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SUMMARY

The remarkable physicochemical properties of the natural nucleic acids, DNA and RNA,
define modern biology at the molecular level and are widely believed to have been central
to life’s origins. However, their ability to form repositories of information as well as functional
structures such as ligands (aptamers) and catalysts (ribozymes/DNAzymes) is not unique. A
range of nonnatural alternatives, collectively termed xeno nucleic acids (XNAs), are also
capable of supporting genetic information storage and propagation as well as evolution.
This gives rise to a new field of “synthetic genetics,” which seeks to expand the nucleic acid
chemical toolbox for applications in both biotechnology and molecular medicine. In this
review, we outline XNA polymerase and reverse transcriptase engineering as a key enabling
technology and summarize the application of “synthetic genetics” to the development of
aptamers, enzymes, and nanostructures.
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1 INTRODUCTION

The capacity of DNA and RNA for accessible high-density
information storage and propagation separates nucleic ac-
ids from other sequence-defined biopolymers (including
proteins and peptides). This provides both the medium
and the mechanism for Darwinian evolution and is as
yet unmatched by any other polymer or other molecular
system. Indeed, DNA can store as much as 200 petabytes
of information per gram with high chemical stability.
This function is underpinned by a unique chemistry in-
cluding the polyanionic phosphodiester backbone, which
dominates the physicochemical behavior and thereby
decouples base sequence (i.e., information content) from
molecular properties and Watson-Crick base-pairing (a
combination of hydrogen-bonding and stacking interac-
tions), which allows encoding and decoding of information
in a redundant fashion.

1.1 Natural Chemical Variation

Given the stringency of molecular requirements for func-
tion, one might expect the chemical makeup of natural
nucleic acids to be completely uniform. However, consid-
erable chemical variation from the cognate DNA and RNA
chemistry is found in nature. Such variation is both diverse
and widespread, including a range of epigenetic and other
markers in both prokaryotic and eukaryotic DNA. Al-
though most occur sporadically, some modifications can
completely replace the canonical bases in some bacterio-
phage genomes (reviewed in Weigele and Raleigh 2016).
Arguably, such bacteriophages represent genetics based
on alternative, genetic polymers, suggesting that integration
of expanded chemistry sets into living systems (xenobiol-
ogy) may be possible (Herdewijn and Marliere 2009).

In RNA, in addition to a diverse array of modifications
found in transfer RNAs (tRNAs) (reviewed in Schimmel
2018), an expanding range of epigenetic messenger RNA
(mRNA) markers modulating translation initiation, RNA
half-life, and even decoding by the ribosome have been
discovered (reviewed in Meyer and Jaffrey 2017).

1.2 Artificial Chemical Variation and Synthetic
Genetics

Beyond the natural variations, organic chemistry has ex-
plored a much wider range of alternative backbones, sugar
congeners, and base chemistries with the aim to better de-
fine the key molecular parameters required for nucleic acid
function (Eschenmoser 1999). This has recently been ex-
tended to their potential for genetic information storage,
propagation, and evolution. Termed “synthetic genetics,”

this approach promises both new insights into the chemical
boundary conditions of genetics as well as new tools to
study and modify biological processes. A prime example
is the modification of nucleobases, utilizing alternative hy-
drogen bonding patterns, hydrophobic and/or geometric
compatibility, or metal ion chelation, toward an expansion
of the genetic alphabet in vitro and in vivo, as well as yield-
ing secondary structure motifs beyond those of DNA and
RNA (reviewed in Lee et al. 2018). Furthermore, in vitro
replication and evolution of nucleic acid variants compris-
ing backbone chemistries not found in nature (here referred
to collectively as xeno nucleic acids [XNAs]) yields ligands
(XNA aptamers) and enzymes (XNAzymes), as well as sim-
ple nanostructures with novel properties including in-
creased biostability (Pinheiro et al. 2012; Yu et al. 2012;
Taylor et al. 2015; 2016). Similarly, expansion of DNA mo-
lecular diversity ( primarily through pyrimidine C5 substit-
uent chemistry) has accelerated aptamer discovery (Gold
et al. 2010) and improved nucleic acid catalysts (Zhou et al.
2016; Wang et al. 2018). Here, we provide an overview of the
synthetic genetics toolbox, with a special focus on the
impact of replacing the canonical ribofuranose sugar of
DNA and RNA with synthetic congeners, informing broad-
er chemical possibilities for biotechnology and genetic
function (Fig. 1).

2 POLYMERASE ENGINEERING FOR SYNTHETIC
GENETICS

High-fidelity polymerase enzymes catalyze synthesis and
decoding of DNA sequence information with error rates as
low as 1 x 1077 coupled with an exquisite substrate specif-
icity enforced by both minor groove readout and active site
geometrical constraints. This provides for both accurate
substrate selection and exclusion of damaged and/or non-
cognate nucleotides. Indeed, DNA polymerases must
stringently select cognate deoxyribonucleotide triphos-
phates (ANTPs) from a pool that may contain between
10- and 100-fold higher concentration of ribonucleotide
triphosphates (NTPs) as incorporation of NTPs into the
genome leads to genomic instability. The molecular basis
of NTP discrimination lies in bulky amino acid side chains
(e.g., tyrosine in the case of the archaeal polB family po-
lymerases like Thermococcus gorgonarius [Tgo]: Y409)
(Cozens et al. 2012), which excludes nucleotides with 2’-
OH substituents from the polymerase active site. This
“steric gate” residue has analogs in all DNA polymerase
families and is paradigmatic of the mechanisms poly-
merases use to ensure substrate specificity, understanding
of which will be key for progress in synthetic genetics
(Fig. 1).

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a032490


http://cshperspectives.cshlp.org/

m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

oo

Downloaded from http://cshperspectives.cshlp.org/ on June 27, 2019 - Published by Cold Spring Harbor Laboratory Press
Beyond DNA and RNA for Synthetic Genetics

NV
Quvv
NV

o
\\G) Base = Base Base
HO “ HO N,
2’ Fluoro 2’ Azido ANA TNA
Base O Base
\\M \ : / Base Base Base Base
6 6 \\\ K %, \\\ ’//
CO OH HO
HNA % CeNA LNA/BNA 3’deoxy 3'OMe L-RNA
HN Base
\’\ s Base Base
O
Base N Base ﬁ K@/
\\% 0 Base & ,,
H ? o
OH £
or 0% N o=||= BH,~
AtNA PNA GNA xyNA HOMO-NA g Boranophosphate

Figure 1. Chemical structures of unnatural nucleic acids investigated for synthetic genetics. Sugar modifications
incorporated by polymerases are shown in red, whereas nucleic acids that currently cannot be synthesized by
polymerases are shown in pink. Unnatural chemistries that do not hybridize to natural nucleic acids are shown in
blue, and modifications to the phosphodiester backbone are shown in purple.

2.1 Engineering Primer-Dependent RNA
Polymerases

The comparable simplicity of such molecular checkpoints
has inspired efforts to engineer DNA polymerases into
primer-dependent RNA polymerases (Houlihan et al.
2017a). Replacement of the steric gate with less bulky amino
acids can improve NTP incorporation kinetics, up to levels
comparable to ANTP incorporation kinetics by DNA poly-
merases, but still precludes RNA synthesis beyond short
oligomers. Indeed, a second checkpoint in the thumb
domain was recently discovered that enabled primer-de-
pendent synthesis of longer RNAs (Cozens et al. 2012).
Primer-dependent RNA synthesis has a number of appli-
cations, as it obviates the need to initiate transcription with
a 5’ -pppG and allows a wide range of chemical groups to be
added during solid-phase synthesis of primers (e.g., diver-
gent 5'-cap chemistries and cap-proximal epigenetic mod-
ification such as N6,2’-O—dimethyladenosine [m°A,,] and
7-methylguanosine [m’G] [reviewed in Meyer and Jaffrey
2017]). Further engineering enabled incorporation of re-
gioisomeric 2’-5 linkages into both DNA and RNA by
replacement of purine dN'TPs with 3’-deoxy or 3'-O-methyl
(3’OMe) analogs (Cozens et al. 2015).
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2.2 Engineering Modified DNA and RNA
Polymerases

To incorporate 2' modified nucleotide substrates, much
work has gone into engineering T7 RNA polymerase
(T7RP) (e.g., for incorporation of dNTPs as well as
2'F- and 2'N;-pyrimidine triphosphates [YTPs]). One
such T7RP is available commercially as DuraScribe (Luci-
gen Corp.); it enables incorporation of 2’OMe-, 2'F-, and
2'N;-YTPs or all four 2’0OMe-NTPs provided GTP is
also present to enable the initiation step (Burmeister et al.
2005).

DNA polymerases from the polA family have also
been extensively engineered for 2’'-modified substituents.
Phage display was adapted to evolve the Stoffel fragment
of Taq polymerase for 2’0OMe-CTP and -ATP incorpora-
tion (Chen et al. 2016a). Limited synthesis was possible
with a polymerase (SFM19) with a mutation at residue
615 (E615G), which had previously been identified as
a “steric gate” mutation enabling NTP incorporation
(Ong et al. 2006). Further evolution resulted in polymer-
ase SFM4-3 (SFM19: V518A, N583S, D655N, E681K,
E742Q, M747R), which was able to transcribe fully
modified 2’0OMe 60-mer templates (Chen et al. 2016a).
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The success of this approach suggests that mutations
in the finger domain can provide efficiency gains possi-
bly by stabilizing its interaction with the thumb subdo-
main, thus favoring the catalytically competent closed
complex.

2.3 Engineering XNA Polymerases and Reverse
Transcriptases

Going beyond 2’ substitution on the RNA ribofuranose
ring, wholesale replacement with alternative ring struc-
tures (congeners) has also been explored. Such nucleic
acids are not found in nature and have therefore been
termed xeno nucleic acids (XNAs). Such modifications
can engender profound changes in the nucleic acid helix
structure, stability, hybridization kinetics, and biological
and chemical behavior (Anosova et al. 2016). Engineering
polymerases compatible with these structurally and con-
formationally divergent chemistries from the canonical
nucleic acids required the development of novel poly-
merase selection and screening methods (reviewed in
Houlihan et al. 2017a,b). These enabled the discov-
ery of polymerases for a range of XNAs, including 1,5-an-
hydrohexitol nucleic acid (HNA), cyclohexene nucleic
acid (CeNA), 2/-0,4'-C-methylene-B-D-ribonucleic acids
(locked or bridged nucleic acid, LNA/BNA), and arabino-
(ANA) and 2'-fluoro-arabinonucleic acid (FANA) (Pin-
heiro et al. 2012). Another XNA chemistry, o-L-threofur-
anosyl nucleic acid (TNA), based on a threose scaffold (a
possible “simpler” precursor of RNA) has also been ex-
plored, with mutants of the archaeal DNA polymerases
Tgo and 9°N both able to synthesize TNA polymers (Pin-
heiro et al. 2012; Larsen et al. 2016).

Genetic information encoded in RNA can be retrieved
using reverse transcriptases (RTs) derived from retrovirus-
es. However, natural polymerases and RTs generally cannot
reverse transcribe XNA strands into DNA. Notable excep-
tions include Bst (the large fragment of the Bacillus stear-
othermophilus DNA polymerase), which was recently
shown to faithfully reverse transcribe TNA polymers
containing TNA-A, -G, and -T and a fluorescent TNA-
C nucleotide (Mei et al. 2017), and RTs from avian myelo-
blastosis virus (AMV) and Moloney murine monkey
virus (M-MLV), which are able to reverse transcribe tem-
plates containing 2’OMe (Pan et al. 1995; Burmeister et al.
2005).

Although not as developed as polymerase engineering
for forward synthesis, XNA-RT activity has also been dis-
covered by screening or in vitro evolution strategies. Sta-
tistical coupling analysis (SCA) has been used to map
polymerase positions involved in function; screening
SCA-informed mutants of the Tgo polymerase led to the

discovery of the critical active site- and C-motif-proximal
521 position. A subtle but crucial mutational change
(I521L) enabled reverse transcription of a range of XNAs
including HNA, ANA, FANA, and TNA (Pinheiro et al.
2012); introduction of E664K into the Tgo pol (shown to
increase primer-template affinity [Cozens et al. 2012 ]) fur-
ther extended XNA reverse transcription to LNA and
CeNA. Recently, an emulsion-based selection method was
adapted to evolve Thermococcus kodakaraenis (KOD) DNA
polymerase, yielding a mutant (RTX) capable of high-fidel-
ity RNA reverse transcription (Ellefson et al. 2016), with a
threefold reduction in error rate compared with the M-
MLV RT. RTX (with 3’-5" exonuclease activity inactivated)
could also reverse transcribe a fully modified 2’OMe
oligomer.

Although the above XNAs hybridize specifically to
DNA or RNA (albeit with variable affinity), a number of
chemistries have been described that hybridize very weakly
or not at all to natural nucleic acids (Anosova et al. 2016).
These include glycol nucleic acid (GNA): R-GNA and S-
GNA enantiomers pair with themselves, but not each oth-
er, and neither is able to cross-pair with DNA. Similarly,
other orthogonal self-pairing systems that do not pair with
DNA include xylo nucleic acid (xyNA), f-Homo-DNA,
enantio-DNA, and the mirror image L-forms (L-DNA,
L-RNA) of the natural D-form nucleic acids. Such chemis-
tries cannot currently be replicated via a DNA intermediate
and have proved challenging for polymerase engineering.
However, S-GNA synthesis by Bst polymerase has been
reported, suggesting that the polymerase active site can en-
force and stabilize weak primer-template interactions (Tsai
et al. 2007).

In summary, polymerase engineering has progressed
rapidly, and both the synthesis and reverse transcription
of a range of unnatural or modified nucleic acids have be-
come routine. With multiple selection formats available
(Houlihan et al. 2017a,b), the prospects for adapting poly-
merases to ever more diverse chemistries are good.
Conversely, medicinal chemistry approaches (adapting nu-
cleotide substrate to the polymerase) have proven remark-
ably successful, most notably in the discovery of unnatural
base pairs (UBPs) (reviewed in Feldman and Romesberg
2017). However, a number of challenges remain. Catalytic
efficiency and fidelity of polymerases with unnatural tri-
phosphates is generally lower than with cognate dNTPs
or NTPs. A recent crystal structure of the ternary complex
of KOD-RI with a DNA primer-template duplex and a
TNA triphosphate (tATP) bound revealed severe distortion
of the nascent base pair when compared with the binary
structure (Chim et al. 2017), suggesting an important role
for structural investigations to guide future efforts in syn-
thetic genetics.
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3 EVOLVING FUNCTION USING SYNTHETIC
GENETIC POLYMERS

3.1 Functional Nucleic Acids

Beyond the classical double-helix conformation, nucleic
acids (and in particular RNA) are able to form a wide range
of three-dimensional folds and structures (including inter
alia hairpin loops, internal bulges, pseudoknots, and G-
quartets), underpinned by canonical Watson-Crick as
well as noncanonical intramolecular bonds (e.g., Hoogsteen
pairs, base triples, GU wobble pairs). Such nucleic acid
structures can, in some cases, match the ability of proteins
to form sophisticated interaction surfaces (paratopes),
comprising shape-charge complementarity, salt bridges,
hydrogen bond networks, van der Waals forces, and metal
ion binding pockets (Gelinas et al. 2016). The diverse ranges
of structures and functions in modern biology have been
formulated in the concept of the cell as an “RNA machine.”

3.2 In Vitro Evolution of Functional Nucleic Acids

Nucleic acids are unique in their capacity to encompass
both genotype (i.e., sequence information) and phenotype
(i.e., positioning functional chemical groups in a defined 3D
fold), thus enabling Darwinian evolution at the molecular
level, as first shown in vitro by Spiegelman (reviewed in
Joyce 2007). In vitro evolution experiments to identify syn-
thetic functional nucleic acids by selection from diverse
repertoires are typically termed “systematic evolution of
ligands by exponential enrichment” (SELEX) methods (re-
viewed in Darmostuk et al. 2015). Fundamentally, SELEX
relies on the generation of very large (>10'*) repertoires of
single-stranded, random-sequence RNA or DNA reper-
toires that are panned for binding to a target of choice,
allowing functional library members to be enriched from
the bulk population through iterative cycles of selection and
amplification.

Using this approach, a wide variety of synthetic func-
tional nucleic acids have been developed, including RNA
and DNA ligands (aptamers) (Dunn et al. 2017) or cata-
lysts—ribozymes/DNAzymes (Wachowius et al. 2017).

3.3 Aptamers

Nucleic acid aptamers can be selected to bind a wide range
of molecular targets including small molecules, proteins, or
RNA motifs immobilized on solid phase, or extracellular
structures on bacteria, viruses, or eukaryotic cells. Selec-
tions for cell-penetrating aptamers (Tawiah et al. 2017)
and even selections directly in live animals have also been
performed (Mi et al. 2010). In recent years, the field has
grown exponentially and is increasingly recognized as a
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powerful biotechnology for biosensing, proteomics, diag-
nostics, imaging, and targeted drug delivery (Zhou and
Rossi 2017; Hori et al. 2018).

In comparison with antibodies or other protein-based
affinity reagents, aptamers offer a number of advantages,
including automation of discovery and solid-phase synthe-
sis. Unlike protein biologics, aptamers tolerate repeated cy-
cles of heating, drying, and freezing without irreversible
aggregation and have a very long shelf life without depen-
dence on a temperature-controlled cold chain. Further-
more, aptamers show low immunogenicity (with the
exception of CpG DNA motifs) and their small size (typi-
cally 5-20 kDa) offers improved tissue penetration com-
pared with whole antibodies.

Aptamers can be incorporated into multimeric com-
plexes (such as multispecific constructs, concatemers, den-
drimers, and nanoparticles) in a relatively straightforward
manner, allowing directed cross-linking of target mole-
cules, or design of systems for hybridization-mediated
signal amplification, as well as integration with nanotech-
nology designs for assembly of biosensors, enzyme arrays,
and nanorobots (Jo and Ban 2016). However, a number of
significant challenges to their widespread use in biotechnol-
ogy have been identified. For one, the functional scope of
aptamers is constrained by systemic shortcomings inherent
in nucleic acid chemistry, including a comparatively uni-
form chemical makeup with the steric, electronic, and phys-
icochemical properties of the four canonical bases spanning
a rather limited range. This has spurred efforts to expand
the functionality of aptamers (and functional nucleic acids
in general) by expanding their chemical diversity through
the addition of extraneous substituent chemistries.

3.4 Modifying Aptamers by Postselection Medicinal
Chemistry

Despite setbacks in the clinical progression of aptamers as
therapeutic agents, key hurdles for in vivo applications have
begun to be addressed; many of the lessons learned from the
antisense/short-interfering RNA (siRNA) community (re-
viewed in Wittrup and Lieberman 2015) have improved the
prospects for aptamers—in particular, including diversifi-
cation of backbone and substituent chemistry to enhance
and fine-tune functionality as well as chemical conjugation
to improve organ-specific or intracellular delivery and re-
duce renal clearance.

One of the most significant roadblocks to in vivo appli-
cations for all types of functional nucleic acid remains their
poor biostability. Exo- and endonucleases that rapidly de-
grade naked DNA and RNA polymers are common com-
ponents of all extracellular as well as intracellular (both
endosomal and cytoplasmic) compartments. Typically,
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the half-life of single-stranded DNA or RNA aptamers in
serum is minutes to hours, although a combination of add-
ing small terminal DNA hairpins and engineering in-
creased G-C content of stem structures can (at least in
some cases) offer improved stability. Traditionally, medic-
inal chemistry cycles have been used to test each nucleotide
position for substitution with chemical analogs that en-
hance biostability (Rothlisberger and Hollenstein 2018).
Although such modifications can stabilize secondary struc-
tures and increase binding affinity in some contexts, exten-
sive substitution can disrupt aptamer 3D structure or
folding and consequently reduce target binding affinity.

3.5 Partially Modified DNA and RNA Aptamer
Selections (modSELEX)

To expand beyond the limitations of the natural chemistries
and bypass costly and time-consuming medicinal chemis-
try cycles, much effort has been expended on incorporating
modified nucleotides into the SELEX process. Selections
based on direct partitioning can allow discovery from mod-
ified libraries prepared by solid-phase synthesis, and for
close steric and electronic analogs of the natural nucleo-
tides, natural polymerases may be sufficient for both syn-
thesis and reverse transcription. However, more divergent
modifications, such as 2’-modified sugars or ring congeners
have generally required the engineering of polymerases and
RTs tolerant to alternative NTP analogs (see Sec. 2).
Although the value of expanded chemistries has been
shown in antisense and siRNA therapeutics (improving
target binding, increasing resistance to nucleases, and re-
ducing immunogenicity) (Khvorova and Watts 2017), com-
paratively few of these chemistries have so far been
incorporated into successful aptamer selections. Further-
more, the majority of reports to date have involved selec-
tions with partially modified libraries (modSELEX), with
some DNA or RNA components retained during the selec-
tion step. Despite this, modSELEX has proven to be a pow-
erful approach for selecting aptamers with improved
properties for in vivo applications (Dellafiore et al. 2016;
Lipi et al. 2016); although phosphorothioate (0S)- and bor-
anophosphate (0BH;)-linked RNA backbones have been
explored, modified sugars have become a preferred chem-
istry, such as 2’-amino- and 2'-fluoro-pyrimidine analogs
(2’F-dYTPs) in particular, because of the ease of chemical
synthesis of both triphosphates and oligonucleotides. DNA
aptamer selection using the analogous purines (2'F-dRTPs)
has recently been shown (Thirunavukarasu et al. 2017),
and polymerases capable of using all four 2'F analogs
(2’F-dNTPs) have been developed (Cozens et al. 2012),
thus aptamer selections at full-2'F substitution should
now be feasible. Polymerase engineering (see Sec. 2) has

also allowed another standard chemistry, 2’-O-methyl
(270OMe) RNA, to be used in selections. 2’OMe is an attrac-
tive substitution as it is biostable as well as nontoxic, occur-
ring naturally as a modification of ribosomal RNA and
tRNAs. A significant milestone involved a selection for
anti-VEGF aptamers using a T7RP mutant to incorporate
a mixture of 2’OMe-A, -C, -G, -U, spiked with GTP to
enable polymerase initiation (Burmeister et al. 2005).

Although the first crop of 2’OMe-modified therapeutic
aptamers proved insufficiently effective in clinical trials
(Zhou and Rossi 2017), recent successes of 2’-modifications
in the context of designed antisense reagents has generated
renewed interest in the therapeutic potential of nucleic ac-
ids. More than 30 antisense therapeutics are in clinical tri-
als, close to approval or about to enter the clinic, most
notably those containing 2'-methoxyethyl- (2’MOE) RNA
such as Spinraza/Nusinersen and IONIS-HTTRx (Ionis
Pharmaceuticals, Inc., in partnership with Biogen/Hoft-
man-La Roche AG, respectively), as well as uncharged
phosphorodiamidate morpholino (PMO) oligonucleotides,
such as ExonDys 51/Eteplirsen (Sarepta Therapeutics, Inc.).

Other modifications that have been explored in mod-
SELEX include 4'-thioribose pyrimidines (4'S-YTPs),
which conferred a 50-fold increase in resistance to RNase
A degradation. Locked or bridged nucleic acids (LNA/
2'4’BNA), in which the 2’0 and 4'C of the deoxyribose
ring are linked by a (oxy)methylene bridge, are known to
be even more resistant to nuclease degradation, and confer
exceptional duplex stability (Dellafiore et al. 2016; Lipi et al.
2016). So far, only one instance has been reported in which
an LNA TTP replaced dTTP in the randomized region of a
DNA library for aptamer selection (Kasahara et al. 2013).
Engineered polymerases capable of synthesis and reverse
transcription of fully substituted LNA polymers have
been described (Pinheiro et al. 2012), suggesting that in
principle all-LNA aptamer selection should also be pos-
sible.

3.6 Aptamer Selections Using Modified Bases
and Novel Base Pairs

Although modified sugars can improve target binding as
well as biostability, diversification of the nucleobase chem-
istry (Fig. 2) has proven to be a more effective strategy for
expansion of the chemical diversity of target binding sur-
faces (the paratope). Various side chains were explored ear-
ly on; however, the majority of studies have focused on the
attachment of hydrophobic groups to the C5 position of
uridine or deoxyuridine. A key advance in this area are
slow off-rate modified aptamers (SOMAmers) comprising
an amide bond linkage between the pyrimidine C5 position
and the substituent side chain, which enhanced aptamer
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Figure 2. Chemical structures of a range of base-modified nucleic acids used in aptamer and nucleic acid catalyst
selections and in nanostructures. Base modifications are indicated in blue, whereas sugar modifications are shown in red.

discovery success rate, especially against previously chal-
lenging targets (Gold et al. 2010). Unlike the freely rotating
alkyne linkages used previously, the amide is planar, there-
by restricting free rotation and limiting entropic costs upon
binding to target. SOMAmers look especially promising for
diagnostic proteomics, in which the hydrophobic substitu-
ents (e.g., benzyl derivatives) provide extensive nonpolar
interactions with target molecules, expanding the range of
targetable epitopes beyond that of unmodified DNA and
RNA (Gelinas et al. 2016). This is an interesting approach
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as tyrosine side chains are overrepresented in the comple-
mentarity-determining regions (CDRs) of antibodies, and
high-affinity antibodies have been isolated from repertoires
comprising a simple binary Tyr/Ser binding code (Koide
and Sidhu 2009).

Although incorporation of a range of C5-modified py-
rimidine triphosphates has been achieved using natural (or
minimally engineered) polymerases, high-density modifi-
cation remains challenging. An alternative approach in-
volves postsynthetic modification, whereby only a single
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modified nucleotide (for each backbone chemistry) com-
prising the requisite chemical handle need be synthesized.
In the recently developed click-SELEX, 5-ethynyl-substitut-
ed dUTP is incorporated and postsynthetically reacted with
azido group—containing substituents using click chemistry
(Pfeiffer et al. 2018). Again, as described above, this ap-
proach may also benefit from the restricted rotation of the
resulting 1,2,3-triazole ring.

In a different approach, “synthetic translation” has the
potential to offer an even wider range of substituent chem-
istries: DNA triplets bearing one of eight different side
chains can be aligned on DNA templates and ligated (by
T4 DNA ligase) to prepare heavily modified DNA, which
was recently used to select aptamers against IL-6 and PCSK9
(Chen et al. 2018).

Distinct from the modification of the natural bases, the
development of novel orthogonal base-pairing systems can
be exploited for aptamer technology. Indeed, an expanded
alphabet should allow site-specific incorporation of defined
functional groups or an expansion of the side chain reper-
toire in aptamers (Benner et al. 2016). Five- and six-letter
systems (A, T,C,G plus one or two orthogonal base analogs)
have been independently developed, termed “genetic alpha-
bet expansion SELEX” (ExSELEX) and “artificially expand-
ed genetic information systems” (AEGIS), respectively.
Both systems have been used to select expanded-alphabet
DNA aptamers specific for targets that include whole cells
and toxins (Lee et al. 2018). The AEGIS pair (Z and P)
exploits alternative patterns of hydrogen bond donor and
acceptor groups and can be sequenced by specific differen-
tial chemical conversion (akin to bisulfite sequencing).
Even in the absence of nonnatural functional groups (apart
from the nitro group on Z; 6-amino-5-nitro-3(1’-p-D-
2'deoxyribofuranosyl)-2(1H)-pyridone), the six-letter sys-
tem appears to increase the number of functional aptamers
within a repertoire, presumably because of an increase in
the diversity of possible aptamer structures, as well as a
reduction of alternative folds of each sequence (i.e., limiting
the conformational ambiguity). The EXSELEX system uses
a different pair (Ds and Px), which achieves orthogonality
through steric complementarity, and only one of the letters
(Ds) is incorporated into DNA libraries; these positions
were initially fixed, but recent aptamer selections have
allowed them to vary (Matsunaga et al. 2017).

3.7 Fully Modified Xeno Nucleic Acid (XNA)
Selections (X-SELEX)

The modSELEX approaches described above still involve
DNA or RNA components and thus retain vulnerability
to nucleases, but complete replacement of all four natural
nucleotides during aptamer selections is possible (Fig. 3).
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Figure 3. Overview of methods for directed evolution of functional
nucleic acids (aptamers and enzymes) composed of modified DNA or
RNA, or xeno nucleic acids (XNAs), using systematic evolution of
ligands by exponential enrichment (SELEX) strategies.

Polymerase engineering by in vitro evolution and screening
(see Sec. 2) have recently enabled DNA-templated synthesis
and reverse transcription of a range of nonnatural nucleo-
tide analogs composed of modified or alternative back-
bones, sugars, or ring congeners not found in nature
(xeno nucleic acids [XNAs]). Systems that allow XNA rep-
lication (via a DNA intermediate [DNA—XNA—DNA])
enable selections for functional molecules directly from
diverse repertoires of fully modified nucleic acid analogs.
Transcribing between DNA and XNA in a selection cycle
(cross-chemistry SELEX [X-SELEX]) (Pinheiro et al. 2012)
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allows selection steps to be performed on XNA libraries,
whereas cDNA is used for amplification, cloning, and se-
quencing as XNAs cannot yet be directly sequenced, al-
though the advent of nanopore sequencing may allow this
in the near future.

To date, XNA aptamer selections have been reported
using a range of chemistries bearing 2’-modified ribose or
alternative ring structures. Before the development of an
appropriate RT for TNA, DNA display was used to select
antithrombin TNA aptamers from a three-letter TNA al-
phabet (synthesized from tA-, tC-, and tTTP) (Yu et al.
2012). Using engineered polymerases for synthesis and re-
verse transcription, HNA aptamers against hen egg lyso-
zyme (HEL) or a truncated version of the TAR RNA motif
from HIV were selected directly from diverse repertoires
(up to 10'* variants) (Pinheiro et al. 2012). The anti-TAR
HNA aptamers were shown to be specific for different RNA
structural motifs (and not binding TAR RNA by antisense
complementarity), whereas the anti-HEL HNA aptamers
could stain mouse plasmacytoma cells expressing HEL as
a transmembrane protein. Crucially, HNA aptamers could
be exposed to acid, base, and nuclease treatment with no
measurable effect on activity, showing that such XNAs can
yield aptamers with both extreme biostability and chemical
inertness.

2'OMe-RNA, although technically not an XNA (as it
is found as a posttranslational modification of cellular
RNA), has also continued to be explored. Engineering of
T7RP allowed selections to be performed on a mixture of all
four 2’OMe nucleotides plus GTP (Burmeister et al. 2005).
Subsequent efforts have shown that a mixture of 2’OMe-
dA, -dC-, -dUTPs, and 2'F-GTP can be used for selection of
fully substituted aptamers with extended half-lives in 10%
serum (Friedman et al. 2015). Recently, mutants of the
Stoffel fragment of Taqg DNA polymerase were described
that could synthesize and reverse transcribe fully 2'OMe-
RNA in the context of a selection for binders to human
neutrophil elastase (Liu et al. 2017).

An alternative approach, adapted from the mirror-im-
age phage selection strategy originally described by Kim
(Schumacher et al. 1996) is the selection of RNA or DNA
aptamers against enantiomeric target molecules, followed
by chemical synthesis of the nonnatural L-RNA or L-DNA
isomers of the aptamers, termed “Spiegelmers.” Although
Spiegelmers are composed of unmodified DNA or RNA,
the L-forms are not recognized by natural nucleases,
and so show greatly extended half-lives in serum. Various
Spiegelmers have been developed, including (remarkably)
L-RNA aptamers able to recognize natural D-RNA motifs
such as microRNAs (Sczepanski and Joyce 2015), and var-
ious candidate therapeutics are in clinical trials (Vater and
Kluffimann 2015). One drawback of this approach is that
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mirror-image targets must first be prepared (by chemical
synthesis of D-(poly)peptides or L-nucleic acid targets),
precluding the use of whole cells or large proteins in Spie-
gelmer selections. However, the preparation of L-DNA po-
lymerases composed of D-amino acids (Wang et al. 2016)
suggests selection of Spiegelmers directly from L-form ap-
tamer libraries will be possible.

Another strategy in development seeks to leverage
DNA template-directed nonenzymatic assembly of chem-
ical entities to assemble sequence-defined polymers, such
as peptide nucleic acid (PNA), an uncharged nonpolar
backbone chemistry with very high resistance to both nu-
cleases and proteases. Approaches such as this have the
potential to extend in vitro evolution into chemistries in-
creasingly distant from the natural nucleic acids (Lutz et al.
2013).

3.8 Modified Ribozymes and DNAzymes

As described above, the diverse folded structures of nucleic
acids not only engender specific ligand binding but can
form catalytic motifs analogous to protein enzymes, which
can be evolved de novo from random sequence repertoires.
Many such ribozymes and DNA catalysts (DNAzymes)
have been isolated (Silverman 2016; Wachowius et al.
2017), including ribozymes with RNA polymerase activity.
Initially limited to short templates, years of directed evo-
lution and RNA engineering have enhanced RNA poly-
merase ribozyme activity toward synthesis of ever longer
RNAs, although mostly on favorable RNA templates. Nev-
ertheless, the most advanced polymerase ribozymes are
now able to synthesize RNA aptamers (Horning and Joyce
2016), synthesize simple ribozymes (Wochner et al. 2011),
and even support exponential amplification (ribo-PCR)
(Horning and Joyce 2016). Although functional nucleic
acids are able to catalyze a wide spectrum of chemical
transformations (Silverman 2016), they appear to be
most adept at phosphoester chemistry, with the most pow-
erful catalysts being RNA endonucleases and ligase ribo-
zymes, including the class I ligase ribozyme from which
the RNA polymerase ribozymes derive (Wachowius et al.
2017).

Although both ribozymes and DNAzymes have begun
to find applications in synthetic biology as biosensors, mo-
lecular computational systems or synthetic regulators of
gene expression (e.g., synthetic riboswitches), the majority
of research involving synthetic nucleic acid catalysts has
taken two avenues: (1) the expansion of chemical function-
ality to broaden the scope of their enzymatic activity (Silver-
man 2016); and (2) the improvement of biostability and
activity under physiological conditions for potential usage
in precision molecular medicine, such as sequence-specific
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targeting of viral or disease-associated RNAs (Fokina et al.
2015).

From these perspectives, several groups have explored
an expansion of the chemical functionality beyond the stan-
dard nucleotides. Typically, as with aptamers, postselection
medicinal chemistry has been a major focus. A considerable
body of work has also been performed on the classic “10-
23” and “8-17” RNA-endonuclease DNAzymes (Santoro
and Joyce 1997). A range of variants with modified bases,
sugars, and backbones have been prepared by solid-phase
synthesis, with a view to augment in vivo stability, substrate
binding, or catalytic power.

A fascinating approach has also been to explore simpler
evolutionary systems with reduced chemical (and infor-
mational) diversity. Ligase ribozymes were selected from
genetic alphabets consisting of just three (by deaminating
Cs to Us using bisulphite), and subsequently two (replacing
A with 2,6-diaminopurine), chemical letters (Reader and
Joyce 2002). The observed reductions in catalytic rate
suggest that catalytic power (at least for these simple ribo-
zymes) does scale with informational and chemical com-
plexity, boding well for synthetic genetic approaches to
expanding the chemical diversity of nucleic acid backbones,
base substituent chemistries as well as informational diver-
sity through expansion of the genetic alphabet itself (Ben-
ner et al. 2016).

Substitutions with modified nucleotides are necessary
for in vivo applications, but generally it has not been pos-
sible to replace all RNA or DNA residues in pre-existing
ribozymes or DNAzymes (particularly their catalytic cores)
without compromising activity. The challenge of replacing
all residues with robust analogs while retaining catalytic
activity has posed a major obstacle to the development of
effective endogenously delivered ribozyme and DNAzyme
therapeutics. Although several ribozymes have progressed
to clinical trials, such as “angiozyme” (an RNA endonucle-
ase targeting mRNA encoding the vascular endothelial
growth factor [VEGF] receptor), and appeared to be well-
tolerated in vivo (Morrow et al. 2012), in general efficacy
was limited, in part due to reduced biostability resulting
from unmodified ribonucleotide positions. To date, no
nucleic acid catalyst has achieved clinical approval.

The majority of research to advance DNAzymes for
biological applications has centered on the 10-23 RNA
endonuclease DNAzyme, due to its modularity and excep-
tional catalytic efficiency. Variants targeting disease-asso-
ciated RNAs have been reported to show activity in vivo,
and clinical applications for knockdown of pro-inflamma-
tory RNAs in the lung and skin are under investigation
(Garn and Renz 2017). However, inactive or photoactivat-
able versions of 10-23 show similar effects suggesting that
knockdown activity may be due to antisense-mediated
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mechanisms rather than catalytic activity of the DNAzyme
itself (Young et al. 2010).

The use of alternative nucleotide chemistries in ribo-
zyme or DNAzyme selections has the potential to overcome
some of these difficulties, offering the prospect of more
biostable backbones, formation of more stable secondary
structures and improved activities under physiological con-
ditions. Base modifications have also been explored (Fig. 2)
including C5-imidazoyl-dU, which yielded a DNAzyme
with an impressive catalytic rate in the presence of Zn**
(Santoro et al. 2000). Extending this approach, RNA endo-
nuclease DNAzymes with up to three nucleotide analogs in
which the bases display amino acid-like side chains have
been isolated, including the recent report of an RNase A
mimic that functions independently of Mg>" (Wang et al.
2018). A DNAzyme capable of amide bond hydrolysis was
recently realized, again using protein-like side chains, a
chemical transformation that could not be performed by
an unmodified nucleic acid catalyst (Zhou et al. 2016).

As with Spiegelmer aptamers, modification of catalysts
with L-RNA or L-DNA offers an alternative route to biosta-
bility. However, this requires (for now) selection of D-RNA/
D-DNA libraries on mirror-image substrates unless these
are achiral. Such cross-chiral catalysis, specifically a cross-
chiral RNA polymerase ribozyme, has also been explored to
overcome chiral inhibition of prebiotic RNA-catalyzed
RNA polymerization (Sczepanski and Joyce 2014).

3.9 Catalysts from Synthetic Genetic Polymers
(XNAzymes)

The advent of synthetic genetics presents new opportunities
to extend nucleic acid catalyst selections to fully modified
libraries composed of XNA chemistries (i.e., X-SELEX for
catalysts [Taylor and Holliger 2015]). Using broadly similar
selection strategies used for ribo- and DNAzyme discovery,
XNA catalysts (XNAzymes) were isolated from four differ-
ent backbone chemistries: ANA, CeNA, FANA, and HNA
(Taylor et al. 2015). XN Azymes were identified with RNA
endonuclease activity, as well as RNA and XNA ligase ac-
tivity (in the FANA chemistry). Prediction of XNA second-
ary structures using standard software are fraught with
difficulty as the requisite force fields and structural and
conformational parameters are largely unknown (Anosova
et al. 2016). However, secondary structures of several of the
FANAzymes in complex with their RNA substrates could
be determined using a combination of SHAPE (on non-
cleavable variants of their RNA substrates in the case of
an RNA endonuclease FANAzyme) and mutational profil-
ing (RING-MaP) by reacting FANA (as well as substrate
RNA) nucleotides with DMS and reverse transcribing to
DNA for deep sequencing using an engineered polymerase
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(Taylor et al. 2015). Using this information, catalytic core
residues and substrate-binding guide sequences could be
unambiguously identified and subsequently reengineered.
That catalysts can be discovered by in vitro evolution pro-
cesses in the sequence and chemical spaces beyond those
used in biology has broad implications for our understand-
ing of the boundary conditions necessary for life or its
hallmark processes.

4 NANOSCALE ENGINEERING USING SYNTHETIC
GENETIC POLYMERS

4.1 DNA and RNA Nanotechnology

Watson-Crick hybridization rules allow hierarchical, pro-
grammable formation of duplexes into various 2D and 3D
nanoscale objects and devices. Many studies have shown the
potential usage of DNA (and RNA) nanotechnology as, for
example, in vivo logic devices, cargo delivery vehicles, or
topological guides for synthesis of polymers (Seeman and
Sleiman 2017). However, DNA and RNA impose con-
straints on in vivo applications such as poor biostability
and immunogenicity. Although several studies have fo-
cused on the impact of alternative design strategies using
unmodified DNA and RNA, a range of chemical modifica-
tion to 2D and (in some cases) 3D designs have also been
explored (such as GNA, PNA, methylphosphonate back-
bones, and alternative bases capable of photo-cross-linking
or metal coordination), either by solid-phase synthesis
of modified oligonucleotides or by appending functional
groups following nanostructure assembly (Gothelf 2017).

One recent advance of note is the application of mirror-
image L-DNA. L-DNA versions of a tetrahedral structure
were more resistant to nucleases and could be used to deliv-
er a toxic doxorubicin payload to tumor cells in a xenograft
mouse model (Kim et al. 2016). In an impressive expansion
of nanostructure function using alternative chemistries,
hydrophobic moieties and phosphorothioate-linked oligo-
nucleotides (reacted postassembly with ethyliodide) could
be used to add nonpolar motifs to DNA barrel-like
architectures, allowing them to insert into lipid bilayers, a
strategy that has provided a range of engineered DNA
nanopores (Howorka 2017).

4.2 Incorporating Synthetic Genetic Polymers into
DNA Nanotechnology

Recently, an alternative approach has sought the wholesale
replacement of natural nucleic acids as the building material
with XNAs. Encouragingly, partially 2'F-substituted ®29
bacteriophage ~80-nt packaging RNA (pRNA) nanomo-
tors were found to retain their ability to assemble into a
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functional complex, while acquiring increased resistance
to RNAse degradation (Liu et al. 2011).

Engineered polymerases (see Sec. 2) can enable access to
XNA strands that cannot be obtained by solid-phase syn-
thesis (e.g., a 1.7-kb FANA strand [Taylor et al. 2016]). This
has enabled assembly of four-strand tetrahedra composed
of 100% 2'-F-DNA, FANA, HNA, and CeNA, as well as
hybrid tetrahedral structures comprising DNA/FANA,
DNA/2'F-DNA, and 2'F-DNA/HNA components. In the
case of HNA, tetrahedra were shown to be completely re-
sistant to degradation in serum-containing media at 37°C
for more than a week. However, it was notable that tetrahe-
dral designs presenting two-nucleotide single-stranded ver-
tices were more amenable to XNA assembly, presumably
allowing a relaxation of conformational strain. In a similar
vein, a fully modified 1.7-kb FANA strand, together with
five 40-nt FANA staple strands, was shown to assemble into
an octahedral design that could be resolved by transmission
electron microscopy (TEM) single-particle reconstruction
(Taylor et al. 2016). Deviations from the DNA design were
apparent, presumably caused by the divergent FANA
helical geometries, although the overall topology of the
structure was maintained. A deeper understanding of the
structural and energetic parameters of the various XNAs
may be required to access more complex XNA nanostruc-
ture designs.

5 CONCLUDING REMARKS: WORLDS
BEYOND RNA?

There is considerable merit to the argument that natural
nucleic acids appear to be near-optimal solutions for
information storing molecules and may hint at general
principles likely to be common among functional genetic
systems (Benner et al. 2004). However, the ability of a range
of unnatural nucleic acid polymers (XNAs), in addition
to natural DNA and RNA variants, to form functional
molecules (Fig. 4), including aptamers, enzymes, and nano-
structures as described, suggests that for nucleic acids (and
biopolymers in general) to evolve function in biology, they
may fundamentally only require (1) a molecular framework
capable of precisely positioning chemically reactive groups,
and (2) a link between this phenotypic arrangement and
heritable information. Consequently, a whole range of al-
ternative sequence-defined polymers not found in nature
might in principle be capable of storing information and
forming structures that underpin biological processes. In-
deed, as we have discussed, efforts are ongoing to explore
the sequence space of ever more divergent sequence defined
polymers for the discovery of new materials and drugs. One
might therefore ask if “nature’s choice” of RNA (and DNA)
is based on clear functional advantages over simple alter-
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Figure 4. A summary schematic of (A) designed, (B) evolved, and (C) natural functional nucleic acids with expanded
chemistry and their respective functions as discussed in this review.
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natives or rather on historical contingencies such as the
constraints of terran prebiotic chemistry. The question of
the degree to which nucleic acids present unique solutions
to the problem of genetic information storage has been an
ongoing subject of investigation in organic and medicinal
chemistry, which has synthesized a wide range of backbone,
sugar ring, and base variants. Synthetic genetics is now
beginning to probe their functional and genetic potential,
and their interaction with the natural genetic system (Cha-
put et al. 2012; Benner et al. 2016; Chen et al. 2016b; Hou-
lihan et al. 2017a,b).

Expansion of the genetic alphabet probes fundamental
aspects of molecular information encoding and the ap-
proaches taken and the difficulties encountered are illustra-
tive. Efforts to expand the genetic alphabet by one (or
several) novel, orthogonal base pairs were initiated by
Benner and colleagues by shuffling of H-bond donor and
acceptor pairs on the natural purine and pyrimidine rings to
potentially yield four novel pairs (Benner et al. 2016). Al-
ternative approaches have involved exploiting hydrophobic
interactions (i.e., base stacking) and shape complementar-
ity. Some of these novel pairs have already allowed the in
vitro evolution of higher affinity aptamers to protein or cell-
surface targets (see Sec. 3.6). Even more striking, some of
the hydrophobic pairs can be both replicated and tran-
scribed in a living organism, enabling new triplet codons
for in vivo genetic code expansion (Ledbetter et al. 2018).
Although the current generation of artificial base pairs
works best when integrated sporadically into DNA (or
RNA), future iterations may be able to function at higher
multiplicity. However, the manifold challenges that had to
be overcome to arrive at functional, orthogonal pairs may
hint at possible causes for the “sparse” natural four-letter
alphabet. For example, the original base-pair designs with
modified H-bond donor-acceptor patterns suffered from
unfavorable tautomerization or epimerization equilibria
that required further chemical modification (Benner et al.
2016). Likewise, the design of successful hydrophobic pairs
lacking H-bonds required systematic screening of a large
number of candidate compounds. Thus, a four-letter alpha-
bet may not just reflect constraints of prebiotic chemistry
or mutual orthogonality (Szathmary 2003), but also the
rarity of suitable heterocycles that support stable pairing
patterns.

Furthermore, stable pairing appears to be an insufficient
criterion by itself as some simple heterocycles capable of
doing so are not used (or used only sparingly) in biology.
For example, 2,6-diaminopurine would appear to have
some advantages over adenine, notably providing a more
stable pairing with uridine or thymidine, which can aid
RNA-catalyzed RNA synthesis by RNA polymerase ribo-
zymes (Attwater et al. 2013) and might have simplified
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some genomic transactions by equalizing base-pairing en-
ergetics among different base pairs. Likewise, many A- and
U-rich anticodons bear chemical modifications to stabilize
interactions and enable more efficient readout of the genetic
code (Grosjean and Westhof 2016). Nevertheless, 2,6-
diaminopurine appears to be only found in the genome of
a cyanophage (Weigele and Raleigh 2016). This and other
modifications may reflect vestiges of a range of prebiotic
base-pairing systems, which did not become stably incor-
porated into biology.

As discussed above, XNAs bearing a range of variations
to the sugar ring chemistry (e.g., 2'F, 220OMe) including
nonglycosidic ring congeners (e.g., HNA, FANA) as well
as acyclic analogs (GNA) have been found to be compatible
with at least rudimentary genetic function. Broadly, this
finding could be interpreted as an indication that life’s ge-
netic system based on phosphodiester and ribofuranose
backbones may reflect constraints of prebiotic chemistry
rather than stringent functional requirements. However,
atleast some XNAs, including TNA and ANA, appear com-
patible with some prebiotic synthesis schemes suggesting
that a hypothetical “pre-RNA World” could have had
multiple chemical inhabitants from which only the most
functional survive in biology. Furthermore, it cannot be
excluded that perhaps XNAs could support genetic systems
(XNA Worlds) elsewhere in the cosmos.

However, the ribofuranose chemistry of RNA may be
special in at least one respect, the vicinal cis-diol configu-
ration. This vicinal diol configuration appears to aid import
of ribose sugar into protocellular vesicles (Sacerdote and
Szostak 2005) and, in the context of the RNA backbone,
activates the proximal phosphodiester linkage for transes-
terification (either cleavage or recombination). This struc-
ture underlies the instability of RNA oligomers at high
(alkaline) pH and elevated temperatures especially in the
presence of bivalent metal ions. Although such hydrolytic
instability may be considered undesirable for a genetic ma-
terial, it accelerates recombination and splicing reactions
among RNA strands, and this may have aided early RNA
evolution. Thus, RNA’s “Achilles’ heel” that renders it sus-
ceptible to hydrolysis might be an important aspect of its
functional potential as a genetic polymer.
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