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\Orthogonal Genetic Systems

Xenobiology is an emerging area of synthetic biology that
aims to safeguard genetically engineered cells by storing syn-
thetic biology information in xeno-nucleic acid polymers
(XNAs). Critical to the success of this effort is the need to es-
tablish cellular systems that can maintain an XNA chromosome
in actively dividing cells. This viewpoint discusses the structural
parameters of the nucleic acid backbone that should be con-

Xenobiology is an area of synthetic biology that aims to create
model cellular organisms in which all synthetic biology infor-
mation is encoded in artificial genetic polymers, commonly
referred to as xeno-nucleic acids or XNAs."! Xenobiology cells
created in this way would safeguard synthetic biology efforts
by establishing a firewall separating synthetic biology informa-
tion from natural biological information.” This challenging en-
deavor requires chemical synthesis to produce nucleic acid
monomers (xNTPs) that are not commercially available and
protein engineering to generate the requisite enzymatic ma-
chinery needed to synthesize and propagate genetic informa-
tion encoded in strands of XNA polymers. To date, a significant
number of advances have been made to support the develop-
ment of XNA systems, including the generation of laboratory-
evolved polymerases that have enabled the isolation of aptam-
ers and catalysts with backbone structures that are distinct
from those found in nature.”

Extending this work to cellular systems that can maintain an
XNA chromosome (episome) in actively dividing cells is a
daunting task that will require new technological advances.
Among the various problems facing those wishing to pursue
this challenging endeavor is the need to establish an orthogo-
nal genetic system that can replicate separately from the en-
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sidered when designing an orthogonal genetic system that
can replicate without interference from the endogenous
genome. In addition to practical value, these studies have the
potential to provide new fundamental insight into the struc-
ture and function properties of unnatural nucleic acid poly-
mers.

dogenous genome. This means that the orthogonal genome
and enzymatic machinery required to replicate the synthetic
genome cannot interfere with the natural biosynthetic path-
ways of the cell and, vice versa, the natural system cannot
interfere with the replication of the synthetic system. Here the
term “orthogonality” refers to genetic orthogonality, which
describes the separation of genetic information between two
different classes of nucleic acid molecule (e.g., XNA and DNA).
This use of the term “orthogonality” differs from its chemical
biology usage, which describes chemical or enzymatic reac-
tions that occur with high specificity, such as the site-specific
labeling of a biological macromolecule or the introduction of a
noncanonical residue into DNA or a protein.”

Thus far, most of the work in this area has focused on the
evolution of synthetic genetic polymers by in vitro selection.”
The XNAs evaluated in these systems represent a special
subset of synthetic genetic polymers because they have the
unique ability to form stable antiparallel Watson—Crick duplex
structures with DNA and RNA, thus allowing information to
pass between different classes of nucleic acid molecules. This
feature of biocompatibility simplifies the selection process by
allowing genetic information present in the starting DNA [i-
brary to be transcribed into XNA by using an engineered DNA-
dependent XNA polymerase, and allowing XNA members cap-
tured during the selection step to be reverse transcribed back
into DNA by using an XNA-dependent DNA polymerase.?“®
For each cycle of selection and amplification, the recovered
cDNA molecules are amplified by PCR, made single-stranded,
and used as templates to construct a new population of XNA
that has become enriched in molecules that exhibit a desired
functional property.”? An important aspect of this strategy is
that users can take advantage of infrastructure that is already
available for the writing and reading DNA sequences by solid-
phase synthesis and next-generation sequencing, respective-
ly.®!

The ability of certain XNAs to crosspair with DNA and RNA
depends on the sugar moiety. By definition, nucleic acids con-
sist of three main parts: the nucleobase, the phosphodiester
linkage, and the sugar moiety. Although each group plays an
important role in the structural and functional properties of
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nucleic acid polymers, it is the sugar moiety that determines
the helical geometry of the duplex.”” DNA, for example, favors
a B-form helix with deoxyribose adopting a 2-endo sugar
pucker, whereas RNA prefers an A-form helix with ribose
adopting a 3’-endo sugar pucker. As expected, changes to the
helical conformation occur when the natural sugar is replaced
with a different type of sugar. For example, arabino nucleic
acid (ANA), an RNA analogue in which the stereochemistry of
the 2" carbon atom positions the 2'-hydroxy group in an
upward configuration, adopts a B-form helical geometry rather
than the standard A-form geometry commonly observed for
RNA. Similarly, when a 4'-thio group is introduced into the
deoxyribose sugar, the corresponding DNA analogue adopts
an A-form helix rather than the standard B-form geometry
commonly observed for DNA."" Figure 1 provides a compari-
son of the helices formed by these natural and slightly modi-
fied nucleic acid systems.

The structural parameters that define the helical geometry
of DNA and RNA duplexes have been characterized in detail by
using information obtained by NMR spectroscopy and X-ray
crystallography.'? The parameters that describe the helicity of
a double-stranded nucleic acid structure in the most straight-
forward way are the average helical rise and the average heli-
cal twist (Figure 2)."* These parameters provide the average
stacking distances between bases and the number of nucleo-
tides per helical turn. Standard B-form DNA, for example, has

Figure 2. Schematic representation of A) helical rise and B) helical twist in
nucleic acid duplexes.

an average helical twist of 36° and an average helical rise of
3.37 A, which leads to a duplex with 10 nucleotides per helical
turn.®” By comparison, standard A-form RNA has an average
helical twist of 31° and an average helical rise per residue of
2.9 A, which produces a duplex with 11.5 nucleotides per heli-
cal turn.”

Although a reasonably large number of XNAs have been re-
ported in the literature, most are incapable of crosspairing
with DNA and RNA." These systems have structural parame-
ters that lie outside the conformational space defined by A-
and B-form helices."™ However, two prominent cases in which
XNA crosspairing with DNA and RNA occurs with high efficien-
cy have been studied in detail. The first is threose nucleic acid
(TNA), which is an artificial genetic polymer in which the natu-
ral five-carbon ribose has been replaced with a synthetic four-
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Figure 1. Helical structures of natural and closely related synthetic genetic systems. DNA and ANA adopt B-form helical geometries, whereas RNA and 4’-thio-

DNA adopt A-form helical structures.
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carbon threose."® TNA forms a B-like helical conformation that
is similar to DNA with an average helical twist of 36° and an
average helical rise of 3.2 A, which leads to a duplex with ten
nucleotides per helical turn."” The second case is anhydrohexi-
tol (HNA), which derives from a six-carbon pyranosyl sugar."®
HNA forms an A-like helical conformation that is similar to RNA
with an average helical twist of 31° and an average helical rise
of 2.6 A, which leads to a duplex with 11.5 nucleotides per heli-
cal turn.!"?

Interestingly, both TNA and HNA show signs of structural
heterogeneity depending on whether they are base paired
with themselves or crosspaired with a natural genetic poly-
mer.l"1%2% This property of structural flexibility suggests that
TNA and HNA might be capable of exchanging genetic infor-
mation with nucleic acid polymers other than DNA and RNA.
In the event that such cases could be identified, TNA and HNA
might serve as a bridge (Figure 3) by allowing information to
flow from natural genetic polymers into synthetic genetic poly-
mers that are not capable of base pairing with DNA and RNA.
Preliminary data have already shown that HNA can base pair
with (-homo-DNA, a-homo-DNA, and cyclohexyl nucleic
acid,”" thus suggesting that certain types of genetic polymer
might have a greater propensity for XNA-XNA crosspairing
than others. Other experiments reveal that certain polymerases
can synthesize limited stretches of XNA on DNA templates or

short segments of DNA on XNA templates, even when the two
systems do not undergo Watson-Crick base pairing.”?

Orthogonal genetic polymers are incapable of crosspairing
with natural genetic polymers because they have structural
parameters that are incompatible with A- and B-form helices.
Deoxyxylo nucleic acid (dXyloNA), for example, is an epimer of
DNA in which the 3'-hydroxyl group is in the upward configu-
ration and the sugar adopts a 3’-endo conformation rather
than the 2'-endo sugar pucker typically observed for DNA.¥
This relatively subtle chemical change leads to an enormous
structural change with self-pairing duplexes adopting left-
handed helices that are far removed from the chemical space
of DNA and RNA.”* NMR analysis reveals the existence of a
ladder-like structure (Figure 3) with an average helical twist of
only 2.7°. A similar case is observed for xylo nucleic acid
(XyloNA), an equivalent RNA analogue that adopts a stable,
self-pairing system that is also orthogonal to DNA and RNA.%®
Pyranosyl RNA (pRNA) is a third example of a self-pairing
system that adopts a ladder-like structure that is orthogonal to
DNA and RNA.”¥ Like HNA, pRNA has sugar moieties based on
a six-membered pyranosyl carbohydrate ring rather than the
more natural five-membered furanosyl carbohydrate ring.

The relationship between the base-pairing properties and
helical geometry of furanosyl and pyranosyl nucleic acids led
to the false assumption that five-membered furanosyl systems
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Figure 3. Helical and linear structures of synthetic genetic systems (XNAs). TNA and HNA have the capacity to exchange information with DNA and RNA,

whereas XyloNA and pyranosyl-RNA are orthogonal genetic systems.
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are helical, whereas six-member pyranosyl systems are ladder-
like. However, structural insights into the helical conformations
of XyloNA and HNA have changed the nucleic acid dogma by
showing that five-membered systems (XyloNA) can be ladder-
like and six-membered systems (HNA) can be helical (Figure 3).
These observations raise interesting questions about the con-
formational space of nucleic acid polymers and the potential
for new duplex structures. Are helical and linear conformations
the only way that XNAs can self-assemble into duplex struc-
tures or do other examples of physically realistic structures
exist that have yet to be discovered? Similarly, to what extent
can these systems base pair with other XNA systems, and is
there a mechanism for the transfer of functional information
when replication is complete?

The linear duplexes observed for XyloNA and pRNA make
them logical candidates for orthogonal genetic materials, as
there is no clear way for them to base pair with DNA and RNA.
However, this same feature will also make it difficult to create
the enzymatic machinery necessary to replicate these systems
in vitro and eventually in cells. Perhaps the structural flexibility
of TNA and HNA could serve as a conduit by providing a path-
way for transmitting genetic information from helical struc-
tures that are compatible with DNA to linear structures that
are orthogonal to DNA and RNA. Such systems provide an
interesting strategy for establishing genetic orthogonality and
would undoubtedly lead to new fundamental knowledge
about the ability of nucleic acid polymers to store and transmit
genetic information.
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