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ABSTRACT: Deoxyribonucleic acid (DNA) is composed
of five major elements carbon, hydrogen, nitrogen, oxygen,
and phosphorus. The substitution of any of these elements
in DNA would be anticipated to have major biological im-
plications. However, recent studies have suggested that the
substitution of arsenic into DNA (As-DNA) in bacteria may
be possible. To help evaluate this possibility, ab initio
quantum mechanical calculations are used to show that
arsenodiester and phosphodiester linkages have similar
geometric and conformational properties. Based on these
results, it is suggested that the As-DNA will have similar
conformational properties to phosphorus-based DNA,
including the maintenance of base stacking.

DNA is composed of five elements: carbon, hydrogen, nitro-
gen, oxygen, and phosphorus.1 Recently, a study was under-

taken suggesting the possibility of sustaining life if one of these
essential elements has been substituted.2 In the study, Wolfe-
Simon et al. using the GFAJ-1 strain from the Halomonadaceae
family of Gammaproteobacteria obtained results suggesting that
arsenate (AsO4

3�) may be incorporated into the main biological
macromolecules of the organism such as DNA, where it sub-
stitutes for phosphate (PO4

3�), and may maintain cellular life.2

For arsenic (As) to be able to substitute for phosphorus (P) in
biological molecules it is necessary that it have similar chemical
properties. Consistent with As being on the same column of the
periodic table as P, a number of physical properties of As and P, as
well as of AsO4

3� and PO4
3�, have been shown to be similar, as

overviewed byWolfe-Simon et al.,2 although the increased reactivity
of an “arsenodiester” linkage may be inconsistent with the required
stability of DNA to support life.3 While questions exist it might still,
theoretically, be possible for an organism to substitute As for P in
oligonucleotides. However, for this to occur upon substitution of
As for P in the phosphodiester backbone of DNA, the resulting
arsenodiester linkage in As-DNA must have similar intrinsic
conformational properties as the normal phosphodiester linkage
in P-DNA in order for DNA to maintain its helical character. In
the present communication it is shown using ab initio quantum
mechanical (QM) calculations that an arsenodiester linkage
does have similar conformational properties to that of a phos-
phodiester linkage, such that it may be predicted that As-DNA
will have conformational properties similar to that of P-DNA.

Oligonucleotide conformational properties result from a combi-
nation of intrinsic conformational properties and environmental
contributions. In a combined QM/Bioinformatics study we have
shown that the conformational properties of a model compound,
T3PS (Figure 1), representative of the phosphodiester linkage in
DNA, are consistent with those of DNA in crystallographic struc-
tures, thereby indicating the contribution of the intrinsic conforma-
tional properties of the phosphodiester linkage to the conformation
of DNA.4 These contributions include the relative populations of the
A, BI, and BII forms of DNA and the regions of backbone dihedrals
being populated in DNA. Building upon that study, in the present
work we perform ab initio calculations on the As analog of the
compoundT3PS (Figure 1) fromwhich the conformational proper-
ties (i.e., the change in relative energy as a function of selected
dihedral angles in the arsenodiester linkage) were determined and
compared to those of the P containing model compound.

The model compounds P-T3PS and As-T3PS, (Figure 1),
designed to represent the phospho- or an arsenodiester back-
bone of DNA, include the five rotatable torsions in the backbone
(R, β, γ, ε, and ζ) along with capping furanose moieties;
omission of the nitrogenous bases avoids confounding effects
of these entities on the intrinsic conformational properties of the
backbone as well as keeping the size of the compound compu-
tationally tractable. Potential energy surfaces were obtained via
QM optimization at the MP2/6-31þG(d) level using the
Gaussian03 package5 with all degrees of freedom allowed to
relax except for those that define the A, BI, and BII conformations,
as previously presented.4 The dihedral constraints were selected
to sample energy surfaces of the target dihedrals consistent with
the A, BI, and BII forms of DNA an approach validated previously
in our laboratory (Table S1, Supporting Information).6 Changes
in potential energy as a function of the R, β, γ, ε, and ζ dihedral
angles are presented in Figure 2 for As-T3PS along with those for
the P analog from our previous study.4

In all the surfaces, the low energy regions correspond to torsion
angle distributions obtained from surveys of DNA crystal struc-
tures, as previously discussed (Figure S1, Supporting Infor-
mation).4 Notably, the energy surfaces are remarkably similar
for As-T3PS andP-T3PS (Figure 2). The largest differences occur
in the high-energy regions of the surfaces (e.g., ∼60� for the R
surface), which are typically not sampled in the canonical forms
of DNA. In the low energy regions, the largest differences occur
with the BII form of DNA, although these differences are small.
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Single-point energy calculations7 at the RIMP2/cc-pVTZ level
(Table S2, Supporting Information) on the P-DNA energy
minima yield relative energies similar to those shown in Figure 2.
These results indicate that substitution of As for P in DNA will
lead to As-DNA exhibiting conformational properties similar to
P-DNA. However, even small differences in potential energies
may lead to changes in the global conformational properties of
duplex DNA as they are dictated by the free energy of the
macromolecule and its environment.

While the relative energy surfaces are similar, geometric
properties about the As atom as well as of the overall model
compound need to be considered. The As�O bonds are longer

than the P�O bond lengths by 0.12 to 0.15 Å, but the angles are
similar. While local differences in the geometry about the As vs P
atom are present, the overall geometry of the model compound,
as judged by the average C10�C10 distance between the furanose
rings, are nearly identical (Table 1). The C10�C10 behavior for
As-T3PS and P-T3PS also mirror each other as a function of
the diester torsions with distances ranging from 3 to 4 Å in the
low-energy regions and 8 to 10 Å in the high-energy regions
(Figure S2, Supporting Information). These similarities are
important as it indicates that As substitution would theoretically
preserve the distance between adjacent nitrogenous bases, there-
by maintaining base stacking, one of the major classes of inter-
actions influencing the structure and stability of DNA.8,9

Overall, the presented ab initio QM calculations show that
both As-T3PS and P-T3PS exhibit similar conformational prop-
erties along the diester backbone. In addition, the internal geo-
metry associated with As substitution will not significantly impact
the geometry of DNA backbone with respect to sugar�sugar
distances such that base stacking is predicted to be maintained.
These results suggest that As-DNA will assume conformations
similar to that of traditional DNA, allowing other biological
molecules, including proteins, to interact with As-DNA.
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Table 1. Selected Geometric Values for the As vs P T3PS
Model Compoundsa

Geometric Property X = As X = P

X�O50 (Bond) 1.80( 0.01 Å 1.68( 0.03 Å

X�O30 (Bond) 1.81( 0.01 Å 1.69( 0.01 Å

X�O2P (Bond) 1.65( 0.01 Å 1.50( 0.01 Å

X�O1P (Bond) 1.65( 0.01 Å 1.51( 0.01 Å

O50�X�O30 (Angle) 127�( 4� 125� ( 2�
O1P�X�OP2 (Angle) 96�( 4� 98�( 3�
C10�C10 (Distance) 4.73( 1.67 Å 4.76( 1.61 Å

aMean values and standard deviations are based on the lowest-energy
conformation from each of the backbone dihedral surfaces.

Figure 1. Model compounds P-T3PS, left, and As-T3PS, right, that are
used to represent the DNA diester backbone. The R, β, γ, ε, and ζ
dihedrals for which potential energy surfaces were calculated are shown.

Figure 2. Potential energy surfaces for theR, β, γ, ε, and ζ dihedrals for
the model compounds shown in Figure 1. Surfaces were obtained via
MP2/6-31þG* optimizations with the remaining phospho- or arseno-
diester dihedrals and selected furanose dihedrals constrained to values
mimicking the A, BI, and BII of DNA (details in Table S1, Supporting
Information). [Triangle, solid line: P-T3PS; Circle, dashed line: As-
T3PS].
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