of A to the other nucleotid¥gX = G,
C, or T) up to a bias of 0.1 V.

9ona(B) = [EJpna — Aona — 4 — z:b]_l (1)

The transmission coefficierf(E) is given by° find that the states of the bases make up for most of the
HOMO and LUMO levels, while the DOS at the Fermi level
T(E) =T, = Tr[rt<9bNAFb<9g> ] @) is mainly determined by the backbone states due to the large

coupling of the backbone with the bottom electrode. How-
] + ever, the relative current is closely related to the value of
wherel) = i(Zp) — Zyy,)- We calculate the current from  he DOS at the Fermi level due to the bases, which gives
the ordering A> G ~ C > T. How well those base states
| = ZFe f_"; dET(E)[f,(E) — f,(E)] ©) g?l:rﬁ)ellergg?th electrodes determines the overall magnitude
ive currents.

Having shown that each nucleotide carries a different
where fiyy = {exp[E — ww)/keT] + 1} is the Fermi electrical signature for a particular geometry, we can now
function, anduyg is the chemical potential of the top (bottom) examine how this result changes with orientation of the base
electrode (see Figure 1). We assume the voltage dropswith respect to the probe surfaces and location of the
equally in the space between the top electrode and thebackbone atoms relative to the surface. We define our
molecule and between the molecule and bottom electrode.coordinate system as shown in Figure 3. The origin is the
The current is calculated at room temperatire. nitrogen that attaches each base to the phospisatgar
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Figure 4. Current ratios of A to the other nucleotidégX = G,

C, or T) at a bias of 0.1 M, is for A at its original configuration,
while the orientations of the other nucleotides are varied. The six
lines for each nucleotide, from left to right, correspond to rotation
about thex-, y-, and zaxes and translation in the, y-, and
z-directions.

Figure 3. Coordinate system which we use to define rotations and

translati(_)n_s of t_he_ nucleotides with respect to the p_robe surfaces. 104 £ 3
Thex-axis is pointing out of the paper. The dashed lines represent E E
the position of the electrode surfaces. C T -
i ¢
backbone. Both rotation and translation involve a rigid 10 E_ _5
movement of the whole nucleotide (base plus backbone). The C C 3
x-axis runs parallel to the electrode surfaces and perpen- Qb“" 1l T
dicular to the plane of the base. Tixis runs parallel to =« 10 E G ® |
the electrode surfaces and in the plane of the basez-8kis - = X =
runs perpendicular to the electrode surface. We consider 1 5 .
rotations and translations of the DNA nucleotides about each 10 |
of the axes independently. The six variations we consider 3
are the following: (1) rotation about theaxis from—210 to -
+10 degrees, (2) rotation about tit@axis from—15 to 15 100
degrees, (3) rotation about tleaxis from —30 to +30
degrees, (4) translations along thaxis by —1.5 to 1.5 A, Figure 5. Current ratios for strands of nucleotides with central

(5) translations along thg-axis by —1.5 to 1.5 A, and (6) nucleotideX (X = G, C, or T) at a bias of 0.1 M, is for isolated
A at its original configuration. The crosses are for the individual

tra'ln.slatlon alon'g the—a.l)'(ls by —0.5 to 0.5 A about the nucleotides and the circles are for sequences of three nucleotides
original nucleotide positiof? (see text for detalils).

Figure 4 shows relative changes in current with nucleotide
rotation and translation as defined above. For each nucleotidemore sensitive to changes in electronic structure than the
the lines from left to right correspond to rotation about the current?® could be used to distinguish between the latter two
X-, y-, and z-axes and to translation along tke y-, and bases. We leave this study for future investigations.
z-axes, respectively. The variations (2) and (6) (i.e., rotation ~We conclude by looking at the effect of nearest-neighbor
about they-axis and translation along tlzeaxis, respectively)  nucleotides on the electrical signature of each individual
cause the largest changes in relative current. This is easy taucleotide. It is known from ground-state calculat®&n®
understand since both movements change the distanceahat in isolated stacks of nucleotides the states on each base
between the uppermost atoms on the nucleotides and theare highly localized on that base. We therefore expect small
electrode surface, which gives a large change in coupling. corrections due to nearest-neighbor base interactions. We
This is analogous to the double-stranded DNA case: varia-have checked this point by looking at the following
tion of the angle and distance between bases can significantlyrepresentative sequences of three nucleotides of the tfpe A
change the conductivity because of a reduction of the A, AXT, CXA, GXG, GXT, and TX T, whereX = G, C,
interbase couplindg? From Figure 4, it is clear that, even or T is the nucleotide that is sandwiched between the two
taking into account the above variations, there is a large electrodes® The base of the central nucleotide is also
distinction between the nucleotides A and T and the pair assumed perpendicular to the electrode surface.
{G,C}. The latter two have a similar electrical signature for ~ The relative change in current for these cases is shown in
a wide range of rotations, and translations and cannotFigure 5 at 0.1 V. As expected, there is little change in
therefore be easily distinguished. Shot noise, however, beingcurrent compared to the individual nucleotides so long as
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