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Biological polymers such as nucleic acids and proteins are ubiquitous in living systems, but their ability to
address problems beyond those found in nature is constrained by factors such as chemical or biological
instability, limited building-block functionality, bioavailability, and immunogenicity. In principle, sequence-
defined synthetic polymers based on nonbiological monomers and backbones might overcome these
constraints; however, identifying the sequence of a synthetic polymer that possesses a specific desired func-
tional property remains a major challenge. Molecular evolution can rapidly generate functional polymers but
requires a means of translating amplifiable templates such as nucleic acids into the polymer being evolved.
This review covers recent advances in the enzymatic and nonenzymatic templated polymerization of nonnat-
ural polymers and their potential applications in the directed evolution of sequence-defined synthetic

polymers.

Biological Polymers: Evolvable but Structurally Narrow
Living systems must solve an enormous number of chemical
challenges in order to sustain life. These challenges include the
replication of genetic information and the translation of this infor-
mation into functional molecules that mediate biological
processes and maintain cellular structure. The molecular solu-
tions to these challenges are predominantly sequence-defined
biological polymers and the biosynthetic products that arise
from their action.

The properties of DNA, RNA, and proteins are well suited to
meet the diverse chemical needs of living systems. These
biopolymers can exhibit a strong propensity to adopt stable
three-dimensional structures in the aqueous, roughly neutral
environment of most organisms. The folded state of these struc-
tures enables the precise positioning of functional groups in
ways that might otherwise be enthalpically or entropically disfa-
vored. The precise arrangement of functional groups, in turn,
enables biological polymers to exhibit their remarkable binding
and catalytic properties and allows them to interact with mole-
cules of virtually every scale.

The ability to form well-folded structures, however, is not suffi-
cient to explain the dominance of DNA, RNA, and proteins in
biology. Among the many ways to construct a sequence-defined
polymer, a-peptides and nucleotides are not the only solutions
that can form higher-order structures. Many different varieties
of foldable polymers (“foldamers”), including B-peptides and nu-
cleic acid analogs, are known to adopt stable secondary,
tertiary, and even quaternary structures (Hill et al., 2001; Horne
and Gellman, 2008).

Instead, the dominance of DNA, RNA, and proteins among
biological molecules with complex functional capabilities is
almost certainly a consequence of their ability to evolve in the
molecular context of biotic systems. A biological polymer with
favorable functional properties, such as the ability to catalyze

areaction essential to life, increases the probability that the infor-
mation carrier encoding its structure survives and replicates.
This information is gradually diversified through mutation and
recombination, then translated into a new generation of related
polymer variants to complete the cycle of evolution. This ability
of biopolymers to be translated from an information carrier
(DNA or RNA) that can replicate and mutate (Figure 1A) allows
them to explore sequence space in a manner guided by their
functional capabilities. Compared with a random, nondirected
exploration of sequence space, an evolution-directed search
of sequence space can dramatically reduce the number of
nonfunctional biopolymers that must be generated before a func-
tional variant emerges (Sen et al., 2007; Joyce, 2004).

Despite these remarkable features, the structures of DNA,
RNA, and proteins are constrained in ways that limit their useful-
ness in many therapeutic, diagnostic, and research applications.
Biological polymers can be unstable to chemical conditions such
as extreme pH or ion concentrations and solvent composition
that lie outside of those typically found in living organisms.
DNA, RNA, and proteins are also vulnerable to degradation by
nuclease and protease enzymes. Moreover, therapeutic proteins
and peptides introduced into a foreign host can provoke prob-
lematic immune responses. The therapeutic application of
nucleic acids and proteins also suffers from delivery challenges,
as most biological macromolecules are unable to cross the cell
membrane and exhibit poor bioavailability.

Synthetic Polymers: Structurally Broad,

but Not Evolvable

Sequence-defined polymers produced through chemical
synthesis can overcome many of the constraints that limit the
usefulness of biological polymers. Access to a much wider
potential set of backbones and building blocks might allow
researchers to create synthetic polymers that have enhanced
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Figure 1. Key Components of the Evolution of Biological or Synthetic Polymers

(A) Biopolymer evolution as it occurs in nature or in the laboratory. A polymer (such as a protein) is translated from and spatially associated with an information
carrier (such as DNA). The resulting biopolymers undergo selection based on their functional properties. The information encoding surviving biopolymers repli-
cates and mutates, resulting in a second generation of biopolymer variants related to those that survived selection.

(B) Synthetic polymers can in principle undergo a similar evolutionary process. Translation could be effected by nonenzymatic or enzymatic templated synthesis
in a manner that associates each synthetic polymer with its information carrier. Following selection, the information carriers encoding surviving synthetic polymers
are amplified and mutated to generate templates for a subsequent round of translation.

mechanical strength or flexibility, have sophisticated optical
properties, are able to conduct electricity, or are resistant to
chemical or biological degradation. In addition, scientists could
introduce building blocks into synthetic polymers with functional
groups known to sense specific molecules (McQuade et al.,
2000; Spangler et al., 2008; Miller and Chang, 2007), serve as
biophysical probes (Spangler et al., 2008), or catalyze specific

reactions (White et al., 2001). The ability of synthetic polymers
to interact with biological systems can likewise be engineered
to confer adhesion to certain tissues (Poncin-Epaillard and
Legeay, 2003; Vasir et al., 2003; Woodley, 2001; Patil and
Sawant, 2008), biodegradation (Alvarez-Lorenzo and Concheiro,
2008; Shoyele, 2008), or cytotoxicity (Hunter, 2006; Arnon et al.,
1989; Galmarini et al.,, 2008; Kono et al., 2008); conversely,
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synthetic polymers can be made bio-orthogonal by the appro-
priate choice of building blocks to limit undesired interference
with cellular processes (Yliperttula et al., 2008; Anderson et al.,
2008).

A major challenge to fully realizing the potential of a given type
of synthetic polymer is determining the appropriate building-
block sequence that can confer a desired functional property.
Significant recent advances have been achieved in the de
novo design of RNA (Stormo, 2006), proteins (Das and Baker,
2008), and synthetic foldamers (Kirshenbaum et al., 1999; Kay
etal., 2007; Patch and Barron, 2002). Some of the most success-
ful recent examples of protein design (Jiang et al., 2008; Rothlis-
berger et al., 2008; Cochran et al., 2005), however, are based on
models trained using empirical three-dimensional structural data
that are not available for virtually all nonbiological polymers. The
de novo design of sequence-defined polymers (synthetic or bio-
logical) with tailor-made structural or functional properties
remains a difficult problem due to factors such as unpredictable
conformational changes, unforeseen solvent interactions, and
unknown stereoelectronic requirements (Tuchscherer et al.,
1998; Ryadnov, 2007; Dill et al., 2007).

Evolvable Synthetic Polymers

The highly effective evolution-based approach to generating
functional polymers in the laboratory has historically been limited
to two types of molecules—proteins and nucleic acids—
because for decades they were the only polymers that could
be translated from the information in DNA or RNA. Methods to
translate nucleic acids into nonnatural polymers would enable
synthetic polymers to be diversified using mutagenesis and
recombination, directly selected for desired binding or catalytic
properties, and amplified by replicating the information encoding
active molecules similar to the way that nature evolves proteins
(Figure 1B).

In this article, we will review recent advances in the enzymatic
and nonenzymatic synthesis of sequence-defined nonnatural
polymers through templated polymerization. These develop-
ments represent promising ways to translate nucleic acids into
polymers not limited to those used by living systems. The first
half of this review focuses on nonnatural polymers created with
the aid of DNA and RNA polymerases and the ribosome. The
second half reviews efforts to translate information carriers into
synthetic polymers in a sequence-specific manner without the
aid of, and the constraints imposed by, biosynthetic enzymes.

Enzyme-Mediated Templated Synthesis of Nonnatural
Polymers
Polymerase-Catalyzed Synthesis of Base-Modified
Nucleic Acids
As nucleic acids have become increasingly important as sensors
(O’Sullivan, 2002; Navani and Li, 2006; Lee et al., 2008), potential
therapeutics (Eckstein, 2007; Kaur and Roy, 2008; Levy-Nissen-
baum et al., 2008), and cellular probes (Phillips et al., 2008),
numerous polymerase-compatible modifications have been
investigated to increase chemical and biological stability and
to confer other functional improvements.

The enzyme-mediated polymerization of nucleotide triphos-
phates with altered base-pairing groups has been the subject
of considerable research. The impetus for much of this work

has been to study nucleic acid duplex stability and the function
of DNA and RNA polymerases, and has been reviewed recently
(Hwang and Romesberg, 2006; Henry and Romesberg, 2003;
Hirao, 2006; Jung and Marx, 2005; Kool, 2001). The discovery
of novel, polymerase-compatible nucleic acid bases has created
interest in synthetic polymers that might contain higher densities
of information than DNA or RNA, or ones that may even be used
in orthogonal transcription systems. Scientists have also sought
to increase the chemical diversity of oligonucleotides by incor-
porating chemical functionalities that are not present in natural
RNA and DNA into nucleotide triphosphates. In this manner,
more than 100 functionalized nucleotides have been incorpo-
rated into DNA and RNA, including those containing nucleophilic
groups such as amines and thiols, electrophilic groups such as
acrylates and aldehydes, proton donors and acceptors such
as imidazole, pyridine, and guanidinium groups, and reactive
groups such as cyanoborohydride. Many of these efforts are
summarized in Figure 2; this area has also been reviewed
recently (Jung and Marx, 2005; Porter et al., 1995; Hocek and
Fojta, 2008; Krayevsky et al., 1996; Kuwahara et al., 2006;
McGall, 2005).

Polymerase-Catalyzed Synthesis of Backbone-Modified
Nucleic Acids

A more extreme form of polymer modification involves replacing
or modifying the phosphate-ribose nucleic acid backbone. For
example, modification of the 2’-hydroxyl group of RNA increases
the stability of RNA and confers nuclease resistance. A number
of different 2’ groups have been successfully incorporated in
a sequence-specific manner using polymerase enzymes
including fluoro-, amino-, methoxy-, and amido-ribonucleotides
(Figure 3A). As a result of these advances, the discovery of
aptamers from libraries of 2’-modified ribonucleotides has
recently been achieved (Proske et al., 2002; White et al., 2008;
Kubik et al., 1997).

In their study into the mechanism of Klenow DNA polymerase,
Marx and coworkers were able to incorporate building blocks
containing alkyl groups at the 4’ position (Summerer and Marx,
2004). Several modifications at the 4’ position were studied as
possible HIV reverse-transcriptase inhibitors, including the azide
(Chen et al., 1993), alkyne (Summerer and Marx, 2005), and acyl
(Marx et al., 1997, 1998) moieties (Figure 3A).

The polymerase-mediated incorporation of backbones that do
not contain a ribose group has also been reported. The incorpo-
ration of anhydrohexitol nucleic acid (HNA) and anhydroaltritol
(ANA) opposite DNA or RNA templates was studied by Herdewijn
and coworkers (Figure 3B) (Vastmans et al., 2000, 2001; Pochet
et al., 2003). They found that between four and six hexitol nucle-
otides could be incorporated selectively into an extending primer
by various DNA and RNA polymerases, and as many as 15 hex-
itol monomers could be appended by the enzyme terminal trans-
ferase (Vastmans et al., 2002). Herdewijn and coworkers also
studied the enzyme-mediated polymerization of cyclohexenyl
nucleic acid purinotide triphosphates (Figure 3B, cyclohexenyl)
and demonstrated the sequence-specific polymerization of
these nucleotides opposite DNA templates containing T and C.
The authors observed the polymerization of up to seven consec-
utive nonnatural nucleotides (Kempeneers et al., 2005).

The Szostak and Herdewijn groups studied the transcription of
threose nucleic acids (TNA) from DNA templates (Figure 3B,
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threose) (Chaput and Szostak, 2003; Chaput et al., 2003; Kem-
peneers et al., 2003). TNA binds tightly to RNA and DNA and
has a simpler backbone, leading some researchers to speculate
that it may have served a role in the prebiotic world (Orgel, 2000).
Szostak and coworkers investigated the kinetics of TNA
synthesis and identified “Therminator” DNA polymerase as
a particularly privileged enzyme for the efficient polymerization
of TNA triphosphates (Horhota et al., 2005). Subsequent efforts
have led to “transcribed” TNA oligomers of at least 80 consecu-
tive nucleotides using this enzyme (Ichida et al., 2005a) and the
demonstration of an in vitro selection system that in principle
can be used to select for TNA aptamers and ribozymes (Ichida
et al., 2005b). Meggers and coworkers simplified the phos-
phate-sugar backbone to its barest minimum through the
synthesis and characterization of glycerol nucleic acids (GNA)
(Zhang et al., 2005). Szostak and coworkers were able to show
the sequence-specific enzyme-catalyzed incorporation of
a single GNA nucleotide triphosphate (Figure 3B, glycerol)
(Horhota et al., 2006).

Wengel, Kuwahara, and their respective coworkers recently
described the enzymatic polymerization of locked nucleic acid
(LNA) triphosphates on DNA and RNA templates (Figure 3B,
locked) (Veedu et al., 2007a, 2007b, 2008; Kuwahara et al.,
2008). LNAs are already routinely incorporated into DNA and
RNA oligonucleotides through solid-phase synthesis and can
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Figure 2. Examples of Modified
Nucleobases that Retain Compatibility with
Polymerase Enzymes
(A) Nucleic acid bases can be modified at several
SN different positions (labeled X) without abolishing
Watson-Crick base pairing or the ability of the re-
sulting nucleotide to be incorporated into an oligo-
nucleotide using a polymerase enzyme (Jung and
Marx, 2005; Hocek and Fojta, 2008; Krayevsky
et al., 1996; Kuwahara et al., 2006).
(B) More than 100 different base modifications
have been introduced into nucleic acid polymers
N through the enzyme-mediated polymerization of
X~ NH base-modified nucleotide triphosphates. A repre-
N/)\ sentative set is shown here (Jung and Marx, 2005;
Porter et al.,, 1995; Hocek and Fojta, 2008;
Krayevsky et al., 1996; Kuwahara et al., 2006;
McGall, 2005).
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increase the stability of double-stranded
nucleic acids by preorganizing the DNA
backbone (Crinelli et al., 2004). The
discovery that LNA nucleotides can be
incorporated enzymatically may enable
the study of conformationally locked nu-
cleic acids in large RNA molecules or
the generation of aptamers with improved
stability. Kuwahara and coworkers also
studied the enzymatic polymerization of
other 2’-4’ bridged nucleic acid triphos-
phates (Figure 3B, bridged) (Kuwahara
et al., 2008).

In addition to substituting the sugar
group of the backbone, the phosphate
group has also been the focus of recent
efforts to generate sequence-defined nonnatural polymers using
polymerase enzymes. As the site of most chemical and enzy-
matic degradation of oligonucleotides, the phosphodiester
group has been replaced with a number of analogs that offer
increased stability. Phosphate-backbone substitutions, in which
one of the nonbridging oxygen atoms is replaced, can confer
greater nuclease resistance, lipophilicity, and polarizability.
Most polymerases will accept substitutions in only one of the
two enantiotopic nonbridging oxygen atoms of the phosphate.
All-phosphorothioate oligonucleotides have been generated by
enzymatic transcription of DNA with sulfur-containing nucleotide
triphosphates. Selections from enzyme-generated libraries con-
taining phosphorothioate backbones have successfully yielded
aptamers (Kang et al., 2007, 2008; King et al., 1998, 2002).

In a similar manner, an oxygen atom in the phosphate group
can also be replaced with selenium to form phosphoroselenoate
oligonucleotides (Carrasco and Huang, 2004). Phosphorosele-
noates can aid in the analysis of nucleic acid crystallography
(Wilds et al., 2002). Shaw and coworkers demonstrated that
5'(a-P-borano) nucleotide triphosphates are excellent
substrates for DNA polymerases (Tomasz et al., 1992; Summers
and Shaw, 2001; Li et al., 1995; He et al., 1999). Borane-contain-
ing oligonucleotides show increased resistance to nuclease
degradation. In addition, aptamers and oligonucleotides con-
taining boron may be used in combination with boron neutron
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capture therapy as activatable radiotherapeutics against tumors
(Barth et al., 2005). Burke and coworkers recently reported
a boron-containing aptamer to ATP that requires the borane
group in order to function (Lato et al., 2002). Petkov and
coworkers reported the incorporation of methylphosphono
nucleotide triphosphate where one of the oxygens on the phos-
phate is replaced with a methyl group (Dineva et al., 1993).
Escherichia coli DNA polymerase 1 was found to mediate the
sequence-specific synthesis of methylphosphodiester nucleic
acids. Phosphoramidates, in which one bridging oxygen is
replaced with a nitrogen, have also been incorporated into
DNA (Wolfe et al., 2002). Unlike phosphodiester bonds, the
phosphate-amine bond in phosphoramidate oligonucleotides
can be cleaved with mild acid (Letsinger and Wilkes, 1976),
potentially opening the way for novel sequencing methods
(Wolfe et al., 2002). Wolfe and coworkers have demonstrated
a method in which the incorporation of a ribonucleotide before
the phosphoramidate linkage allows for cleavage of an oligonu-
cleotide only at specific dinucleotides (Wolfe et al., 2003). Repre-
sentative examples of enzymatically synthesized nucleic acids
containing phosphate replacements are shown in Figure 4.

Ribosome-Based Generation of Nonnatural Polymers

The ribosomal machinery creates oligomers through the RNA-
templated coupling of activated amino acids. Several groups
have taken advantage of this natural translation machinery to

10 o

Figure 3. Examples of Ribose-Modified or
Non-Ribose-Based Nucleic Acids that
Retain Compatibility with Polymerase
Enzymes

(A) Nucleic acid building blocks containing modi-
fied ribose groups that remain substrates for poly-
merase enzymes (Proske et al., 2002; White et al.,
2008; Kubik et al., 1997; Summerer and Marx,
2004, 2005; Chen et al., 1993; Marx et al., 1998).
(B) Nonribose nucleic acid building blocks that
retain the ability to form base pairs with DNA or
RNA, and that can be incorporated into nucleic
acids using polymerase enzymes (Vastmans
etal., 2000, 2001, 2002; Pochet et al., 2003; Kem-

% 0 peneers et al., 2003, 2005; Chaput and Szostak,
\O F""Oé 2003; Horhota et al., 2005, 2006; Ichida et al.,
o- ,';\:O Base 2005a, 2005b; Veedu et al., 2007a, 2007b, 2008;
orQ Kuwahara et al., 2008; Chaput et al., 2002).
H
threose
P,,o 5 create novel biopolymers. Initial work
‘o_f:\'foc} pioneered by Schultz, Hecht, Chamber-
0-R=0 Base lain, and their respective coworkers
0\ o (Bain et al., 1989, 1991; Noren et al.,
— 1989; Ellman et al., 1992) focused on
HO™0 incorporating nonnatural amino acids
locked site-specifically into existing proteins by

using chemical (Hecht et al., 1978;
Heckler et al., 1984) or enzymatic (Hart-
man et al., 2006) aminoacylation of amber
suppressor tRNAs. These methods have
been extensively reviewed (Wang et al.,
2006; Xie and Schultz, 2005, 2006).

A limitation of nonsense suppression
methods is the inability to simultaneously
and independently direct the incorpora-

tion of more than two nonnatural amino acids. Reassignment
of sense codons to nonnatural amino acids allows the incorpora-
tion of multiple amino acids in the same peptide. The PURE
(protein synthesis using recombinant elements) system devel-
oped by Ueda and coworkers uses in vitro translation from puri-
fied recombinant factors derived from E. coli (Shimizu et al.,
2001). As a result, the PURE system enables the withdrawal of
aminoacyl-tRNA synthetases and amino acids from the reconsti-
tuted translation mixture and therefore the reassignment of
multiple codons to nonnatural amino acids (Forster et al.,
2003). The PURE system was used to prepare polypeptides con-
taining between one and three different N-alkylated amino acids
(Subtelny et al., 2008; Zhang et al., 2007; Frankel et al., 2003; Tan
et al., 2004). Suga and coworkers integrated PURE with “flexi-
zymes” (Murakami et al., 2006), ribozymes that acylate tRNAs,
to enable the synthesis of more complex nonproteinogenic
peptides. Using this combination of methods, Suga and
coworkers demonstrated the single incorporation of 15 different
N-methyl amino acids (Figure 5) and the multiple incorporation of
6 different N-methyl amino acids in response to arbitrarily
chosen codons in a 12 or 15 amino acid peptide (Kawakami
et al., 2007; 2008).

The powerful combination of PURE and flexizymes allowed
Suga and coworkers to polymerize 12 different a-hydroxy acids
in combination to create polyesters up to 12 units long and
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containing up to three different side chains (Figure 5) (Ohta et al.,
2007, 2008a). The authors reason that their inability to create
longer polyesters might be due to the poor affinity of elongation
factor Tu (EF-Tu) for a-hydroxy aminoacylated tRNAs, suggest-
ing that modification of EF-Tu or the ribosome might allow the
synthesis of longer polymers. This work and similar studies
have recently been highlighted in an excellent review (Ohta
et al., 2008b). Representative cases for ribosomally synthesized
nonnatural polymers are shown in Figure 5.

Altering Natural Polymerase and Ribosomal Machinery
to Accept Nonnatural Building Blocks

Although a variety of nonnatural polymers have been created
using existing enzymes, progress using this approach can be

H R 0 H
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H R 9 4
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Figure 5. Nonnatural Polymers Created with Native or Engineered
Ribosomes

Due to the substrate requirements of the ribosome, all of the resulting back-
bones still resemble native polypeptides (Subtelny et al., 2008; Zhang et al.,
2007; Frankel et al., 2003; Tan et al., 2004; Kawakami et al., 2007, 2008;
Ohta et al., 2007, 2008a, 2008b; Dedkova et al., 2003, 2006).
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Figure 4. Examples of Phosphate Analogs
that Have Been Successfully Incorporated
into Nucleic Acids Using Polymerase
Enzymes
Phosphate analogs have become increasingly
common in alternative oligonucleotide backbones
to improve the physicochemical properties of DNA
and RNA or to introduce novel functional proper-
ties (Kuwaharaetal., 2008; Crinellietal., 2004; Kang
R etal., 2007, 2008; King et al., 1998, 2002; Carrasco
and Huang, 2004; Wilds et al., 2002; Tomasz et al.,
1992; Summers and Shaw, 2001; Li et al., 1995; He
et al., 1999; Barth et al., 2005; Lato et al., 2002;

o Dineva et al., 1993; Wolfe et al., 2002, 2003;
ONOJ’Base Letsinger and Wilkes, 1976).
Me, O R
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s m hampered by the low efficiency with

s which natural polymerases or ribosomes
incorporate nonnatural monomers that
differ significantly from natural building

blocks. To overcome this problem, some groups have increased
the promiscuity of natural systems and improved the ability of
polymerases and ribosomes to accept modified building blocks.
Romesberg and coworkers have reviewed progress in evolving
polymerases to accept a wide range of modified nucleotides
(Henry and Romesberg, 2005; Holmberg et al., 2005).

Altering the building-block specificity of ribosomes appears to
be a more difficult problem. Unlike polymerase enzymes, the
ribosome consists of many large and intimately integrated RNA
and protein molecules functioning together. Nevertheless,
a few examples of ribosome modification for the creation of
new materials have been reported. Hecht and coworkers have
modified the peptidyl transferase center on the ribosome to
permit the incorporation of (D)-amino acids into proteins (Ded-
kova et al., 2003, 2006) (Figure 5). This approach may one day
enable the enzymatic synthesis of all-(D) proteins. Chin and
coworkers evolved an orthogonal ribosome-termination factor
pair that is independent of the E. coli translational machinery
and shows an improved ability to incorporate p-benzoyl-(L)-
phenylalanine into proteins (Wang et al., 2007).

Modifying nonribosomal proteins involved in ribosomal trans-
lation may also lead to improved nonnatural amino acid incorpo-
ration. Ohtsuki and coworkers rationally engineered an EF-Tu
variant that enhanced the incorporation of amino acids contain-
ing bulky aromatic groups (Doi et al., 2007).

Nonenzymatic Translation of Nucleic Acids
into Synthetic Polymers
Sequence-defined polymers generated through biosynthetic
pathways are limited to those made of building blocks compatible
with machinery such as the ribosome or polymerase enzymes.
Despite significant advances that augment the structural diversity
of biosynthetic proteins and nucleic acids (many of which are re-
viewed in this article), arbitrary building-block structures cannot
in general be accommodated by the biosynthetic machinery or
by known variants of these enzymes, limiting the structural and
functional diversity of biosynthesized polymers.

An alternative approach to translating information carriers into
nonnatural polymers does not use polymerase enzymes or the
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ribosome but instead relies on nonenzymatic template-directed
polymerization. The impetus for the earliest studies in enzyme-
free templated polymerizations was to understand chemical
routes by which information could be copied in a prebiotic world
preceding the advent of proteins. In a series of seminal studies,
Orgel and coworkers demonstrated nonenzymatic template-
directed synthesis of oligoribonucleotides on complementary
oligonucleotides (Orgel, 1992; Sulston et al., 1969; Schneider-
Bernloehr et al., 1970; Lohrmann and Orgel, 1976, 1977, 1979;
Ninio and Orgel, 1978). These findings have been expanded to
include nonnatural templates (Kozlov et al., 1999a, 1999b,
1999c, 2000; Chaput and Switzer, 2000; Schmidt et al., 1997a).
Nonenzymatic Synthesis of Polymers Containing Ribose
Analogs

One notable challenge facing the RNA world hypothesis has
been the prebiotic synthesis of B-ribofuranoside-5'-phosphates.
This difficulty has led researchers to hypothesize that other infor-
mation-carrying molecules, the components of which might be
more easily formed than those of RNA, may have preceded
RNA (Orgel, 2000; Anastasi et al., 2007). To understand the
choice of ribose and deoxyribose in natural systems, Eschen-
moser and coworkers systematically investigated structural
alternatives to RNA (Eschenmoser, 1999). Their work led to the
discovery of a set of nonnatural nucleic acids that efficiently
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Figure 6. Synthetic Polymers Created by
Nonenzymatic DNA- or RNA-Templated
Polymerization of Synthetic Building Blocks
See Anastasi et al. (2007); Eschenmoser (1999);
Hendrix et al. (1997a); Zhan and Lynn (1997); Leit-
zel and Lynn (2001); Li et al. (2002); Li and Lynn
(2002); Hud et al. (2007); Nielsen (1995); Dueholm
et al. (1994); Englund and Appella (1995); and
Nelson et al. (2000).

form duplex structures with RNA and
DNA and thereby demonstrated that
o\‘ natural nucleic acids are not unique in
their ability to form stable, sequence-
specific double-stranded structures.
Orgel and coworkers reported the
template-directed  polymerization  of
some of these nonnatural nucleic acids
using 2-methylimidazole-activated hexi-
03\,“ o tol and altritol guanosine monomers

(Kozlov et al., 2000) to make hexitol and
altriol nucleic acids (HNAs and ANAs,
respectively). HNA and ANA oligomers
(Figure 6) form antiparallel duplexes with
H complementary DNA or RNA oligomers
with structures that closely resemble
that of A-form double-stranded nucleic
acids (Hendrix et al., 1997a, 1997b;
Wang et al., 2001; Allart et al., 1999).
The authors found it difficult to create
HNA or ANA oligomers longer than tetra-
mers by template-directed polymeriza-
tion, which suggests that not all mono-
mers that form stable double-helical
polymers necessarily undergo efficient templated oligomeriza-
tion.

Orgel and coworkers discovered that an oligo-cytosine
peptide nucleic acid (PNA) template facilitates the polymeriza-
tion of activated guanosine RNA nucleotides, although the reac-
tion is less regioselective for the formation of native 3'-5' bonds
than the templated polymerization using RNA templates (Bohler
et al., 1995). The researchers extended the approach of PNA-
templated RNA polymerization to adenine, cytosine, and
thymine nucleotides and demonstrated that the polymerization
proceeds in a sequence-specific manner (Schmidt et al.,
1997a). Because the PNA template is achiral, it can in principle
provide a route to access mirror-image nucleic acids. As
expected, (L)-ribose-based activated nucleosides were shown
to polymerize as readily as their (D)-ribose counterparts,
although a racemic mixture of (D)- and (L)-ribose nucleotides
showed considerable crossinhibition during polymerization
(Schmidt et al., 1997b).

Reductive Amination-Based Polymerization of DNA

and Amido-DNA

Lynn and coworkers developed a solution to the problem of
information transfer between polymers that does not involve
the formation of phosphodiester linkages. Goodwin and Lynn
reasoned that, using a reaction that creates an equilibrium

amineDNA

N0
N

o<
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between transiently coupled and uncoupled substrates, the
sequence-matched template-substrate complex would be ther-
modynamically favored and then could be locked in a subse-
quent irreversible step (Goodwin and Lynn, 1992). They incorpo-
rated an aldehyde and an amine group at the termini of nucleic
acid building blocks and used reductive amination to ligate
both DNA trimers (Figure 6, amineDNA) and nonnatural ribonu-
cleotides in which the phosphate is replaced with an amide
group (Figure 6, amidoDNA). The researchers found that this
ligation reaction was not product inhibited, because the
secondary amines formed from reductive amination exhibited
reduced affinity for template compared with the imine-contain-
ing intermediates (Zhan and Lynn, 1997; Leitzel and Lynn,
2001). Lynn and coworkers extended this methodology to the
DNA-catalyzed polymerization of synthetic mono-, di-, and tetra-
nucleotides (Li et al., 2002; Li and Lynn, 2002) and made poly-
mers of amidoDNA as long as 32 nucleotides (Hud et al., 2007).
Nonenzymatic Polymerization of PNA

Among synthetic polymers with the ability to recognize the infor-
mation encoded in DNA or RNA, PNA (Figure 6, PNA) is an attrac-
tive backbone for several reasons. PNA resembles RNA in its
ability to form double-helical complexes stabilized by Watson-
Crick bonding between opposite strands. PNA also forms stable
and selective duplexes with RNA, DNA, or itself (Nielsen, 1995).
Side-chain-containing PNA building blocks can be readily ac-
cessed from a-amino acids and alcohols (Dueholm et al., 1994;
Englund and Appella, 1995). Finally, the constituent components
of PNA have been isolated under putative prebiotic conditions,
raising the possibility that nonenzymatic PNA polymerizations
may have relevance for primitive information-transfer events
(Nelson et al., 2000).

Orgel, Nielsen, and coworkers used amine-carboxylic acid
coupling to condense cytosine dimers of peptide nucleic acid
into 10-mer PNAs (Bohler et al., 1995) in the presence, but not
in the absence, of complementary G;o RNA templates. They
also examined the sequence specificity of this polymerization
reaction for PNA dimers (G2, A2, C2, and T2) on a decamer
DNA template containing the sequence 5-CCCCXXCCCC-3/,
where X is any of the four nucleotides. The authors found that
in each case, the building block complementary to X is preferen-
tially incorporated, but found considerable (up to 35% in the
worst case) misincorporation of the wrong building block as
well as significant amounts of truncated products (Schmidt
et al., 1997¢).

Building on the work of Lynn, Nielsen, Orgel, and their respec-
tive coworkers, Rosenbaum and Liu sought to develop the
sequence-specific DNA-templated polymerization of PNA alde-
hydes. Liu and coworkers previously reported the strong depen-
dence of DNA-templated reductive amination reaction efficiency
on the adjacency of template-bound reactants (Gartner et al.,
2002). These observations together with Lynn’s successes
with DNA-templated DNA and amidoDNA polymerization using
reductive amination suggested an effective method to translate
DNA sequences into corresponding peptide nucleic acids.
Indeed, PNA tetramers containing aldehyde C termini exhibited
highly efficient polymerization on DNA templates containing
five or ten repeats (20 or 40 bases) of complementary nucleo-
tides (Rosenbaum and Liu, 2003) (Figure 6, aminoPNA). The
polymerization also proceeded in a sequence-specific manner,
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showing a preference to terminate rather than to incorporate
a sequence-mismatched PNA building block.

By adorning the PNA building blocks with chemical functional
groups not available to biological nucleic acids, Liu and
coworkers increased the structural and functional potential of
the resulting DNA-templated PNA polymers (Kleiner et al.,
2008). In agreement with previous studies on the stability of
modified PNA-DNA duplexes (Dueholm et al., 1994; Englund
and Appella, 1995), they observed that the presence of a side
chain at the vy position did not significantly impede polymeriza-
tion provided that the (L) stereochemistry of the side chain was
used, that both side-chain stereochemistries at the o position
of the PNA building block are also tolerated, and that a side chain
at the y position with (D) stereochemistry results in a marked
decrease in DNA-templated PNA polymerization efficiency.
These findings raise the possibility of using DNA-templated
PNA polymerization as a basis for the directed evolution of func-
tionalized PNA polymers.

Photopolymerization

Extending previous studies describing the photoligation of DNA
(Lewis and Hanawalt, 1982; Letsinger et al., 1997; Liu and Taylor,
1998), Saito and coworkers demonstrated the photo-induced
oligomerization of DNA hexamers (Fujimoto et al., 2000) through
the [2+2] photocyclization between vinyluracil and uracil
(Figure 6, photopolymerized). Photopolymerizations offer
several potential advantages as compared to chemical polymer-
ization. The use of light avoids the need to add reagents,
simplifies purification, allows spatial and temporal control of
polymerization, and in some cases, such as this one, enables
polymerization to be reversed. The building blocks contained
5-vinyldeoxyuridine as the 5' nucleic base of a building block,
which reacts with a 3'-uracil on neighboring building blocks
under 366 nm light. The resulting joined DNA can be quantita-
tively reverted to starting building blocks by irradiation at
302 nm. This photoligation strategy may prove useful in the tem-
plated polymerization of a variety of nonnatural polymers,
including many of the backbones mentioned in this review.

Conclusion

Recent examples of nonnatural sequence-defined polymers
formed through the enzymatic or nonenzymatic polymerization
of nucleic acids have provided a tantalizing taste of synthetic
polymers that could one day be synthesized and evolved in
amanner resembling the biosynthesis and evolution of biological
polymers. The integration of the translation methods described
above with in vitro selection would represent a powerful tool
for the discovery of novel functional polymers with tailor-made
properties that in principle could extend beyond those of DNA,
RNA, and proteins.

In addition to the functional polymers that might arise from
synthetic polymer evolution, research in this area will illuminate
the relationship between building-block structure, backbone
structure, and the functional potential of a polymer. These
studies may even provide insights into why DNA, RNA, and
proteins have come to play their special roles in biology. The
transitions from a world based on a primitive polymer to a world
based on RNA and then a world based on proteins were medi-
ated by information-transfer steps that largely remain to be
discovered. The translation of information-carrying polymers
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into a variety of other, more functional polymers could begin to
generate plausible model systems for understanding these tran-
sitions. The continued development of key components toward
the evolution of synthetic polymers may therefore give rise
both to improved therapeutics, sensors, catalysts, or materials,
as well as to new insights into life’s chemical origins.
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