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ABSTRACT: It was claimed in a recent publication that a strain of
Halomonadacea bacteria (GFAJ-1) isolated from the arsenic-rich
waters of Mono Lake, California is able to substitute arsenic for
phosphorus in its macromolecules and small molecule metabolites.
In this short Perspective, we consider chemical and biochemical
issues surrounding the central claim that Halomonadacea GFAJ-1 is
able to survive while incorporating kinetically labile arsenodiester
linkages into the backbone of its DNA. Chemical precedents suggest
that arsenodiester linkages in the putative arsenic-containing DNA
of GFAJ-1 would undergo very rapid hydrolytic cleavage in water at
25 °C with an estimated half-life of 0.06 s. In contrast, the phos-
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phodiester linkages of native DNA undergo spontaneous hydrolysis with a half-life of approximately 30,000,000 y at 25 °C.
Overcoming such dramatic kinetic instability in its genetic material would present serious challenges to Halomonadacea

GFAJ-1.

In 1987, preeminent bioorganic and physical organic chemist
Frank H. Westheimer published a review article entitled “Why
Nature Chose Phosphates”.' This review is a classic in the
literature of bioorganic chemistry and chemical biology because
it defines the chemical principles underlying a number of central
biological processes including the storage and read-out of genetic
information, signal transduction, and energy transfer. More than
23 years after its publication, Westheimer’s review has never been
more relevant. A recently published article has caused us to
reconsider the role of phosphates in biology by presenting a claim
that a strain of Halomonadacea bacteria (GFAJ-1) isolated from
the arsenic-rich waters of Mono Lake, California is able to
substitute arsenic for phosphorus in its macromolecules and
small molecule metabolites such as adenosine triphosphate
(ATP).?

In this short Perspective, we consider chemical and biochem-
ical issues surrounding the central claim in the Wolfe-Simon
paper that Halomonadacea GFAJ-1 is able to survive using
arsenic(V) rather than phosphorus(V) in its DNA, with a special
focus on the kinetic instability of the proposed arsenic ester
linkages in the genetic material of the microorganism.

In some regards, it is not unreasonable to speculate that
arsenic(V) could replace phosphorus in the 2-deoxyribose back-
bone of DNA. Indeed, some important structural and chemical
similarities between phosphate and arsenate were cataloged in a
2009 article by Wolfe-Simon et al. entitled “Did Nature Also
Choose Arsenic?” and in the recent Science publication.”® The
sizes and electronegativities of phosphate and arsenic are similar.
Pauling electronegativities for P and As in the trivalent states are
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2.19 and 2.18, respectively, while the atomic radius of P(V) is
0.31 A and that of As(V) is 0.48 A.** In addition, the pK, values
of arsenate (pK, 2.2, 6.97, 11.53) and phosphate (pK, 2.1, 7.2,
12.7) are quite similar.® Furthermore, P—O and As—O bond
strengths are comparable at 143 and 115 kcal/mol, respectively.”
From a purely structural perspective, one can envision that DNA
composed of arsenodiester linkages might form a polyanionic
Watson—Crick base-paired duplex that resembles normal phos-
phodiester-containing DNA. Supporting this view, there are
many examples demonstrating that DNA analogues containing
non-natural backbones can form based-paired structures resem-
bling native duplex DNA.*’

The similarities between arsenate and phosphate allow ar-
senate to act as a surrogate for phosphate in some circumstances,
although this generally causes dysfunction and toxicity.'”""
Bacteria have evolved elaborate systems for metabolizing arsenic
in various forms and oxidation states, and arsenate enters the cells
through phosphate transporters.'” Phosphorolytic reactions such
as those catalyzed by glycogen phosphorylase and sucrose
phosphorylase can be supported by arsenate in vitro, although
spontaneous hydrolysis of the arsenate monoester product
dissipates the free energy that is preserved in the normal reaction.
Indeed, arsenate is a substrate for ATP synthase, but the product
ADP-0-AsO(OH)O” hydrolyzes spontaneously, leading to the
uncoupling of oxidative phosphorylation."* The rapid hydrolysis
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Figure 1. Steric accessibility of the phosphorus (or arsenic) center in
duplex DNA is very similar to that of a diisopropyl ester model
compound. The dinucleotide shown is from a segment of DNA duplex
(PDB code 3BSE). The structural images were prepared using Pymol
and depict both stick and surface mesh views of the molecules.

of arsenate monesters has been exploited by Schramm in his
studies of purine nucleoside phosphorylases. When aresenate is
subsituted for the natural substrate phosphate, the rapid decom-
position of enzymatically formed ribose 1-arsenate prevents
reversal of the reaction and simplifies the deconvolution of the
kinetic complexity that otherwise masks the intrinsic isotope
effects in the reaction.'* The similarity between the arsenolysis
reaction and the natural phosphorolysis reaction is borne out by
the effectiveness of transition state analogues that were designed
based on isotope effects measured in the arsenolysis reaction."”

However, despite the thermodynamic and structural similar-
ities between arsenate and phosphate, the kinetic stability of
arsenate diesters in water is vastly different from that of the
phosphate diesters found in normal DNA. Life as we know it
relies on the kinetic stability of many biomolecules, especially
those involved in the storage of genetic information. We will
briefly review the stability of the native phosphodiester linkages
in DNA (Figure 1) before considering the properties of the
proposed arsenodiesters. Breakage of the 2'-deoxyribose phos-
phate backbone in DNA resulting from attack of water on the
phosphodiester groups (i.e., hydrolysis) is thermodynamically
favored (AG® = —5.3 kcal/mol),' but extremely slow.'””*'
Phosphodiester hydrolysis in DNA is such a sluggish reaction
that the rate has been difficult to measure directly because other
bonds in the biopolymer are much more labile.*"** In fact, one
early value reported for the rate of DNA cleavage by phospho-
diester hydrolysis probably represents an inadvertent measure of
strand cleavage stemming from hydrolysis of the glycosidic
bonds that link the nucleobases to the sugar—phosphate back-
bone.*® Therefore, it has been necessary to use cleverly designed
non-nucleic acid model compounds such as 1 (Scheme 1) to esti-
mate the hydrolytic lability of DNA phosphodiester linkages."”

Scheme 1. Model Compounds Used To Estimate the
Stability of Phosphodiester and Arsenodiester Linkages
in DNA'7?*
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Even then, it was necessary to measure the rate of the hydrolysis
reaction at high temperatures and extrapolate to the physiologi-
cal range. The best current estimate for the half-life for hydrolytic
cleavage of the DNA backbone rests at about 30,000,000 years.19
On the basis of this rate, only about two phosphodiester linkages
within the 3 billion base pairs of DNA in a human cell are
expected to undergo spontaneous, uncatalyzed hydrolysis per
week (in a smaller bacterial genome the number will be even
lower). The immense stability of the phosphodiester linkages in
DNA is a functionally important feature of the 2'-deoxyribose
backbone that holds together the genetic code in all cellular
organisms. Stability of the genetic blueprint is paramount: if an
organism’s blueprint dissolves, all is lost.

Arsenate-containing DNA has not yet been prepared and
chemically characterized. Therefore, we must again turn to
studies of model compounds to predict the stability of the
arsenodiesters proposed by Wolfe-Simon et al>® To the best
of our knowledge, there is only one published rezport that clearly
addresses the stability of arsenate esters in water,”* but the results
of this study are clear: arsenate esters are cleaved very rapidly in
water at RT. Edwards and co-workers used stop-flow kinetic
analysis to examine the stability of several trialkyl arsenates
(2, R = methyl, ethyl, n-pentyl, and isopropyl, Scheme 1). Work
preceding Edwards’ experiments had already demonstrated that
this reaction involves cleavage of the As—O bonds resulting from
attack of water on As (not by cleavage of the C—O bonds via
attack at carbon).”® The reaction rate for hydrolysis of the more
sterically hindered isopropyl analogue 3 may be most relevant to
the proposed arsenodiester DNA (Scheme 1). Steric accessibility
of the As or P center in the DNA backbone is very similar to that
in the diisopropyl ester model 3 (Figure 1). To the extent that
there are differences, the increased steric bulk of the diisopropyl
ester is likely to protect against hydrolysis rather than favor it.
Edwards’ group observed clean first-order kinetics for hydrolysis
of the trialkyl arsenates.”* This suggested that water, not hydro-
xide, was the attacking species in the hydrolysis reaction. In
addition, there was no evidence for buildup of the arsenate
diester or monoester in these experiments, suggesting that the
hydrolysis of the arsenate diester is faster than that measured for
the hydrolysis of the starting triester. The pseudo-first-order rate
constant for the reaction of water (13.1 M) with triisopropyl
arsenate (0.063 M) in acetonitrile was found to be 2.9 s™ ' at
25 °C (Table 2, ref 24). This translates to an apparent second-
order rate constant of 0.2 M~ s~ " for the reaction of the arsenate
ester with water. Assuming a cellular concentration 55 M water, a
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pseudo-first-order rate constant of >12s~ ' can be estimated for
the intracellular hydrolysis of the arsenate diester (Scheme 1).
Thus, the approximate half-life for the hydrolytic cleavage of the
model arsenodiester in water at 25 °C is 0.06 s. It has been
pointed out* "> that this level of instability is inconsistent with
the reported” isolation of large DNA fragments constructed of
arsenodiester linkages from aqueous solutions. It is noteworthy
that, even if the effective concentration of water in the cellular
environment were half of the S5 M used for the calculations
above, the hydrolysis of the putative arsenodiesters still would be
very fast — with half of the arsenodiester linkages in the microbial
genome hydrolyzed in less than half a second. Finally, the
hydrolytically labile nature of the As—O bonds in arsenate is
reflected in the relatively fast rate of at which the oxygen of water
exchanges into arsenate relative to that for phosphate.®>?"

The stability of the proposed arsenic-containing genetic
material also could be compromised by reduction and oxidation
(redox) reactions that are available to arsenate. As(V) arsenate
readily undergoes enzymatic conversion to As(III) arsenite
under physiological conditions.*** % The chemical properties
of arsenite are quite different from those of arsenate. For
example, pK, values of arsenite (AsOHj;, pK, 9.1, 12.13, 13.4)
suggest that an arsenite diester analogue of the DNA backbone
might not be negatively charged.® While the exact redox proper-
ties of the proposed DNA arsenodiesters are not known, the
redox activity of arsenate would likely introduce additional
instability to the genetic material of an arsenophilic microorgan-
ism. In contrast, the phosphorus(V) found in the backbone of
native DNA is redox-inactive under physiological conditions.

The anticipated instability of the genetic material in an
arsenate-utilizing organism would present a serious challenge to
cellular operations. For such an organism to survive and reproduce
it would seem necessary to somehow suppress hydrolysis of the
arsenodiesters. In principle, this could be accomplished by dehy-
drating the DNA in some manner. DNA-binding proteins or small
molecules could be employed to shield the genetic material from
water. In addition, an immense increase in DNA repair capacity
could help counter the expected instability of a sugar-arsenate
backbone. These types of cellular contingency plans seem likely to
require the existence of specialized biochemical machinery that
would simultaneously protect the DNA from hydrolysis while
allowing normal readout and replication of the genetic code. At
this point it may be important to reiterate the magnitude of the
kinetic challenge that would face an organism with arsenodiester
linkages in its DNA. The estimates presented in preceding para-
graphs suggest that, if exposed to bulk water, half of the arseno-
diester linkages in the genome of Halomonadacea GFAJ-1 would be
hydrolytically cleaved in less than 0.1 s. While some bacteria have
evolved mechanisms for protecting their DNA under conditions of
stress,”*> overcoming such dramatic kinetic instability in its
genetic material would be a significant feat for Halomonadacea
GFAJ-1. Finally, we note that the use of arsenate esters in cell
signaling, enzyme regulation, and cellular respiration would present
a similar set of difficulties to the microbe.

In conclusion, the suggestion that Halomonadacea GFAJ-1 can
utilize arsenic instead of phosphorus in its macromolecules and
metabolites is certainly intriguing. With this Perspective, we do
not mean to imply that such an organism cannot exist. Indeed,
over the course of history, many things that were once unimag-
inable or thought to be implausible have gained widespread
evidentiary support and come to be accepted. Rather, this
Perspective serves to remind that quantitative consideration of
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chemical precedents can be important when sorting strong
hypotheses from weak ones in biochemistry and biology. Con-
siderations of the chemical and biochemical challenges faced by
an arsenophilic microbe, thus far, have been superficial. In
coming months and years, the scientific process will yield further
evidence regarding whether Halomonadacea GFAJ-1 can or
cannot function as an arsenophile, and careful considerations
of chemical reactivity will be a central element of this story.
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