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Darwinian evolution of an alternative genetic
system provides support for TNA as an
RNA progenitor

Hanyang Yu’, Su Zhang' and John C. Chaput*

The pre-RNA world hypothesis postulates that RNA was preceded in the evolution of life by a simpler genetic material, but
it is not known if such systems can fold into structures capable of eliciting a desired function. Presumably, whatever
chemistry gave rise to RNA would have produced other RNA analogues, some of which may have preceded or competed
directly with RNA. Threose nucleic acid (TNA), a potentially natural derivative of RNA, has received considerable interest
as a possible RNA progenitor due to its chemical simplicity and ability to exchange genetic information with itself and
RNA. Here, we have applied Darwinian evolution methods to evolve, in vitro, a TNA receptor that binds to an arbitrary
target with high affinity and specificity. This demonstration shows that TNA has the ability to fold into tertiary structures
with sophisticated chemical functions, which provides evidence that TNA could have served as an ancestral genetic system

during an early stage of life.

the molecular basis of life’s genetic material has prompted a
systematic analysis of nucleic acid structure with regard to
the chemical etiology of RNAL Results from these studies reveal
that several potentially natural RNA alternatives are capable of
Watson-Crick base pairing, demonstrating the capacity for these
molecules to store genetic information. However, to establish a
primitive metabolism, primordial genetic polymers would have
also needed to fold themselves into stable tertiary structures with
sophisticated functions such as ligand binding and catalysis®.
Determining which, if any, of these RNA analogues are capable of
folding into shapes that elicit a specific pre-defined function
would help constrain models that describe the origin and early evol-
ution of life on Earth. Of the genetic systems studied to date, (3',2')-
a-L-threose nucleic acid (TNA, Fig. 1) has generated considerable
interest as a possible RNA progenitor because of the chemical sim-
plicity of threose relative to ribose and the ability of TNA to form
stable helical structures with complementary strands of itself and
RNA3-°. This latter feature, which provides a plausible mechanism
for the transfer of information between successive genetic systems,
is remarkable considering that TNA polymers have a sugar-phos-
phate backbone that is one atom shorter than that of RNA.
Molecular evolution provides a powerful approach for investi-
gating the functional properties of nucleic acids®’. Until now, this
method has been limited to DNA and RNA or close structural ana-
logues thereof (for a review see ref. 8), because these were the only
polymers with enzymes that could transcribe, reverse-transcribe and
amplify genetic information®. Extending this approach to artificial
genetic systems like TNA requires (i) polymerases that can tran-
scribe a library of random DNA sequences into TNA; (ii) a
method of selection that allows functional members to be separated
from the non-functional pool; and (iii) a strategy to amplify func-
tional molecules that maintains the integrity of the selected
sequence. Here, we address this problem by applying Darwinian
evolution methods to evolve a TNA receptor with ligand-binding
activity. This property of biopolymer folding implies that TNA,

_|_he question of why nature chose ribofuranosyl nucleic acids as

like DNA and RNA, can fold into structures with complicated func-
tions—a prerequisite for any RNA progenitor in a hypothetical
pre-RNA world.

Results and discussion

The discovery by Eschenmoser and colleagues that TNA can
undergo informational base pairing with complementary strands
of itself and RNA inspired others to begin developing the method-
ology necessary to explore the functional properties of TNA by
in vitro selection. Early work in this area showed that certain DNA
polymerases can synthesize short segments of DNA on a TNA tem-
plate®, whereas other polymerases can synthesize limited stretches of
TNA on a DNA template!®!!. Because the activity observed in these
assays was insufficient to support in vitro selection, additional
enzymes were screened for enhanced efficiency. The most active
enzyme discovered thus far is therminator DNA polymerase, an
engineered variant of 9°N DNA polymerase!>!3. Under optimal
conditions, therminator can transcribe an 80 nucleotide (nt) DNA
template into TNA with high efficiency and fidelity. Because
natural polymers of this length can fold into shapes with defined
ligand binding sites, it was postulated that therminator could be
used to generate pools of TNA molecules for in vitro selection'
Unfortunately, early attempts at in vitro selection were hindered
by the inability of therminator to copy a DNA library into TNA!.
This observation yielded an unexpected conundrum: why is it
that therminator can transcribe individual DNA templates into
TNA, but fails to do so when the substrate is changed from a
single sequence to a large pool of random sequences?

We reasoned that individual templates analysed in previous
studies might have contained unintentional design elements, such
as a minimal secondary structure that favoured TNA synthesis. To
address this problem, we developed a primer extension assay to
examine TNA synthesis under a variety of conditions and substrate
mixtures. A synthetic DNA primer was annealed to a synthetic
DNA library (L1) that contained a central random region of 50 nts
followed by a second primer-binding site that could be used for
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Figure 1| Structure of TNA. a, Constitutional (left) and configurational (right) structures for the linearized backbone of an a-L-threofuranosyl-(3" — 2)-
oligonucleotide. TNA contains one less atom per backbone repeat unit than natural RNA and DNA. B represents a nucleotase. b, Solution NMR structure for
the duplex formed from the self-pairing complementary sequence 3'-CGAATTCG-2’ (ref. 5). Duplex structures were rendered in PyMol with models showing
ball and stick (left) and surface (right) images. TNA adopts a right-handed structure with helical parameters similar to A-form RNA.
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Figure 2 | Synthesis of TNA libraries by enzyme-mediated primer extension. a, Chemical structure of TNA triphosphates (tNTPs): tDTP, 1; tTTP, 2; tGTP, 3;
tCTP, 4. b, Schematic diagram of the primer-extension assay used to evaluate DNA libraries L1-L3. Each library contains a central random region of 50 nts
flanked on either side by a 20 nt constant region. Library compositions: L1, equal distribution of A, C, G and T; L2, equal distribution of A, C and T;

L3, one-half equivalent of G relative to A, C and T. ¢, Therminator-mediated TNA transcription assays analysed by denaturing polyacrylamide gel
electrophoresis. Primer extension of L1 with tNTPs 1-4 yields only trace amounts of full-length product (left panel). Primer extension of L1 using defined
combinations of dNTPs (black) and tNTPs (red) leads to full-length product when tCTP is replaced with dCTP (centre panel). Primer extension across
libraries L2 and L3 leads to full-length product in ~60% and ~30% yield, respectively (right panel). M: DNA marker.

downstream amplification using the polymerase chain reaction
(PCR). We synthesized all four TNA triphosphates (tNTPs, Fig. 2a)
and used these molecules as substrates in the primer-extension
assays. In these experiments, therminator DNA polymerase was chal-
lenged to extend the DNA primer with 70 TNA residues (Fig. 2b).
We used the diaminopurine analogue of adenine in place of adeno-
sine 3'-triphosphate, because this substitution is known to increase
the thermodynamic stability of the TNA-DNA heteroduplex***.
We began by attempting to copy an unbiased random-sequence
DNA library (L1) into TNA. Consistent with earlier findings by
Szostak and co-workers, primer extension failed under all conditions
tested, which included varying the incubation time, temperature and
salt concentration (Fig. 2¢)!*. To help identify which nucleotides were
inhibiting transcription, we repeated the primer extension assay using
defined mixtures of tNTP and dNTP substrates. By systematically
substituting tNTP substrates for dNTP substrates, we discovered
that the random library could be copied into full-length TNA
product whenever the TNA substrate tCTP was replaced with the
DNA substrate dCTP (Fig. 2¢). This finding suggested that repeating
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G nucleotides in the DNA library cause therminator DNA polymerase
to pause during TNA transcription. Because unbiased DNA libraries
like L1 would have an abundance of short G-repeats, we predicted
that the individual templates used in previous studies were deficient
in these motifs. This hypothesis was borne out by comparing repre-
sentative sequences from the L1 library to those DNA templates
used previously, which showed that nine out of ten sequences in
the L1 library contained at least one GGG or GGGG repeat, but
none was present in the individual templates.

In an effort to design DNA libraries that were better suited for
TNA transcription, we synthesized DNA libraries L2 and L3 that
minimized the occurrence of G residues in the random region. L2
contained equal amounts of A, C and T, and L3 limited the fre-
quency of G nucleotides to 50% the occurrence of A, C and T.
Primer-extension assays performed on L2 and L3 (Fig. 2¢) yielded
substantial amounts of the fully extended DNA primer (~60%
and ~30%, respectively). In both cases, therminator DNA polymer-
ase was able to extend the DNA primer with 70 sequential TNA
nucleotides. This result demonstrated, for the first time, that
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Figure 3 | Evolution of TNA receptors in vitro. a, In vitro selection strategy designed to isolate TNA aptamers with affinity to human thrombin. The DNA
library encodes a random region of 50 nt positions flanked on the 3" end with a stem-loop structure that serves as a DNA primer and a fixed-sequence
primer-binding site located at the 5" end. The DNA primer is extended with tNTPs to produce a chimeric TNA-DNA hairpin. A separate DNA primer
modified with 6-carboxy-fluorescein (star) is annealed to the stem-loop region and extended with DNA to displace the TNA strand. The resulting pool of
TNA-DNA fusion molecules is incubated with the protein target. Bound molecules are separated from the unbound pool by capillary electrophoresis and
amplified by PCR. The dsDNA is made single-stranded and the coding strand is annealed to generate a new pool of DNA templates for the next selection
cycle. b, Equilibrium binding affinity measurement of the core binding domain of TNA aptamer 3.12. The aptamer (3'-TGTTDTDGDDDDDDTDDT
GGTGGGGGGTTTDGDTDDDGGGG-2') binds to human thrombin with a Ky of 200 nM and shows no detectable affinity for BSA or streptavidin. Error bars,

standard deviation of each data point (n=3).

combinatorial TNA libraries, which represent a nucleic acid system
beyond the local structural neighbourhood of DNA and RNA, could
be generated by enzyme-mediated extension of a DNA primer
annealed to a DNA library.

To evaluate the fitness of TNA as a primordial biopolymer, we
used an in vitro selection strategy to enrich for TNA molecules
with receptor activity. The approach taken is analogous to other
display technologies like mRNA display and DNA display that
provide a covalent link between genotype (DNA) and phenotype
(TNA)!®17. The following strategy was originally devised by Ichida
and Szostak, but was never implemented because of the earlier limit-
ations of synthesizing TNA libraries on DNA templates'?. We chose
this selection strategy because it provides a clever solution to the
problem of how to evolve an alternative genetic system in vitro
when a reverse transcriptase is not available to convert surviving
molecules back into DNA for amplification by PCR. Accordingly,
a single-stranded DNA library was constructed with a stable stem-
loop structure that serves as a DNA primer for the extension of
TNA across the random region (Fig. 3a). Extension of the primer
leads to the formation of a chimeric TNA-DNA hairpin duplex.
The TNA portion of the duplex was displaced by extending a separ-
ate DNA primer annealed to the stem-loop region of the hairpin
with DNA. The product of the strand displacement is a TNA mol-
ecule that is physically linked to its own double-stranded DNA
message. To enrich for TNA molecules with specific ligand-
binding activity, the pool of TNA-DNA fusions was incubated
with a desired target and bound sequences were recovered and
amplified by PCR. The coding strand of the DNA duplex was
made single-stranded and folded into self-priming hairpin tem-
plates to facilitate another selection cycle.
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Successive rounds of in vitro selection and amplification were
performed using the L2 library, which gave the highest yield of
full-length TNA product in our primer-extension assay. Although
the L2 library generates TNA polymers that lack cytidine, we
reasoned that this was not a significant concern as cytidine may
not have been present in the first genetic material due to its tendency
to undergo spontaneous deamination (f,,, =340 yr at pH 7 and
25 °C)'8. Furthermore, it has been shown that ribozymes missing
cytidine can be generated by in vitro evolution, demonstrating
that a three-letter genetic alphabet can still retain the ability to
fold and function!®. Using the strategy described above, we selected
for TNA molecules that could bind to human thrombin and there-
fore exhibit an arbitrary specific function. We chose capillary elec-
trophoresis as our separation technique because it leads to much
higher partitioning efficiency than is commonly observed with tra-
ditional gravity filtration methods**22, TNA-DNA fusion mol-
ecules carried the fluorescent label 6-carboxy-fluorescein to
facilitate detection by laser-induced fluorescence. For each selection
cycle, five 70 nl portions of library (~1 x 10'' TNA-DNA fusion
molecules) were injected onto a neutral coated capillary.
Functional sequences were recovered by allowing the unbound
pool to pass into a waste vial and applying pressure to the column
to isolate the bound molecules in a separate vial. After three
rounds, a slower migrating peak corresponding to TNA-DNA
fusion molecules bound to human thrombin was visible
(Supplementary Fig. S1), indicating that the pool had become
enriched in TNA aptamers with affinity to thrombin.

We cloned and sequenced the DNA to determine the diversity of
molecules that remained in the pool. Several clones contained iso-
lated G residues, indicating that a low level of random mutagenesis
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had occurred during either the strand displacement or PCR ampli-
fication step of the selection. Although some mutations may have
occurred during the TNA transcription step, these genetic
changes would not have been carried through the selection, as the
TNA molecules were not reverse transcribed back into DNA. Ten
representative sequences were chosen for individual analysis. Each
of these TNA molecules was synthesized by extending a DNA
primer annealed to a synthetic DNA template with TNA and puri-
fying the DNA-tagged TNA molecules by denaturing gel electro-
phoresis. We noticed that the representative sequences transcribed
with much greater efficiency than the starting pool (1 h versus
10 h), indicating that the selection favoured the enrichment of
DNA templates that transcribed with high efficiency. The resulting
TNA aptamers have equilibrium dissociation constants (K;) for
thrombin that fall within the range 200-900 nM (Supplementary
Table S1), which is similar to previously evolved DNA and RNA
aptamers that bind to thrombin?*?4,

We determined the minimum binding region for the highest-
affinity aptamer (clone 3.12, K;~200 nM at 25 °C) by deletion
analysis. TNA variants were generated by primer extension using
DNA templates that contained incremental deletions from both
ends of the coding region. We compared the K; for each deletion
construct to the parent sequence, which defined an internal core
boundary of 41 nts that retained high-affinity binding (Fig. 3b,
Supplementary Fig. S2). The affinity of the aptamer did not change
when the DNA primer was exchanged for a different sequence
and a randomly generated TNA sequence had no affinity to
human thrombin (data not shown). Similarly, the DNA primer
alone had no affinity to human thrombin (Supplementary Fig. S2),
ruling out the possibility that the DNA primer was involved in
ligand binding. Taken together, these results demonstrate that the
selected aptamer probably functions by forming specific contacts
to the protein surface. To show that the TNA aptamer adopts a
folded structure that is specific to human thrombin, we measured
its solution binding affinity against two common proteins, bovine
serum albumin (BSA) and streptavidin. The TNA molecule had
no detectable affinity for either off-target protein (Fig. 3b), indicat-
ing that the evolved aptamer binds to thrombin with high affinity
and specificity.

The idea that life on Earth arose during an ancestral period in
which RNA stored genetic information and catalysed metabolically
relevant chemical reactions was discussed extensively over 40 years
ago® %, and was later termed ‘the RNA world hypothesis™.
Although the chemical plausibility of the RNA world remains
strong?, it is not clear that RNA was the first genetic material’**!.
Problems associated with the prebiotic synthesis of ribose and
non-enzymatic replication of RNA have fueled interest in the possi-
bility that RNA was preceded in the evolution of life by a genetic
system that was more accessible on the primitive Earth®>%,
Determining which genetic systems are both simpler than RNA
and capable of Darwinian evolution is a daunting challenge.
Chemical synthesis is required to build substrates that are not other-
wise available and enzymes must be discovered that can make unna-
tural polymers with high efficiency and fidelity. In the case of TNA,
for example, a decade-long effort was required to establish the meth-
odology necessary to evolve TNA molecules in vitro. Although new
advances in protein engineering are making it easier to create
polymerases that recognize unnatural substrates (ref. 34; and
V.B. Pinheiro et al., manuscript in preparation), future examination
of structurally diverse genetic systems by in vitro evolution will
require similar advances in nucleic acid chemistry.

In summary, we have shown that TNA has the ability to fold into
tertiary structures that can elicit a complex function. The best TNA
aptamer identified in our selection binds to human thrombin with
an activity similar to previously evolved RNA aptamers®*?, demon-
strating that the chemical problem of ligand binding is not unique to
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the ribofuranosyl nucleic acid polymers of RNA and DNA. This fact
was not clear at the beginning of our study, and indeed one could
imagine that purely chemical constraints, such as a shorter back-
bone repeat unit, might preclude the ability of TNA to fold into
structures that function with a desired activity. The fact that TNA
does not appear to be limited in this regard suggests that it may
be possible to isolate novel TNA enzymes from pools of random
sequences using in vitro evolution. We suggest that selections of
this type could be used to further examine the fitness of TNA as
an RNA progenitor in a hypothetical TNA world.

Methods

Oligonucleotides and TNA triphosphates. DNA primer and templates were
purchased from Integrated DNA Technologies. DNA library L1 was purchased from
the Keck Facilities at Yale University. DNA libraries L2 and L3 were synthesized on
an automated ABI 3400 DNA synthesizer, deprotected in concentrated NH,OH for
18 h at 55 °C, butanol precipitated, and purified by denaturing polyacrylamide gel
electrophoresis. TNA triphosphates were synthesized as previously described®.

Primer extension assay. The DNA primer (5'-GACACTCGTATGCAGTAGCC) was
5'-end labelled by incubation in the presence of [y-**P] ATP with T4 polynucleotide
kinase for 1 h at 37 °C. **P-labelled primer was annealed to the DNA template
(5'-TGTCTACACGCAAGCTTACA-N;,-GGCTACTGCATACGAGTGTC) in x 1
ThermoPol buffer (20 mM Tris-HCI, 10 mM (NH,),SO,, 10 mM KCl, 2 mM MgSO,,
0.1% Triton X-100, pH 8.8) by heating at 95 °C for 5 min and cooling on ice.

Primer extension reactions contained 100 wM tNTPs (or a combination of defined
tNTPs and dNTPs mixtures), 500 nM primer-template complex, 1 mM DTT,

100 ug ml~" BSA, 1.25 mM MnCl, and 0.1 U pl ™' Therminator DNA polymerase
(New England Biolabs). Reactions were performed by adding the tNTP substrates to a
solution containing all other reagents, and heating the mixture for 10 hat 55 °C. Primer
extension products were analysed by 20% denaturing polyacrylamide

gel electrophoresis.

In vitro selection. For each round of selection, the self-priming DNA library L2
(5'-TGTCTACACGCAAGCTTACA-N,-GGCTACTGCATACGAGTGTCa
ctacgtacccacaacctcggecgtaccacggtacgtagtgacactegtatgeagtagec; lower-case letters
denote the self-priming stem-loop region) was extended with tNTPs to generate a
pool of chimeric TNA-DNA hairpin structures. The extension product was
phenol/chloroform extracted, desalted and subjected to a strand invasion step. A
DNA primer (5'-FAM-AAGGCTACTGCATACGAGTGTCACTACGTACCG
TGGTACGGCCGAGGTTG-3') was annealed to the stem-loop region of the
chimeric TNA-DNA hairpin. The primer-template complex was extended with
therminator DNA polymerase using 2.5 mM dNTPs in x1 ThermoPol buffer for
30 min at 55 °C, followed by an additional heating step of 90 min at 65 °C. The
resulting pool of double-stranded DNA-TNA fusion molecules was incubated
with human «-thrombin (Haematologic Technologies) in selection buffer (50 mM
Tris-HCI, 100 mM NaCl, 1 mM MgCl,, pH 7.4) for 1 h at 25 °C. The ratio of human
thrombin to the TNA library was decreased over the course of the selection to
favour the enrichment of high-affinity aptamers. In round 1, the ratio was 10:1; in
round 2 the ratio was 1:1; and in round 3, the ratio was 1:10. Bound molecules were
separated from the unbound pool using capillary electrophoresis. Electrophoresis
was performed on a Beckman ProteomeLab PA 800 Protein Characterization
System. Before use, the glass capillary (inner diameter, 0.1 mmy; total length, 60 cm)
was rinsed with water and equilibrated with selection buffer. A small portion (70 nl)
of the library-thrombin mixture was injected onto the capillary using pressure
injection (0.5 psi for 5 s) and electrophoresis was performed under a constant
voltage of 10 kV for 30 min at 20 °C. Laser-induced fluorescence (LIF) was used to
monitor the separation of 6-FAM labelled DNA-TNA fusion molecules (excitation,
488 nm; emission, 520 nm). Five injections were performed for each round of

in vitro selection. The thrombin-bound TNA-DNA fusion molecules were collected
and the DNA portion was amplified by PCR using a top strand biotinylated primer.
The bottom strand was isolated by denaturing the double-stranded DNA on
streptavidin-coated agarose beads and annealed to generate a new pool of DNA
templates as input for the next round of selection. After three rounds of in vitro
selection and amplification, the library was cloned and sequenced to examine the
diversity of molecules that remained in the pool.

Filter binding assay. Representative TNA molecules were synthesized by primer
extension and purified by denaturing polyacrylamide gel electrophoresis as
described above with the exception that the extension time was reduced to 1 h and
the DNA templates contained an A, -overhang at the 3'-end to enable the product
to be separated from the template by denaturing polyacrylamide gel electrophoresis.
The DNA portion of the TNA molecule was labelled with **P, desalted, and annealed
by heating for 5 min at 95 °C and cooling on ice. Folded structures were incubated
with thrombin poised at concentrations spanning the expected K, (typically

1 nM-1 pM) at 25 °C. After 1 h, the protein-bound TNA molecules were
partitioned away from the unbound fractions using vacuum to pass the solution
through a layer of nitrocellulose and nylon membranes. Both membranes were
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quantified by phosphorimaging, and dissociation constants were calculated using
nonlinear least-squares regression analysis performed with DeltaGraph program as
previously described*.
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