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ABSTRACT

Advances in chemical synthesis have enabled new lines of research with
unnatural genetic polymers whose modified bases or sugar-phosphate backbones have
potential therapeutic and biotechnological applications. Maximizing the potential of these
synthetic genetic systems requires inventing new molecular biology tools that can both
generate and faithfully replicate unnatural polymers of significant length. Threose nucleic
acid (TNA) has received significant attention as a complete replication system has been
developed by engineering natural polymerases to broaden their substrate specificity. The
system, however, suffers from a high mutational load reducing its utility. This thesis will
cover the development of two new polymerases capable of transcribing and reverse
transcribing TNA polymers with high efficiency and fidelity. The polymerases are
identified using a new strategy wherein gain-of-function mutations are sampled in
homologous protein architectures leading to subtle optimization of protein function. The
new replication system has a fidelity that supports the propagation of genetic information
enabling in vitro selection of functional TNA molecules. TNA aptamers to human alpha-
thrombin are identified and demonstrated to have superior stability compared to DNA
and RNA in biologically relevant conditions. This is the first demonstration that

functional TNA molecules have potential in biotechnology and molecular medicine.
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CHAPTER 1
EMERGENCE OF SYNTHETIC GENETICS

Synthetic Genetics

DNA and RNA are nucleic acid polymers that comprise the molecular basis of
life through their unique ability to store genetic information. Once thought to be limited
to storage, advances over the last 30 years have expanded their functional repertoire.'”
These findings revolutionized how researchers thought about nucleic acids inciting a
movement to not only better understand nucleic acid properties and discover the chemical
and physical basis of molecular information encoding and folding, but to also expand
these chemical properties by systematically varying nucleobase, sugar, and backbone

322 This advance gave rise to a collection of unnatural genetic polymers (Figure

moieties.
1.1), often called xenonucleic acids (XNA), and the field of synthetic genetics. At the
heart of synthetic genetics is to understand, exploit, and redesign genetic systems for new
applications in analogy to what synthetic biology does on cellular and organismal
sys‘[ems.23 26
Each XNA polymer has unique chemical, physical, and biological properties that
can be harnessed to derive novel applications. For instance, some XNA systems have

#2740 While this phenomenon greatly

shown to be unrecognizable by natural enzymes.
increases their potential in molecular medicine and pharmaceutical development, this
property challenges the merger of XNA chemistry into biological systems. It has become
increasingly evident when attempting to replicate unnatural genetic polymers in the lab as
the extent of chemical dissimilarity between XNA and natural systems often bars the use

of natural polymerases for propagating genetic information stored in XNA polymers.***



New advances in polymerase engineering and screening techniques are beginning to
overcome this hurdle and enable the replication of non-natural genetic polymers making

it possible for the first time to explore the sequence space of synthetic genetic polymers.
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Figure 1.1. Chemical Structure of Sugar-Modified XNA Molecules. Synthetic
genetics includes a range of alternative genetic systems each of which have unique
chemical and biological properties. This list is limited to genetic systems with sugar-

modified backbones.

Threose Nucleic Acid

Developed by Eschenmoser and colleagues in a screen to identify unnatural
genetic systems, a-L-threofuranosyl-(3’—2’) nucleic acid (TNA) has emerged as one of
the first genetic polymers with broad application in synthetic genetics (Figure 1.2).**
TNA, like RNA, is composed of a repeating sugar phosphate backbone where the natural
five-carbon ribose sugar is replaced with an unnatural four-carbon threose sugar. TNA

has attracted significant attention as an RNA analog for biomedicine because TNA

polymers maintain stable Watson-crick duplexes opposite complementary strands of
2



TNA as well as DNA and RNA (Figure 1.3B and 1.4), are resistant to nuclease

degradation (Figure 1.3A), and have been shown to fold into functional structures

capable of ligand binding.*"**>*
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Figure 1.2. Constitutional Structure for the Linearized Backbone of Threose Nucleic
Acid (TNA) and Ribose Nucleic Acid (RNA). TNA is an unnatural genetic polymer
composed of repeating a-L-threose sugars vicinally connected by 3’—2’-phosphodiester
linkages. The backbone bonds are numbered to demonstrate the shorter backbone repeat

unit.
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Figure 1.3. Nuclease Stability and Base Pairing of TNA. (A) A time course of the
stability of TNA, DNA, and RNA polymers in the presence of both DNase and RNase
demonstrates TNA’s nuclease resistance.”” RNA digests were sampled over 3 minutes in
30 second increments, DNA digests over 1 hour in 5 minute increments, and TNA digests
over 3 days in 12 hour increments. (B) The melting curves for RNA-TNA duplexes

demonstrates a cooperative melting profile suggesting the duplexes for stable Watson-

. 48,49
crick duplexes.™

The solution structure of a self-complementary TNA octamer reveals that TNA-
TNA duplexes adopt an A-form helical structure that closely approximates the helical
geometry of A-form RNA (Figure 1.4).”° This observation is surprising given that TNA
polymers have a backbone repeat unit that is one atom shorter than that found in DNA
and RNA (Figure 1.2). Shedding insight into the mechanism of pairing, the crystal
structure of a DNA duplex containing a single TNA demonstrates that TNA stretches its
3’—2’ vicinal linkage to match the natural 5°—3’ trans-diaxial positioning of DNA and

RNA.!
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Figure 1.4. Structural Comparison of DNA, RNA, and TNA Duplexes. NMR
structure of TNA compared to the structures of DNA and RNA. TNA adopts a

confirmation similar to A-form RNA.>°

In addition to possible applications in biomedicine, TNA has been the focus of
numerous studies assessing its feasibility as an ancestral genetic polymer capable of
propagating and evolving early genetic information. The TNA world, which arose
through a series of discrete chemical steps in a pool of other primordial informational
polymers, would eventually give rise to modern RNA-based systems based on a DNA

. 52,53
genome and protein enzymes.””

TNA is an attractive pre-RNA candidate due to its
chemical simplicity under prebiotic conditions and its ability to exchange genetic
information with DNA and RNA.>* However, TNA molecules have yet to demonstrate
catalytic activity, which is a hallmark of pre-RNA polymers.

Further research to develop biologically relevant molecules for both biomedicine

and origins of life will require the use of in vitro selection to identify functional TNA

molecules from diverse pools.



Overview of In Vitro Selection

For more than two decades, in vitro selection experiments have been performed
on DNA and RNA. In vitro selection, also known as SELEX (systematic evolution of
ligands by exponential enrichment) is a powerful molecular biology technique commonly
used to evolve nucleic acid molecules that can bind to a desired target or catalyze a
specific chemical reaction (Figure 1.5)."° Starting from a large library of nucleic acid
molecules (typically 10" different sequences), functional molecules are isolated though
iterative rounds of enrichment and amplification.>° In a manner analogous to natural
selection, molecules that survive the selection increase in abundance, while molecules
that lack the desired function go extinct. There have been a number of methods for
separating functional from non-functional molecules including affinity chromatography,
membrane partitioning, gel electrophoresis, capillary electrophoresis, cell and viral-based
strategies, and fluorescence-based sorting. By increasing the selective pressure, for
example by reducing the incubation time or substrate concentration, it is possible to
identify individual molecules with superior functional properties if present in the original
population. In vitro selection has been used to study basic questions in molecular
evolution as well as develop molecules with practical applications in molecular medicine.
In addition to Macugen, which is an RNA aptamer approved by the FDA for the
treatment of macular degeneration, many aptamers are now in clinical trials in the U.S.

>7% Moving beyond natural genetic polymers requires polymerases that can

and Europe.
transcribe, reverse transcribe, and amplify the nucleic acid sequences encoded in

unnatural genetic polymers.
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Figure 1.5. Overview of In Vitro Selection for functional RNA molecules. A diverse
library of DNA molecules (black) is converted to RNA (red). The RNA pool is then
separated based on functional activity. Surviving molecules are reverse transcribed back
into DNA and amplified by PCR generating an enriched population of molecules ready

for the next round of selection.

Identification of a Polymerase Capable of Generating TNA Polymers

In order to enable in vitro selection of functional TNA molecules, a polymerase
capable of generating long TNA polymers was needed. In a screen to identify DNA-
dependent TNA polymerases, an engineered form of the family B DNA polymerase from
Thermococcus sp. 9°N was discovered. This enzyme, bearing the exonuclease silencing
mutations (D141A and E143A) and the A485L mutation, known commercially as
Therminator DNA polymerase, was shown to extend a significant length of TNA under

>%°62 Therminator DNA polymerase can copy three-

mutagenic conditions (Figure 1.6).
nucleotide DNA libraries into TNA with modest efficiency and fidelity; however, the

polymerase stalls when it encounters templating dG residues.**
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Figure 1.6. Structure and TNA Polymerization of Therminator DNA Polymerase.
(A) 3D structure of Thermococcus sp. 9N DNA polymerase highlighting the exonuclease
silencing and A485L mutations (PDB: 4K8X).%® (B) Therminator-mediated TNA
transcription efficiency on three nucleotide and four nucleotide libraries. Radioactive

products were analyzed by phopshorimaging.

In Vitro Selection of a TNA Aptamer

Noticing this problem and motivated to determine if TNA can support functional
activity, an in vitro selection strategy was developed to select for structures with discrete
ligand-binding properties using a library devoid of G nucleobases.*® Since a TNA-
dependent DNA polymerases was not available to reverse transcribe TNA polymers back
into DNA for amplification using polymerase chain reaction (PCR), a one-enzyme
selection strategy was devised that establishes a genotype-phenotype link by displaying
individual TNA molecules (phenotype) on their encoding double-stranded DNA
sequence (genotype).” In this strategy, termed DNA display (Figure 1.7A), a self-
priming library is extended with TNA. The TNA is then liberated from its template by
strand displacement primer extension generating a single-stranded TNA pool fused on its

3’ end to its encoding double-stranded DNA template. After selection, functional TNA

8



molecules can be propagated by amplifying the attached DNA sequence by PCR. Using
the target human a-thrombin, TNA aptamers were identified with high specificity and
affinities as high as 200 nM (Figure 1.7B).** This was the first demonstration that

function is not limited to natural polymers.

A B .
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Figure 1.7. Strategy for in vitro TNA evolution. (A) A diverse library of DNA
molecules is ligated to a hairpin primer. The hairpin primer is then extended with TNA
triphosphates generating a chimeric DNA-TNA duplex. A second primer is then annealed
to the hairpin and a strand displacing polymerase generates a double stranded DNA
liberating the bound TNA molecule. Functional TNA molecules are then separated and
amplified by PCR to generate an enriched pool of DNA molecules. The selection cycle is
then repeated. (B) Binding isotherms for an anti-thrombin TNA aptamer with thrombin,

streptavidin, and BSA substrates.*



Identification of TNA Reverse Transcriptases

DNA display, while capable of enabling structures, is intrinsically limited by the
utilization of the transcription primer to physically link the TNA to the encoding DNA. In
higher-level selection strategies, chemically functionalized primers are needed to
introduce different moieties. Therefore, a two-enzyme selection strategy, where one
enzyme generates TNA from a DNA template and the other regenerates a DNA pool
from TNA, frees the primer for other functionalities.

To identify a polymerase capable of reverse transcribing TNA, a screen was
performed that identified an engineered version of MMLYV reverse transcriptase known
commercially as Superscript II that could reliably reverse transcribe TNA under
mutagenic conditions (Figure 1.8).°° Superscript II is capable of reverse transcribing a

significant portion of a three nucleotide TNA library into complementary DNA.

Full-length
w— (00 nt)

-— Primer
(20 nt)

Figure 1.8. TNA Reverse Transcription by Superscript I1. Superscript II is capable of
reverse transcribing a significant portion of a three nucleotide TNA library into
complementary DNA.?’ M denotes primer and full-length markers. Radioactive products

were visualized by phosphorimaging.
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The development of a complete replication system (DNA to TNA to DNA)
allowed for the first time the measurement of the aggregate fidelity of TNA replication.”’
DNA sequences composed of a three-letter genetic alphabet (A, T, C) are converted to
and from TNA with high efficiency, and individual sequences replicate with >99%
fidelity generating fewer than 3 errors per 1000 bases incorporated (Figure 2.1).
However, additional biases are observed for DNA sequences composed of a four-letter
genetic alphabet (A, T, C, G). The addition of templating dG results in a mutation rate of
greater than 80 misincorporations per 100 bases.”’

Summary

Considering the structural differences between DNA and TNA it is outstanding
that only minor modifications to natural polymerases enable a high level of processivity
and fidelity. However, this level of fidelity is significantly lower than that seen in natural
polymerases and poses a potential problem for many applications of TNA including in
vitro selection. Since in vitro selection requires an enrichment of functional molecules
from a highly diverse pool, high levels of mutation would effectively neutralize the
enrichment of genetic information harboring functional phenotypes. The sole use of
three-nucleotide systems is possible but the phenotypic potential of four-nucleotide

systems is greater and therefore desired.

11



CHAPTER 2
DNA POLYMERASE-MEDIATED SYNTHESIS OF UNBIASED THREOSE
NUCLEIC ACID (TNA) POLYMERS REQUIRES 7-DEAZAGUANINE TO
SUPPRESS G:G MISPAIRING DURING TNA TRANSCRIPTION

Publication Note
This research was originally published in the Journal of the American Chemical Society.
Dunn, M.R., Larsen, A.C., Zahurancik, W.J., Fahmi, N.E., Meyers, M.M., Suo, Z.,
Chaput, J.C. (2015) DNA Polymerase-Mediated Synthesis of Unbiased Threose Nucleic
Acid (TNA) Polymers Requires 7-Deazaguanine To Suppress G:G Mispairing during
TNA Transcription. J. Am. Chem. Soc., 2015, 137(12), pp 4014—4017.
Contribution Statement
M.R.D. and M.M. performed all TNA work. A.C.L. improved 7dG utilization. W.J.F.
synthesized TNA triphosphates. W.Z. and Z.S. performed kinetic analyses. M.R.D. and
J.C.C. designed the study and wrote the paper. All authors discussed results and
commented on the manuscript.
Introduction

Threose nucleic acid (TNA) is an unnatural genetic polymer capable of
undergoing Darwinian evolution to generate folded molecules with ligand-binding
activity. This property, coupled with a nuclease-resistant backbone, makes TNA an
attractive candidate for future applications in biotechnology. Previously, we have shown
that an engineered form of the Archaean replicative DNA polymerase 9°N, known
commercially as Therminator DNA polymerase, can copy a three-letter genetic alphabet

(A, T, C) from DNA into TNA. However, our ability to transcribe four-nucleotide

12



libraries has been limited by chain termination events that prevent the synthesis of full-
length TNA products. Here, we show that chain termination is caused by tG:dG
mispairing in the enzyme active site during TNA transcription. We demonstrate that the
unnatural base analogue 7-deazaguanine (7dG) will suppress tGTP misincorporation by
inhibiting the formation of Hoogsteen tG:dG base pairs. DNA templates that contain 7dG
in place of natural dG residues replicate with high efficiency and >99% overall fidelity.
Pre-steady-state kinetic measurements indicate that the rate of tCTP incorporation is 5-
fold higher opposite 7dG than dG and only slightly lower than dCTP incorporation
opposite either 7dG or dG. These results provide a chemical solution to the problem of
how to synthesize large, unbiased pools of TNA molecules by polymerase-mediated

synthesis.

We have developed a polymerase-mediated replication system that makes it
possible to copy genetic information back and forth between deoxyribose nucleic acid
(DNA) and threose nucleic acid (TNA) (Figure 1.2).”” Under appropriate conditions, an
engineered form of the Archaean replicative DNA polymerase 9°N, known commercially
as Therminator DNA polymerase (New England BioLabs, Inc.), can copy sequence-
defined DNA templates into TNA through the sequential addition of TNA nucleotide
triphosphates.***”**%>%7 TNA templates purified by denaturing polyacrylamide gel
electrophoresis (PAGE) can be reverse-transcribed back into cDNA using Superscript 11
(SSII), which is a highly engineered form of a reverse transcriptase isolated from the
Maloney murine leukemia virus.®® Amplification of the cDNA using the polymerase
chain reaction (PCR) followed by strand separation allows the process to be performed

iteratively.

13



When transcription and reverse transcription are performed on DNA templates of
a known sequence, the overall fidelity of TNA replication can be determined by
sequencing the cDNA product. DNA libraries composed of a three-letter genetic alphabet
(A, T, C) have been shown to transcribe with high efficiency, and individual sequences
replicate with >99% fidelity (Figure 2.1A).%” This level of fidelity is remarkable,
considering the structural differences between DNA and TNA. However, attempts to
synthesize TNA libraries that contain a four-letter genetic alphabet (A, C, T, G) have
failed due to chain termination events that inhibit TNA synthesis on unbiased DNA

12.99°62.65.67.6970 Investigation into this problem revealed that DNA templates

templates.
with low numbers of isolated dG residues could be transcribed into full-length TNA, but
the cDNA obtained after reverse transcription contained a high level of G—C
mutations.”” The low fidelity of TNA replication on four-nucleotide templates (Figure
2.1B) can be overcome by replacing tCTP in the transcription mixture with dCTP
(Figure 2.1C); however, this change leads to a mixed-backbone TNA-DNA
heteropolymer that may not be suitable for some applications.”” This problem has created

a need for new replication strategies that can be used to generate large, unbiased pools of

TNA for in vitro selection.

14
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Figure 2.1. TNA Transcription Fidelity of Therminator DNA Polymerase on
Templates of Varying Complexity. TNA transcription fidelity on (A) three nucleotide

templates (A, T, C), (B) four nucleotide templates (A, T, C, G), and (C) four nucleotide
templates with tCTP replaced by natural dCTP.

Results
Recognizing the limitations of G-rich templates, we decided to evaluate the ability
of Therminator DNA polymerase to read through G-repeats in a DNA template. We used
a primer extension assay in which the DNA template was engineered to contain a central
region of 03 consecutive dG residues that are flanked by an arbitrary sequence
composed of A, C, and T residues (Figure 2.2A). Therminator was challenged to extend

a DNA primer annealed to a DNA template using TNA triphosphates (tNTPs) that were

obtained by chemical synthesis.”"’* If the polymerase is able to extend the primer to the

end of the DNA template, it will produce an elongated product that is extended by 50
TNA residues. However, if the polymerase is unable to read through the G residues, it

will produce a truncated product that is easily detected by denaturing PAGE.

15



A TCcC

TCG

TGG

_|—> GGG

L

B
M TCC TCG TGG GGG M
Full Length

- — (70 nt)

— -
-_ Primer
(20 nt)

Figure 2.2. Sequence Specificity of Therminator DNA Polymerase. (A) Schematic of
the primer extension assay used to evaluate TNA synthesis on dG-containing DNA
templates. (B) Primer extension results for DNA templates that contain consecutive G-

residues. Radioactive products were visualized by phosphorimaging.

Analysis of the resulting primer extension assay products indicates that
Therminator is able to generate full-length TNA product when 0 or 1 dG residue is
present in the DNA template (Figure 2.2B). However, the polymerase stalls on templates
that contain 2 or more consecutive dG residues, indicating that G-repeats inhibit the
transcription of TNA polymers on DNA templates. This result, in conjunction with our
previous observation that TNA replication on dG-containing templates leads to an
abundance of G—C mutations in the cDNA product, indicates that Therminator
misincorporates tGTP monomers opposite dG.*” While this could be caused by
deformation of the duplex in the active site or partial stacking of G in the absence of
hydrogen bonds, we postulate that tGTP forms a tG:dG Hoogsteen base pair in the
enzyme active site. Hoogsteen base pairing between guanine residues occurs when a
guanine base in one strand adopts a syn conformation relative to the sugar moiety, which

allows the second guanine residue to form two hydrogen bonds on the major groove face
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of the first guanine base (Figure 2.3).” Crystallographic analysis of a Watson—Crick
DNA duplex containing an internal G:G base pair reveals that a G:G Hoogsteen base pair
is structurally similar to a G:C base pair.”* This structural similarity is one reason why
many polymerases (natural and engineered) struggle to read through templates that are

rich in G nucleotides.”

N o H-N i H
= 7 ) /N\g/E(N/H""'O\ N NH,
NG n-n-Ne) R = 81
R N= >-N N—H--£N1
J S
N—H--0 R H N
/ N
H R

Figure 2.3. Proposed Hoogsteen G:G Mispairing Mode. Molecular structure of a
normal G:C Watson—Crick base pair and a G:G Hoogsteen base pair. The analogue of 7-

deazaguanine replaces the N-7 nitrogen with a methylene group (red circle).

To test the hypothesis that G:G Hoogsteen base pairing was responsible for the
chain termination events that occur when TNA polymers are synthesized on unbiased
DNA libraries (L3), we constructed two pools of single-stranded DNA molecules. The
first pool contained an unbiased mixture of all four natural nucleobases (A, C, T, G). The
second pool was identical in length and composition to the first pool but contained the
unnatural base analogue 7dG in place of natural dG. The pools were constructed by PCR
using appropriate sets of nucleotide triphosphates and a PEG-modified PCR primer to

enable separation of the strands by denaturing PAGE.
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Preliminary analysis of the DNA products produced by PCR suggested that the
7dG reaction generated very little product when compared to the all-natural dNTPs
reaction (Figure 2.4). Although we initially interpreted this result to mean that 7dG was a
poor substrate for deep vent (exo-) DNA polymerase, further analysis revealed that 7dG
quenches the fluorescence of UV-excitable dyes. In fact, only when the DNA was labeled
with a fluorescent primer or stained with SYTO 60, a dye that excites in the IR range,
were the DNA products from both reactions observed in equal abundance. This
unanticipated phenomenon, though not entirely unprecedented, is a reminder of how the
chemical and physical properties of modified DNA can differ from those of natural

. 6
genetic polymers.’®”’

dG 7dG dG 7dG dG 7dG dG 7dG
FAM |\ /| | o o | | — | | — —

Stain |‘e—' -—— | | | ——

EtBr Sybr Gold  Sybr Green Syto60

Figure 2.4. Evidence of Fluorescence Quenching by 7dG-Containing DNA. PCR
amplified DNA carrying a fluorescein-label was analyzed on four different denaturing
PAGE gels. Each gel was imaged by fluorescence and separately stained with ethidium
bromide (EtBr), Sybr Gold, Sybr Green, or Syto60. Fluorescence imaging (top)
demonstrates that an equivalent amount of dG- and 7dG-containing DNA is present in
each lane. When the same gels are stained with ethidium bromide, Sybr Gold, Sybr Green,
and Syto60 (bottom) only the Syto60 stain shows equal amounts of PCR product for the
dG and 7dG amplicons. Reduced band intensity for the EtBr, Sybr Gold, and Sybr Green
stains is due to quenching of the fluorescent dyes by 7dG residues in the DNA. The
Syto60 stain does not lead to fluorescence quenching because it emits in the infrared

region.
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Using the dG- and 7dG-containing templates, we performed a primer extension
assay for 6 hours at 55°C to compare the efficiency of TNA synthesis on the two pools of
DNA molecules. As illustrated in Figure 2.5, Therminator DNA polymerase was unable
to copy natural DNA templates into TNA, as evidenced by the absence of any significant
full-length product and the high degree of banding on the gel. However, efficient
synthesis was observed for the primer extension reaction performed on the pool of 7dG-
containing DNA templates, which were designed to promote TNA synthesis by inhibiting
the formation of G:G mispairs. In this case, the polymerase was able to extend the DNA
primer by 70 sequential residues to produce a significant amount of full-length product.
This result provides the first example of an unbiased TNA library constructed by
polymerase-mediated primer extension. It also confirms the hypothesis that G:G
mispairing in the enzyme active site was responsible for polymerase stalling on natural

DNA templates.

19



Reverse

Transcription Transcription
M dG 7dG M M P M
Full-length
‘ -_— — (00 nt)
; 5
— -— - Primer
(20 nt)

Figure 2.5. Transcription and Reverse Transcription of a Four-Nucleotide TNA
Library. PAGE analysis reveals that TNA transcription by Therminator DNA
polymerase (left panel) and reverse transcription by Superscript II (right panel) proceed
with high efficiency on DNA templates that contain 7-deazaguanine in place of the

natural guanine base. Radioactive products were visualized by phosphorimaging.

Because a complete replication cycle requires copying the pool of TNA strands
back into DNA, we tested the ability for SSII to reverse-transcribe the TNA back into
DNA. Full-length TNA strands isolated from the transcription of 7dG-containing
templates were purified by denaturing PAGE and incubated with SSII for 2 hours at 55°C.
Consistent with our previous analysis of a three-nucleotide library, primer extension
analysis revealed that the four-nucleotide library was an efficient template for reverse

transcription (Figure 2.5).”’
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Figure 2.6. Fidelity of TNA Replication Using 7-Deazaguanine. (A) Schematic
representation of the transcription and reverse transcription process used to evaluate the
fidelity of TNA replication. DNA is shown in black, TNA is shown in red. The primer-
template complex contains a T-T mismatch, which produces a T to A transversion in the
cDNA strand. The transversion represents a watermark to ensure that the sequenced DNA
was produced by TNA transcription and reverse transcription. (B) The mutation profile

reveals that TNA transcription and reverse transcription proceeds with an error rate of 3.8
x 107 (>99% fidelity).

To ensure that Therminator and Superscript Il produced an accurate copy of each
template, we measured the fidelity of TNA replication by sequencing the cDNA product.
This assay measures the overall fidelity of replication, which includes the transcription of
DNA into TNA, followed by the reverse transcription of TNA back into DNA (Figure
2.6A). Several controls were used to eliminate possible contamination by the starting
DNA template. First, we showed that PAGE-purified TNA could not be amplified by
PCR unless it was reverse-transcribed into cDNA (Figure 2.7). Second, the primer—
template complex used for TNA synthesis was designed to contain a T:T mismatch that
would produce a T:A watermark in the cDNA product. Only those sequences that were

transcribed into TNA and reverse-transcribed back into cDNA would carry the
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watermark. With these controls in place, we sequenced 850 nucleotide positions from
cDNA isolated after TNA transcription and reverse transcription. Analysis of the DNA
sequences yielded an overall fidelity of replication of >99% (Figure 2.6B and 2.8). This
level of fidelity is similar to what we observed for the replication of three-nucleotide
templates and supports the robust transcription of TNA polymers on 7dG-containing

DNA templates (Table 2.1).>’

TNA +RT TNA -RT
Cycle# 3 6 9 12 15 18 21 24 27 3 6 9 12 15 18 21 24 27

—_—
pE—
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'

Figure 2.7. PCR Assay for DNA Contaminants. PCR analysis confirms that the TNA
sample is devoid of DNA contaminants that could interfere with the TNA fidelity assay.
DNA amplicons are only observed when the TNA sample is reverse transcribed into

cDNA. Products were visualized by staining with ethidium bromide.

Table 2.1. Comparison of the TNA Replication Fidelity on Different Templates Using

Therminator DNA Polymerase and Superscript I Reverse Transcriptase.

Template Bases Read Total Error
3NT 1050 3.8x 107
4NT 1650 35.8x 107

4NT-7 850 3.5x 107
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TAG-1 . . e 50
TAG-2 . . e e 50
TAG-3 . . e 50
TAG-4 . . e 50
TAG-5 . . e 50
TAG-6 . . . .. e e 50
TAG-7 . . o e 50
TAG-8 . . . e 50
TAG-9 . . e 50
7dG-10 . - . . ..o B ... e 50
7dG-11 . . . .. ... T 50
TAG-12 « o o e 50
TAG-13 .« o o o e 50
TAG-14 - o o o e 50
TAG-15 « o o o e 50
1% = 50
7dG-17 - - - - - . .. A e e 50
100% —
Conservation H

Figure 2.8. DNA Sequence Alignment Used to Assess TNA Replication Fidelity. An
alignment of the sequence reads to the FI.4NT.9G reference sequence indicates that 3
mutations were observed in a total of 850-nt positions. This yields an overall fidelity of
99.6% for TNA replication using 7dG containing templates. Interestingly, no G to C
transversions were observed in the data, demonstrating that 7dG inhibits G:G mispairing

in the enzyme active site.

To determine if 7dG overcomes polymerase stalling by increasing the rate of
tCTP incorporation, we used pre-steady-state kinetics to measure the rate constants for
incorporation of dCTP or tCTP opposite a templating dG or 7dG residue. Briefly, a pre-
incubated solution of Therminator DNA polymerase (100 nM) and a 5’-radiolabeled
DNA primer—template substrate (20 nM) in a reaction buffer at 37°C was rapidly mixed
with dCTP or tCTP (100 uM) for various times before being quenched with EDTA. The
data were fit to a single-exponential equation, [product] = A [1 — exp(—kobst)], to yield
kobs, the observed rate constant of nucleotide incorporation (Table 2.2). Notably, the rate
constant of correct dCTP or incorrect dGTP incorporation was not significantly affected

by substituting the templating dG with 7dG. This indicates that the unnatural templating
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nucleotide 7dG did not significantly alter the interactions between the polymerase-DNA
complex and incoming nucleotide at the enzyme active site. In contrast, the rate constant
of tCTP incorporation increased by 4.2-fold opposite the templating 7dG relative to dG
and is comparable to the rate constant for normal dCTP incorporation opposite dG (Table
2.2). Thus, tCTP is able to pair with 7dG nearly as well as a natural dCTP pairs with dG.
Furthermore, opposite the templating 7dG, the rate constant for tGTP misincorporation is
6.1-fold lower than that for correct tCTP incorporation, which is comparable the 10.8-
fold difference between dCTP:dG and dGTP:dG incorporations. Thus, the switching of
dG to 7dG in the DNA template not only solves the polymerase stalling problem but also
maintains relatively high DNA—TNA transcription fidelity.

Table 2.2. Pre-Steady-State Kinetic Parameters for Therminator-Mediated Single-

Nucleotide Extension.

5°-d-CGCAGCCGTCCAACCAACTCA
3’-d-GCGTCGGCAGGTTGGTTGAGT-X-GCAGCTAGGTTACGGCAGG

NTP X kaps (s
tCTP dG 0.9+0.2
tCTP 7dG 3.8+0.5
dCTP dG 42+0.9
dCTP 7dG 5.0+0.7
dGTP dG 0.39 +0.01
dGTP 7dG 0.40 + 0.06
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Discussion

The ability to code and decode sequence-defined genetic polymers, like TNA,
provides access to many non-biological applications that will benefit materials science,

nanotechnology, and molecular medicine.**"®

For example, TNA is highly resistant to
nuclease degradation, making it a stable scaffold for future diagnostic and therapeutic
applications. In addition, because TNA has the ability to evolve in response to imposed
selection constraints, it could also be used to enhance our understanding of why nature

48 . . .
1.7 Previous work in this

chose RNA as the molecular basis of life’s genetic materia
area has been limited by the absence of polymerases that could be used to study
alternative chemistries of life. As this paradigm is now changing, we may soon discover
that many different types of genetic polymers exhibit the characteristic signatures of

heredity and evolution—two important hallmarks of life.*""*

In summary, we have developed a method for replicating unbiased pools of TNA
polymers that uses 7-deazaguanine in the DNA template to suppress G:G mispairing
during TNA transcription with Therminator DNA polymerase. Characterization of the
replication cycle reveals that the TNA synthesis proceeds with high efficiency and high
overall sequence fidelity. We suggest that this approach could be used to explore the

functional properties of TNA by in vitro selection.
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Experimental
General Information

DNA oligonucleotides were purchased from Integrated DNA Technologies
(Coralville, IA), purified by denaturing polyacrylamide gel electrophoresis, electroeluted,
concentrated by ethanol precipitation, and quantified by UV absorbance. TNA
triphosphates (tNTPs) were obtained through a multistep chemical synthesis as
previously reported.”"”* 7-deaza-dGTP was purchased from Roche (Mannheim,
Germany). dNTPs were purchased from Sigma (St. Louis, MO). [y-""P]JATP was
purchased from Perkin Elmer (Walktham, MA). 7-deaza-dG-CE Phosphoramidite was
purchased from Glen Research (Sterling, VA). The enzymes T4 polynucleotide kinase,
Therminator DNA polymerase, and exonuclease-deficient Deep Vent DNA polymerase
(DV exo-) were purchased from New England Biolabs (Ipswich, MA). Optikinase was
purchased from Affymetrix (Santa Clara, CA). SuperScript Il reverse transcriptase, Sybr
Gold, and Sybr Safe were purchased from Invitrogen (Grand Island, NY). CloneJET PCR
cloning kit was purchased from Fermentas (Waltham, MA). Syto60 dye was purchased

from LI-COR (Lincoln, NE).
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DNA Sequences

The sequences below are written from 5°—3’. Primer and template sequences

were synthesized by IDT, except for L3 and the 7dG-modified 41-mer template, which

were synthesized in house. N = A:T:C:G = 1:1:1:0.5, X = dG or 7dG.

Primers

PBS2

PBS2 FAM
PBS2.mismatch
PBSI1
PBS1.PEG

extra.primer
21-mer primer
Templates
4NT.Og
4NT.1g
4NT.2¢g

4NT.3¢g

FIL.ANT.OG

L3 library:

41mer template:

GACACTCGTATGCAGTAGCC
/56-FAM/GACACTCGTATGCAGTAGCC
CTTTTAAGAACCGGACGAACGACACTCGTTTGCAGTAGC
TGTCTACACGCAAGCTTACA
AACAAACAAACAAACAAACAAACAAACAAACAA
ACAAACA/iISp9/TGTCTACACGCAAGCTTACA
CTTTTAAGAACCGGACGAAC
CGCAGCCGTCCAACCAACTCA

ACTATTCAACTTACAATCCTATCAACCTTATAATC
CACTTGGCTACTGCATACGAGTGTC
ACTATTCAACTTACAATCGTATCAACCTTATAATC
CACTTGG CTACTGCATACGAGTGTC
ACTATTCAACTTACAATGGTATCAACCTTATAATC
CACTTGGCTACTGCATACGAGTGTC
ACTATTCAACTTACAATGGGATCAACCTTATAATC
CACTTGGCTACTGCATACGAGTGTC
TGTCTACACGCAAGCTTACATTAAGACTCGCCATG
TTACGATCTGCCAAGTACAGCCTTGAATCGTCACTGGCT
ACTGCATACGAGTGTC
TGTCTACACGCAAGCTTACA - N50 -
GGCTACTGCATACGAGTGTC
GGACGGCATTGGATCGACGXTGAGTTGGTTGGACGGCTG
CG
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Imaging DNA Strands Containing 7dG Nucleotides in Place of dG

DNA strands that contain 7dG are known to quench the fluorescence of UV
excitable dyes like ethidium bromide and Sybr Gold.”®”"***' During imaging, this can
lead to weaker than expected band intensity on a gel that can be misconstrued as a low
yielding PCR reaction. Because this phenomenon is not widely known, we demonstrated
this problem using various imaging techniques to observe PCR amplified DNA on a
denaturing PAGE. PCR reactions were performed in 100 pL volumes that contained 100
pmol of DNA primer (FAM PBS2 and PBS1) and 5 pmol of DNA template in 1x
Thermopol buffer supplemented with 400 nM dATP, dTTP, dCTP, either dGTP or 7-
deaza-dGTP, and 0.04 U/uL DV exo-. The solution was thermocycled as follows: 2 min.
at 95°C followed by 15 cycles of 15 sec at 95°C, 15 sec at 58°C, and 45 sec for dGTP or
2.25 min. for 7dGTP at 72°C. PCR reactions were separately analyzed on four different
PAGE gels. The fluorescein signal was imaged using a Typhoon TRIO scanner. The gels
were then individually stained with either ethidium bromide, Sybr Gold, Sybr Green, or
Syto60. Ethidium bromide, Sybr Gold, and Sybr Green stained gels were imaged on a
Biorad GelDoc, and the Syto60 stained gel was imaged on a LI-COR Odyssey CLx
imager.
Synthesis of DNA Templates Containing 7-Deaza-Deoxyguanosine (7dG)

Single-stranded DNA templates containing 7dG in place of dG were generated by
PCR. Each PCR reaction (1,000 pL total volume) contained 1,000 pmol of each DNA
primer (PBS2 and PBS1.PEG.long) and 50 pmol of DNA template or single-stranded
library. Reactions were performed in 1x Thermopol buffer [20 mM Tris-HCL, 10 mM

(NH4)2S04, 10 mM KCI, 2 mM MgSOs, 0.1% Triton X-100, pH 8.8] supplemented with
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400 nM dATP, dTTP, dCTP, 7-deaza-dGTP, and 0.04 U/uL DV exo-. The solution was
divided into 50 pL reactions and thermocycled as follows: 2 min. at 95°C followed by 15
cycles of 15 sec at 95°C, 15 sec at 58°C, and 2.25 min. at 72°C. The reactions were
combined, concentrated by lyophilization, and supplemented with 5 mM EDTA and 50%
(w/V) urea. The solution was heat denatured for 5 min. at 95°C, and the PEG-modified
strand was purified by 10% denaturing urea PAGE. The corresponding band was excised,
electroeluted, and concentrated by ethanol precipitation. The precipitated pellet was re-
suspended in 20 pL of nuclease free water and quantified by UV absorbance. A reaction

schematic and example PAGE of the PCR are shown in Figure 2.9.

A B

PCR
dATP, dTTP, dCTP, 7dGTP
Templating strand (130 nt)
PEG-(AACA),, I Non-templating strand (90 nt)
l Strand sepration

- | PBS.PEG (60 nt)

PEG-(AACA);q

Figure 2.9. Amplification and Gel Mobility of 7dG DNA Template. (A) Double-
stranded DNA library L3 was amplified by PCR with 7dGTP in place of natural dGTP.
One of the PCR primers (PBS1.PEG) is modified with a PEG spacer and a 40 nucleobase
overhang for denaturing urea PAGE separation. (B) The 40 nucleobase overhang
provides sufficient mobility change on PAGE. Products were visualized by UV

shadowing.

Small-Scale TNA Synthesis on dG- and 7dG-Containing DNA Templates
PBS2 primer (50 pmol) was radiolabeled using T4 polynucleotide kinase and [y-
2P]JATP. TNA transcriptions reactions were performed in a 10 puL volume containing 10

pmol of synthetic template or 7dG template generated by PCR and 5 pmol of radiolabeled
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PBS2 primer. The primer and template were annealed in 1x Thermopol buffer by heating
for 5 min. at 95°C and cooling for 10 min. at 4°C. 0.1 U/all Therminator DNA
polymerase was premixed with 1.25 mM MnCl,. The premixed Therminator/MnCl,
solution and 100 pM tNTPs were added to the primer template complex and the solution
was incubated for 3 hours at 55°C for 4NT.0g, 4NT.1g, 4NT.2g, and 4NT.3g templates.
A 6-hour incubation was used for the L3 library. The reaction products were analyzed by
20% denaturing PAGE and visualized by phosphor-imaging with a Storm scanner.
Large-Scale TNA Synthesis of 7dG-Modified DNA Template for the Fidelity Assay
Large-scale TNA synthesis reactions were performed in a 250 pL volume reaction
containing 250 pmol of extra.PBS2.mismatch DNA primer and an equal amount of
FL.ANT.9G DNA template generated by PCR with 7-deaza-dGTP. The primer and
template were annealed in 1x Thermopol buffer by heating for 5 min. at 95°C and
cooling for 10 min. at 4°C. 0.1 U/all Therminator DNA polymerase was premixed with
1.25 mM MnCl,. The premixed Therminator/MnCl, solution and 100 uM tNTPs were
added to the primer template complex and the solution was incubated for 6 hours at 55°C.
TNA was purified from the PEG-modified DNA template by 10% denaturing urea PAGE,
electroeluted, and concentrated by ethanol precipitation. The precipitated pellet was re-
suspended in 20 pL of nuclease free water and quantified by Nanodrop. This strategy
produces a TNA strand with a single T-T mismatch that can be identified as a watermark
(point mutation) only after reverse transcription, PCR amplification, and DNA
sequencing. A reaction schematic and example PAGE of the transcription are shown in

Figure 2.10.

30



A B

T

= E DNA template (130 nt)
PEG-(AACA)
mismatch TNA transcription " L—J Full length TNA (90 nt)

tATP, tTTP, tCTP, tGTP

T PEG-(AACA),,
| PAGE purification

Figure 2.10. Transcription and gel Mobility of Template and TNA Product. (A)
Single-stranded template containing either dG or 7dG is transcribed into TNA. The
resulting TNA-DNA duplex is purified by denaturing urea PAGE. (B) The 40 nuclease
overhand provides sufficient mobility change on PAGE. A small amount of TNA
transcription was run and the bands were visualized using ethidium bromide to
demonstrate band mobility. The large-scale TNA transcription gel is not stained with

ethidium and rather visualized by UV-shadowing on a TLC plate.

TNA Reverse Transcription

PBS1 (50 pmol) primer was radiolabeled using T4 polynucleotide kinase and [y-
3?P]ATP. TNA was reverse transcribed in a final volume of 10 pL. 5 pmol radiolabeled
DNA primer PBS1 was annealed to 10 pmol TNA template in 1x First Strand Buffer [50
mM Tris-HCI, 75 mM KCIl, 3 mM MgCl,, pH 8.3] by heating for 5 min. at 95°C and
cooling for 10 min. at 4°C. 500 uM dNTPs and 10 mM DTT was added to the primer
template complex and incubated for 2 min. at 42°C. Finally, 3 mM MgCl,, 1.5 mM
MnCl,, and 10 U/uL SuperScript II reverse transcriptase was added to the reaction and
incubated for 1 hour at 42°C. The reaction products were analyzed by 20% denaturing

PAGE and visualized by a storage phosphor screen with a Storm scanner.
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PCR Analysis of the TNA Sample Before and After Reverse Transcription into cDNA

PCR was used to assay the TNA sample for DNA contaminants that could
interfere with the fidelity study. Two 100 uL PCR reactions were performed on 1%
volume of the TNA product and TNA RT solutions in 1x Thermopol buffer,
supplemented with 400 nM dNTPs, 100 pmol of DNA primer (extra.primer and PBS1),
and 0.04 U/uL DV exo-. The reactions were cycled as follows: 2 min. at 95°C followed
by 27 cycles of 15 sec at 95°C, 15 sec at 58°C, and 45 sec at 72°C. To monitor DNA
amplification, aliquots (8 pL) were removed every 3 cycles and stored on ice. Once the
PCR reaction was complete, the samples were analyzed on a 3% agarose gel stained with
ethidium bromide.
Fidelity Analysis by DNA Sequencing

PCR amplified DNA (1 pmol) was ligated into a pJET vector following
manufacturer’s protocol. The ligated product was transformed into XL1-blue E. coli,
cloned, and sequenced at the ASU sequencing facility. Sequencing results were analyzed
using CLC Main Workbench.
Pre-Steady-State Kinetic Analysis

The 21-mer primer strand was radiolabeled using Optikinase and [y->*P]JATP for 3
hours at 37°C following manufacturer’s protocol. The 5'-radiolabeled primer was then
annealed to each 41-mer template by incubating the primer and template in a 1:1.15 ratio

for 5 min. at 95°C before cooling slowly to room temperature over several hours.
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All pre-steady-state assays were performed at 37°C in reaction buffer R (20 mM
Tris-HCI, 10 mM (NH4),SO4, 10 mM KCI, 0.1 mg/mL BSA, 0.1 mM EDTA, 5 mM DTT,
10% glycerol, pH 8.8), and were carried out using a rapid chemical quench-flow
apparatus. A pre-incubated solution of 100 nM Therminator and 20 nM 5’-radiolabeled
DNA substrate in buffer R containing 1.25 mM MnCl, was rapidly mixed with 100 pM
dNTP or tNTP and 2 mM Mg”" in reaction buffer R for various times before quenching
with 0.37 M EDTA. All reported concentrations are final after mixing.

The reaction products were separated by 17% denaturing urea PAGE. The gel
image was exposed to a storage phosphor screen, imaged using a Typhoon TRIO, and
analyzed by ImageQuant. The plots of product concentration versus time were prepared
using Kaleidagraph. Data were fit to a single-exponential equation ([product] = A[1 —
exp( -Kobst)]), where kops is the observed reaction rate and A is the product amplitude. All

reactions were performed in duplicate.
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CHAPTER 3
INTRODUCTION TO POLYMERASE ENGINEERING

Introduction

The discovery that 7dG improves the fidelity of four nucleotide TNA
transcriptions enabled, for the first time, the generation of highly complex libraries for in
vitro selection. This solution, however, encountered fundamental challenges in execution
due to the difficulty of amplifying 7dG-containing molecules and the cost of 7dG
substrates. Surprisingly, 7dG nucleotide triphosphates are almost 10 times as expensive
as their natural counterpart, which quickly becomes excessive when working on the large
scales required for in vitro selection. Therefore, rather than trying to modify the
substrates themselves to improve fidelity, developing a new generation of polymerases
with higher fidelity and processivity for TNA that do not require 7dG would be desirable.

Polymerases serve a central biological function of maintaining both the storage
and flow of genetic information. They perform these tasks on long nucleic acid stretches
with a precisely defined catalytic efficiency, processivity, and fidelity that facilitate both
life and adaptive evolution. Because of these properties, polymerases have obtained a
paramount role in biotechnology and have generated a surge of interest in both improving
the physical properties (fidelity, processivity, thermostability, salt chemical stability, etc.)
of existing polymerases and identifying new variants with unique properties.

For this same reason, engineered polymerases have emerged as powerful tools in

the synthesis of unnatural genetic polymers.*'~*"

While current XNA polymerases are
capable of converting short lengths (<90 nt) of DNA templates into XNAs, they often

function with reduced activity compared to their wild-type counterparts. This is
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presumably because polymerases have evolved over billions of years to maintain cellular
integrity by excluding damaged and non-cognate substrates from the genome®”. This high
level of specificity provides a formidable barrier to the design of engineered polymerases
with expanded substrate specificities. Magnifying this barrier is the large size of
polymerases leading to an enormous potential sequence space to explore for new activity.

Recent developments in the polymerase engineering field have made it possible to
screen large portions of sequence space for new activity. However, these methods
currently rely on diversity introduced through random mutation in a predetermined
polymerase. While, this strategy has led to some fruitful results, unguided strategies lead
to large fractions of the total mutational load present in degenerate sites that have no
effect on polymerase function. This dilutes the search efficiency. Better understanding of
the sequence-function relationship of polymerases, more specifically the identification of
critical residues in the polymerase scaffold that alter substrate specificity, would allow
for the design of focused libraries that hone searches to regions of sequence space most
likely to harbor to functional members.
Polymerase Structure and Function

Polymerases are highly specialized enzymes that catalyze the synthesis of nucleic
acid polymers by directing the addition of nucleotide 5’-triphosphates onto the 3’ end of a
growing strand. Although all polymerases accomplish this using a two-metal ion,
catalytic incorporation of nucleotides onto a template, free 3’ hydroxyl, there exists a
great deal of variation in sequence, structure, and function.®

Polymerases are currently classified into seven families (A, B, C, D, X, Y, RT)

based on their substrates and products. The most studied polymerases belong to the
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replicative A and B Families, which are found in all clades of life and the viruses that
infect those organisms®*. Family C polymerases are solely found in prokaryotes and
function to replicate bacterial chromosomes, and family-D polymerases are from

84,85
Archaea.”™

Family X and Y polymerases have function in DNA repair mechanisms and
are usually more error-prone, and the reverse transcriptase family consists of polymerases
generally found in viruses that catalyze the conversion of RNA back into DNA, but
eukaryotic constituents also exist and include telomerase. ***’

Family A polymerases are the most studied due to their broad applications in
molecular biology. DNA pol I and its exonuclease-deficient counterpart Klenow were the

88-9 The structure

first polymerases to be characterized enzymatically and structurally.
provided insight into the mechanism and functionality of polymerases. The polymerase
resembles a right hand whose finger, palm, and thumb embrace a templating DNA duplex
and incoming substrate (Figure 3.1A). Interestingly, most polymerases share the same
three core domain, with slight modifications in domain topology, suggesting a long term
evolutionary relationship between all of the polymerases families.”"”> Additional 3°—5’
and 5’—3’ exonuclease domains are present in some polymerases (Figure 3.1B). The
finger and thumb domains are primarily responsible for binding the template and the
incoming nucleotide triphosphate. Catalyzing the nucleotides incorporation into the
growing strand is magnesium ion coordinated by two arginine residues found in the palm

domain.****** Additional structural categories of polymerases exist suggesting alternate

evolutionary histories, but all polymerases contain two catalytic arginine residues.”
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Figure 3.1. Polymerase Structural Domains. (A) Surface rendering of the finger (blue),
palm (orange), and thumb (red) domains of the DNA polymerase from Thermococcus sp.
9°N (PDB 4K8X).” The three domains wrap around their DNA substrate white in
analogy to a right hand. (B) Accessory N-terminal (yellow) and exonuclease (green)
domains are present in this polymerase; however, not all polymerases contain these

domains.

Family B polymerases, isolated mainly from hyperthermophilic Archaea but also
found less frequently in all clades of life, are also widely used in molecular biology and
biotechnology. Structurally similar to family A polymerases, family B polymerases have
gained interest through their high thermostability, fidelity, and affinity for their primer-

template complexes.”””®

Polymerase Engineering Efforts

Some of the first efforts in polymerase engineering were performed on A family
polymerases.” '™ These often included the deletion of entire domains from the
polymerase structure. Two important examples are the Klenow and Stoffel fragments

where the 5°—3” exonuclease domains from DNA polymerase I from E. coli and
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Thermococcus aquaticus respectively were removed to greatly increase the processivity
of these polymerases in vitro.'*'"°

Improvements in genetic engineering and bioinformatic tools led to more
systematic investigations of polymerase function and the identification of new proteins
with unique functions. The polymerase Phusion available from Life Technologies was
generated through the fusion of the Pyrococcus furiosis family B polymerase with the
thermostable, non-specific DNA binding domain from Sulfolobus solfataricus. The
addition of the DNA-binding domain to Pfu DNA polymerase yielded a 9-fold increase in
enzyme processivity without affecting the enzyme’s other physical properties making it
one of the best polymerases on the market for amplifying long DNA fragments.'"'
Additionally, Phusion is recorded to have error rates as low at 4.4 x 107, which is
approximately 50-fod lower than Taq. Other commercially available examples of fusion
DNA polymerases include Finnzyme’s Phusion, Bio-Rad’s iProof, Stratagene’s PfuUltra
IT Fusion HS DNA polymerases.

A large polymerase engineering effort has been directed towards developing

HZI13 pCR remains one of the

enzymes better suited for polymerase chain reaction (PCR).
most important applications of DNA polymerases in biotechnology due to its ability to
rapidly amplify small amounts of DNA sample and has achieved wide-spread use from
molecular cloning to diagnostics. PCR relies on thermal cycling, consisting of cycles of
repeated heating and cooling of the reaction for DNA melting, primer binding, and
enzymatic replication of the DNA. Engineering efforts have been directed to improving

thermostability, fidelity, and resistance to inhibitors or DNA damage.'®>''"-!14-118
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Polymerases with both low and high fidelity for error-prone PCR'"’ or faithful gene
amplification have been identified.
Examples of Engineered Substrate Specificity

Replicative DNA polymerases are highly effective in distinguishing cognate base
pairs from non-cognate or damaged substrates. Despite ribonucleotide concentration
more than 10-fold higher than deoxynucleotides in a bacterial cell, E. coli DNA

polymerase I displays 10* ~ 10°-fold selectivity against NTPs.'"*'?

Polymerases achieve
remarkably high fidelity by discriminating cognate base pairs from non-cognate
substrates through electrostatic interactions primarily in the active site but also
throughout the polymerase. Nucleotide incorporation is generally highly sensitive to
aberrations in the geometric shape and change of the interaction between the incoming
and templating bases. Surprisingly, this interaction is weakly dependent on Watson-Crick
base pairing (with the exception of polY polymerases, which appear to rely on hydrogen
bonding to a much greater extent).*'>'*'"'*" Further, extension of the incorporated base
depends on the presence of cognate minor groove hydrogen bond donor and acceptor
groups and aberration in duplex geometry by misincorporation can impair extension

activating polymerase stalling and editing mechanisms.'?* 3!
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The development of Sanger sequencing required the generation of polymerases

69,70,132-135

accepting of dideoxy and base modified substrates. For example, a single

amino acid substation (F667Y) in Taq DNA polymerases increased its utilization of

dideoxy substrates by over a thousand-fold.””"*

In family B polymerases, the A488L
mutation in Vent (or A485L mutation in Thermococcus sp. 9°N known commercially as
Therminator DNA polymerase) improve ddNTP incorporation by over 10-fold in
combination with the D141A and E143A exonuclease silencing mutations.””’*"*” NEB
identified a variant of 9°N DNA polymerases containing three additional mutations
(L408S, Y409A, and P410V) known as Therminator III capable of incorporation 3’-
amino- and 3’-azido-blocked nucleotides. Mutations in the region, known as the A-motif
and C-motif has led to a series of polymerases variants capable of incorporating
ribonucleotide and Cy-dye among others,”!%10%120.138-140

Interestingly, family A and B polymerases were shown to have different intrinsic
biases for incorporating unnatural substrates®. Vent A488L and Therminator DNA
polymerase have demonstrated remarkable ability to incorporate a broad range of
unnatural nucleotide substrates including TNA 41621417143

A new generation of family B polymerases capable of limited synthesis of broad
range of XNA substrates was developed using a technique called compartmentalized self-
replication.*' In this technique polymerase variants generated by random mutagenesis
then expressed in E. coli are encapsulated in water/oil droplet emulsions to create a
library of artificial cells in which the DNA and polymerase of each enzyme variant are

compartmentalized in a single microreactor. Polymerases capable of extend a biotin-

modified, DNA primer annealed to a region of their encoding DNA with xXNTPs create a
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stable DNA-XNA hybrid duplex that can be recovered by affinity chromatography. The
recovered genes are then reintroduced into new bacteria and the process is repeated.
These polymerases demonstrated modest fidelity and ability to replicate libraries of XNA
polymers. Using the polymerases, HNA aptamers were generated against hen-egg
lysozyme and HIV Tar-1 by in vitro selection.
Summary

Polymerases are an ancient class of enzymes that have evolved to exclude non-
cognate substrates for the viability of their host. Engineering attempts have managed to
overcome this intrinsic barrier and are beginning to generate XNA polymerases. These
few examples have generated a foundation for the development of a new generation of
polymerases with new or improved activities over their predecessors. To do so,
identification of the determinants of substrate specificity and new technologies for the

identification of active variants from large pools are required.
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CHAPTER 4
ACHIEVING IMPROVED POLYMERASE ACTIVITY WITH UNNATURAL

SUBSTRATES BY SAMPLING HOMOLOGOUS PROTEIN ARCHITECTURES
Publication Note
This research has been submitted to Nature Chemistry. Dunn, M.R., Otto, C., Fenton, K.,
Chaput, J.C. Achieving Improved Polymerase Activity with Unnatural Substrates by
Sampling Homologous Protein Architectures. Nat. Chem. (Submitted).
Contribution Statement
M.R.D. performed conservation analysis. M.R.D. and C.O. generated polymerase
variants and performed activity assays. K.E.F. expressed and purified the polymerases.
M.R.D. and J.C.C. designed the study and wrote the paper. All authors discussed results
and commented on the manuscript.
Introduction

The ability to synthesize and propagate genetic information encoded in the

framework of xeno-nucleic acid (XNA) polymers would inform a wide range of topics
from the origins of life to synthetic biology. While directed evolution has produced
examples of engineered polymerases that accept XNA substrates, these enzymes function
with reduced activity relative to their natural counterparts. Here, we describe a
biochemical strategy that enables the discovery of optimal polymerase architectures for a
given unnatural polymerase function. We show that it is possible to identify homologs
with properties that are not present in the donor scaffold by transferring gain-of-function
mutations between orthologous protein structures. This strategy was validated in separate

examples that use engineered polymerases to synthesize RNA and TNA. The ability to
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combine phenotypes from different donor and recipient scaffolds provides a new
paradigm in polymerase engineering where natural structural diversity can be used to
create enzymes with distinct and desirable properties.

The ability to encode and decode genetic information in XNA polymers is a major
goal of synthetic biology and an effort that would improve our understanding of why
nature chose DNA as the molecular basis of life’s genetic material.*® In principle,
information transfer could be accomplished by non-enzymatic template-directed
polymerization in which XNA building blocks assembled on a DNA template are coupled
together using purely chemical methods. Over the past few decades, this approach has
been used to ‘transcribe’ natural DNA or RNA templates into a wide range of biopolymer
analogues, including systems with modified bases and backbones, as well as other

144130 11y a dramatic recent advance, Liu and

systems with diverse chemical functionality.
coworkers extended this concept to include the synthesis, selection, and amplification of
peptide nucleic acids (PNA) from a library of 108 different PNA molecules.®* This proof-
of-principle demonstration, which showed how PNA could be made to evolve in vitro,
was later expanded to include sequence-defined polymers with chemical compositions

151 . . .
However, despite significant progress, enzyme-

that are structurally unrelated to DNA.
free polymerization methods remain a challenging strategy for XNA synthesis due to the
reduced coupling efficiency observed for monomeric and short polymeric units.
Enzyme-mediated strategies that mimic certain biosynthetic pathways found in
nature provide an alternative approach to generating synthetic polymers. DNA replication

and RNA transcription, for example, use polymerases to synthesize information-carrying

polymers that maintain the flow of genetic information in biological systems.
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Unfortunately, modified nucleotides are often poor substrates for natural polymerases.
This is presumably due to the fact that polymerases are an ancient class of enzymes that
have evolved over billions of years to maintain cellular integrity by excluding damaged
and non-cognate substrates from the genome.* This high level of specificity provides a
formidable barrier to the design of engineered polymerases that can store and retrieve
genetic information in xeno-nucleic acid polymers with diverse backbone architectures.

Notwithstanding the challenges of polymerase substrate selectivity, new advances
in polymerase screening techniques have uncovered a number of engineered polymerases
that can accept chemically modified substrates.'”>'>* Several laboratories have identified
variants of natural DNA polymerases that are able to expand the genetic alphabet by
incorporating unnatural bases along side the naturally occurring bases of A, C, G, and T
(U)."*12113 previously, our laboratory identified a polymerase set that will convert
sequence-specific information back and fourth between threose nucleic acid (TNA) and
DNA.? In a recent advance, Holliger and colleagues have developed several polymerases
that can ‘transcribe’ and ‘reverse transcribe’ artificial genetic polymers composed of
TNA, hexitol nucleic acid (HNA), locked nucleic acid (LNA), cyclohexyl nucleic acid
(CeNA), arabinonucleic acid (ANA), 2’-fluoro-arabino nucleic acid (FANA)*'. Some of
these enzymes have been used to evolve functional XNA molecules with ligand binding
and catalytic activity.*"**1>"1%7

Although enzyme-mediated examples provide the foundation for storing and
accessing information in sequence-defined polymers, all of the XNA polymerases
developed to date function with reduced activity relative to their natural counterparts.

This constraint limits the efficiency of in vitro selection experiments that aim to explore
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the structural and functional landscape of artificial genetic polymers and could lead to a
build up of errors that will eventually scramble the intended molecular message. Here, we
report the development and implementation of a protein design strategy that was used to
refine the activity of engineered polymerases generated by molecular evolution or library
screening. This strategy uses the natural structural diversity of orthologous proteins to
identify the optimal polymerase architecture for a given unnatural polymerase function.
By transferring beneficial mutations between homologous scaffolds, we show that it is
possible to generate new polymerases that function with superior activity.
Results

Previous observations of the low fidelity of threose nucleic acid (TNA) synthesis
by an engineered DNA polymerase stimulated us to explore the structural factors that

s e 27,59,61
govern polymerase activity.

Recognizing that compelling structural and
phylogenetic evidence exists to support an adaptive pathway in the evolution of DNA and
RNA polymerases, we hypothesized that substrate specificity could be defined by a

minimum set of specificity determining residues (SDRs)."”®

This hypothesis suggests that
engineered polymerases could be developed with greater efficiency by targeting the
subset of amino acid positions that control substrate recognition, which in turn would
help advance the development of XNA polymerases by reducing the synthetic burden
imposed by unnatural substrates.

We further postulated that orthologs—genes from different species that evolved
from a common ancestor and share the same function—provided an interesting new

strategy for expanding the functional properties of engineered polymerases. Because of

subtle differences in protein folding and dynamics, we predicted that gain-of-function

45



mutations discovered in one polymerase scaffold would exhibit different phenotypic
properties when transferred to a homologous protein scaffold. We call this approach
scaffold sampling as it allows newly discovered mutations to sample slightly different
regions of protein fold space. Although it is known that mutations can be transferred
between orthologs, efforts to harness the natural structural diversity of known protein
folds remains limited."” Early work by Stemmer et al. examined DNA shuffling as a

method for protein recombination, but this strategy requires iterative rounds of directed

160

evolution. " By contrast, scaffold sampling is an optimization strategy that functions

independent of Darwinian evolution.
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Figure 4.1. Polymerase Engineering Strategy. Overview of the process of identifying
polymerases with enhanced activity for incorporating non-natural nucleotides. The first
step is to identify specificity determining residues (SDRs) within a set of related
polymerases. Briefly, a computational analysis is used to identify amino acid positions
that are conserved in sequence and structure, and located within 10 A of the DNA primer-
template complex. Positions that have been described previously in the literature are
given higher priority in functional assays. SDRs are then tested for non-cognate substrate

activity in a model polymerase scaffold. Mutations with the strongest gain-of-function
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activity are then examined in homologs for properties that are not present in the donor

scaffold.

The combination of both suppositions led us to derive a biochemical strategy that
could be used to optimize polymerase functions (Figure 4.1). For this study, we chose
family B DNA polymerases as a model system because (i) a number of engineered
variants have been developed to function with enhanced activity for unnatural substrates,
including TNA triphosphates (tNTPs) (Table 4.1); (i1) family B polymerases are found
throughout the tree of life, including Archaea, Eubacteria, and Eukarya, and in the viruses
that infect these organisms, indicating that substantial sequence diversity exists between
related members; and (iii) the three-dimensional coordinates of several high resolution
crystal structures are available in the protein databank (PDB), which makes it possible to
perform structural comparisons between polymerases from different clades.*' 103707161

We used a computational procedure to identify putative SDRs in a representative
set of family B polymerases.'®> Comparative phylogenetic and structural data allowed us
to identify 144 amino acid positions that are conserved in both sequence and structure, 50
of which lie within 10 A of the primer-template complex (Figure 4.2). We considered
these 50 sites to be putative SDRs due to their close proximity to the enzyme active
site.'® A thorough review of the literature revealed that 8 of these sites overlapped with
positions known to impact the recognition of unnatural substrates, and were therefore
given a higher priority in functional assays (Figure 4.3A and Table 4.1). Three of the 8
sites, residues 409, 491, and 664, form primary contacts to the primer-template complex,
while other positions are more distal and could form critical second-shell contacts that

help define the shape and electrostatic potential of the enzyme active site (Figure 4.3B).
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Relative to most other positions in the polymerase family, these sites are highly
conserved at the amino acid level (>83% vs. 55% sequence identity) (Figure 4.3C and

4.4).

407
408
409
485
491
521
664
730

& Str
Conservation

Figure 4.2. Specificity Determining Residues in Family B DNA Polymerases. Circular
diagram showing the sequence (light green) and structural (dark green) conservation of
representative family B polymerases. Inner rings depict amino acid positions that are
conserved in both sequence and structure (blue dots), the subset of conserved sites that lie
within 10 A of the DNA primer-template complex (green dots), and amino acid positions
with reported substrate modifying activity (purple dots). Sites where computational and
empirical data overlap (red dots) represent the top 8 specificity determining residues
(SDRs). Domain abbreviations: N, N-terminus; E, exonuclease; P, palm; F, finger; and T,

thumb.
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reported literature use distance from the DNA amino acid conservation

Figure 4.3. Analysis of Top 8 Predicted Substrate Determining Residues. Heat maps
showing the 8 predicted SDRs mapped onto the surface of 9n DNA polymerase (PDB:
4K 8X).” Residues are colored by their frequency of reported literature use (A); distance

from the primer-template complex (B); and evolutionary conservation (C).
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Figure 4.4. Global Sequence Conservation of Family B DNA Polymerases. Sequence
conservation at the amino acid level was measured for 12 representative family B DNA
polymerases isolated from Archaea, Eubacteria and Eukarya, and the viruses that infect
these organisms. Overall sequence conservation (dashed line) is similar to sequence

conservation measurements sampled at increasing distances from the enzyme active site.
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Table 4.1. Gain-of-Function Mutations Identified in Family B DNA Polymerases.

Wild-Type Mutation Conferred Activity Reference
Polymerase
9n A485L 3’-deoxyapionucleotides %0
9n N/A FANA 14143
9n A485L RNA ol
9n L408Q RNA »
G778, E276D, A281V, ’s
9n RNA
E300K, N568K, Y653C
9n 1171V, K476E, 1488F, 1618F RNA 7
9n A485L TNA 01,62
Pfu, Tgo Vo3Q 2’-deoxyuridine 164166
Phi29 Y390F (9n: 491) 8-0x0-2'-deoxyguanosine 1e7
A485L, E654Q, E658Q,
K659Q, V661A, E664Q, al
Tgo ceNA, LNA, ANA, FANA
Q665P, D669A, K671Q,
T676K, R709K
L403P, A485L, P657T,
E658Q, K659H, Y663H, al
Tgo ceNA, LNA, ANA, FANA
E664K, D669A, K671N,
T6761
A485L, V589A, E609K,
[1610M, K659Q, E664Q,
Tgo Q665P, R668K, D669Q, ceNA, HNA 4
K671H, K674R, T676R,
A681S, L704P, E730G
RNA, 2-N3—substituted 168
Tgo 409G, 485L, 664L
RNAs, 5SmeC and W NTPs
Vent Y410V/A486L (9n: 409/485) RNA 70
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To test the hypothesis that scaffold sampling could be used to identify functional
differences between homologous protein scaffolds, we searched the literature for
examples of engineered polymerases that contained one or more of the top 8 SDRs
predicted by our computational analysis. We focused our search on DNA polymerases
that have been developed to synthesize RNA, which has long been a model system for
polymerase engineering. The enzyme that best satisfied our criteria is a mutant version of
an Archaean DNA polymerase isolated from the species Thermococcus gorgonarius
(Tgo)."®® This polymerase, referred to as Tgo-QGLK, contains mutations at 3 of the 8
predicted SDRs (Y409G, A485L, and E664K) as well as additional mutations at the
3’—5’-exonuclease (exo-) silencing (D141A and E143A) and uracil-stalling (V93Q)

positions (Figure 4.5).

Uracil stalling
mutation
(Vo3Q) *
Exonuclease
\ ‘ mutations

Therminator
' (D141A, E143A)

mutation . ‘ {
(Ad85L) N

Steric gate
mutation _/_
(Y409G)
>~ Second gate
~ mutation
(E664K)

Figure 4.5. RNA Gain-of-Function Mutations. Mutations required for RNA
polymerase activity in Tgo DNA polymerase were mapped onto the structure of 9n DNA
polymerase (PDB: 4K8X). Abbreviations: Q: glutamine, G: glycine, L: leucine, K: lysine,

and A: alanine.
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We constructed a series of engineered polymerase variants by sequentially
introducing the QGLK mutations into a related Archaean DNA polymerase isolated from
Thermococcus sp. 9°N exo- (9n). Following expression and purification from E. coli, we
challenged 9n-QGLK and its variants to extend a DNA primer-template complex with
ribonucleotide triphosphates (NTPs). We found that the QGLK mutations endow 9n with
strong RNA synthesis activity, as evidenced by the ability of 9n-QGLK to efficiently
extend a DNA primer with 40 sequential ribonucleotides (Figure 4.6A). With the
exception of 9n-GLK, the remaining polymerases each stalled after 10-15 nucleotide
incorporations. The observation that the GLK mutations function with high activity is
consistent with the model that these sites occupy SDR positions in the polymerase
scaffold. Notably, mutation V93Q, which was not identified in our analysis of SDR
positions, exhibits no gain-of-function activity over the GLK mutations in the 9n scaffold

(Figure 4.6A).
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A Gain-of-Function in 9n Scaffold B Activity and Purity Controls
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Figure 4.6. Introduction of RNA Gain-of-Function Mutations into 9n DNA
Polymerase. Cumulative RNA polymerase activity of the QGLK mutations in the 9n
DNA polymerase scaffold (A). The full-length marker was generated using dNTPs.
Polymerase activity assays were performed in the presence (B) and absence (C) of dNTPs
to confirm that each recombinant polymerase was functional and free of ANTP or NTP

contamination. Products were visualized by IR fluorescence.

Control experiments were performed in the presence and absence of ANTP
substrates to ensure that the enzymes were properly folded, functional, and free of ANTP
contamination that could lead to a false positive in the absence of additional DNA or
RNA nucleotide triphosphates (Figure 4.6B). In all cases, full-length DNA product was
observed when dNTPs were present in the polymerase activity assay, while the primer
remained unextended in the absence of dNTPs.

To test the generality of transferring functions between polymerases, we
performed the same primer-extension assay on a set of related Archaean DNA
polymerases isolated from the species Tgo, Thermococcus kodakarensis (Kod), and
Pyrococcus sp. deep vent (DV). Because these enzymes were not readily available, DNA
constructs encoding exo- versions of each polymerase along with the QGLK mutations

(~2.4 kb) were obtained from DNA2.0. The gene products were cloned into an expression
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vector, sequence verified, and expressed and purified from E. coli. Testing of the
recombinant enzymes in a polymerase activity assay revealed that the QGLK variants
have strong RNA synthesis activity relative to their wild-type counterparts (Figure 4.7A),
indicating that the selected mutations endow all four wild-type scaffolds with the ability
to synthesize RNA. RNase digestion of the extension products confirmed NTPs were the
incorporated nucleotide (Figure 4.7B). While this assay demonstrated that mutations and
their encoding phenotypes could be transferred between homologous scaffolds, it did not

address other issues of enzyme performance such as template bias.

A Transfer-of-Function (E: QGLK mutants) B RNase Digestion

9n  Tgo Kod DV M 9n Tgo Kod DV
M wtE wE wtE wE M RNase: -+ -+ o+ T x
—= | Full length — | Undigested
vl [ [ ]
[ — b (60 nt) —d [
Primer
(20 nt) Digested

Figure 4.7. Scaffold Sampling RNA Gain-of-Function Mutations. RNA polymerase
activity for wild-type and engineered 9n, Tgo, Kod, and DV polymerases bearing the
QGLK mutations (A). RNase digestion of primer-extended RNA products generated by
DNA-dependent RNA synthesis (B). Products were visualized by IR fluorescence.
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It is well known that many polymerases have intrinsic sequence biases that can
limit their activity in functional assays.'®” This problem is overlooked when polymerases
are tested on individual templates that by design are unstructured and devoid of
nucleotide repeats. In an effort to determine the extent to which a polymerase scaffold
can impact the phenotypic expression of beneficial mutations, we evaluated the QGLK
polymerases under passive and stringent conditions. In this assay, each polymerase was
challenged to synthesize RNA by extending a DNA primer that was annealed to either a
single sequence (passive) or a large population of random sequences containing a range
of challenging template contexts (stringent). Strikingly, the four QGLK polymerases
exhibit markedly different levels of efficiency when challenged with a library of
sequences as compared to a single sequence (Figure 4.8). Comparing the four scaffolds
activity on the stringent template over time demonstrated that both the Tgo and DV
scaffolds were able to covert 40% of the starting primer into full length RNA within four
hours while the 9n and Kod scaffolds had negligible activity (Figure 4.9). The Tgo
scaffold was slightly faster than the DV scaffold as seen by its generation of 50% full-
length product in 1.2 hours as compared to the 2 hours DV required. Both the 9n and Kod
scaffolds produced small amounts of product very slowly over the 8-hour period, but
were never able to reach a significant amount of full-length product. In this particular
case, strong RNA synthesis activity was observed for Tgo and DV, while 9n and Kod
generated little or no full-length product. We then measured the aggregate fidelity of
RNA replication for the four QGLK polymerases using an assay that analyzes the DNA
product isolated when a DNA template is copied into RNA, purified, and reverse copied

back into DNA (Figure 2.6A). The fidelity data revealed a more refined look into the
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activity of the polymerases by demonstrating that DV is 5-fold more faithful than Tgo at
RNA synthesis, which is interested given that both polymerases have equally low
sequence bias when compared to 9n and Kod (Table 4.2). The fact that strong phenotypic
differences are observed between homologous protein architectures engineered with the
same mutations, provided the first clear evidence that scaffold sampling could be used to

identify optimal structures for a given polymerase function.

M 9n Tgo Kod DV M M 9n Tgo Kod DV M

p— — c—— e | FUll length
(60 nt)
\ . . . Primer
Single Sequence - Naive Library (20 nt)

Figure 4.8. Polymerase Efficiency Assay. RNA polymerase activity assay performed on
a single sequence and a naive DNA library using 9n, Tgo, Kod, and DV polymerases

engineered with QGLK mutations. Products were visualized by IR fluorescence.
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Figure 4.9. Transcription Efficiency Time Course of QGLK Mutants. Polymerase
activity of the four scaffolds bearing the QGLK mutations were monitored for their
ability to extend NTP substrates on the stringent L3 template over an 8 hour period. Full-

length product generated at each time interval was plotted with respect to time.

Table 4.2. Fidelity for RNA Polymerase Variants.

Polymerase Variant Backbone Bases Read Mutation Rate
9n-QGLK RNA 1100 20x 107
DV-QGLK RNA 1400 1.0x 107
Kod-QGLK RNA 1100 4.0x 107
Tgo-QGLK RNA 600 50x 107

Next, we sought to expand the concept of scaffold sampling to include the
development of an engineered polymerase with XNA activity. In particular, we wanted to

generate a polymerase that could synthesize TNA—an artificial genetic polymer
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composed of repeating a-L-threose sugars that are vicinally linked by 2°—3°-
phosphodiester bonds (Figure 1.2).*’ In addition to serving as a DNA analogue, TNA is
an attractive candidate for therapeutic and diagnostic applications due to its stability
against nuclease degradation.”’ Unfortunately, the current TNA polymerase (9n-L: sold
commercially as Therminator DNA polymerase) suffers from a strong sequence bias that
precludes the synthesis of many TNA polymers.®* This problem is due to a propensity for
G-G mispairing in the enzyme active site, which leads to a rise in G to C transversions
when TNA is reverse-transcribed back into DNA.?” While the fidelity of TNA synthesis
can be improved with 7-deazaguanine (7dG), a base analogue that suppresses G-G
mispairing, 7dG is a costly solution due to the scale at which most TNA transcription
reactions are performed.'”

In an attempt to identify a TNA polymerase variant that functions with improved
fidelity, we targeted SDRs at positions 485 and 664, which are known to be strong
gatekeepers of substrate specificity.'°""'®® Cassette mutagenesis was used to construct
variants of 9n that contained random mutations at positions 485 and 664. Polymerase
variants were isolated and tested in a polymerase activity assay that involved extending a

DNA primer-template complex with chemically synthesized tNTPs.”"’?

This analysis
revealed a preference for arginine (R) at position 485 and isoleucine (I), glutamine (Q),
histamine (H), or lysine (K) at position 664 (Figure 4.10). Subsequent screening of co-
variants led to the identification of A485R and E6641, termed 9n-RI, as an efficient
DNA-dependent TNA polymerase (Figure 4.11). Surprisingly, we found that 9n-RI has a

diminished capacity for DNA synthesis, indicating that the RI mutations alter the wild-

type activity of the enzyme (Figure 4.12).
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Figure 4.10. Focused Screening for Improved TNA Polymerases. Variant and
covariant screening at positions 485 and 664 demonstrate the RI mutations additive effect

for improving TNA transcription efficiency.

9n-L 9n-RI
P 0g 19 2g 39 T P 0g 19 2g 3g T
Full length
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— — —
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Figure 4.11. Reduced Sequence Bias of 9n-RI TNA Polymerase. Primer extension
results for DNA templates that contain consecutive G-residues. 9n-RI polymerase can
transcribe a higher fraction of full-length product through challenging templates. Refer to

Figure 2.2A for template schematic. Products were visualized by IR fluorescence.
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Figure 4.12. 9n-RI Polymerase has Reduced Activity for DNA Synthesis. The
engineered polymerase 9n-R1 is less efficient at DNA synthesis than 9n-L (sold
commercially as Therminator DNA polymerase) when tested at the enzyme
concentrations typically used for TNA synthesis. This result suggests that 9n-RI is
beginning to change its substrate preference from dNTPs to tNTPs rather than broaden its
substrate specificity, which is a more common phenomenon among engineered

polymerases. Products were visualized by IR fluorescence.

Next, we examined whether the strong TNA synthesis activity produced by the RI
mutations could be recapitulated in other polymerase scaffolds. For this experiment, the
RI mutations were inserted into Tgo, Kod, and DV. Following expression, purification
from E. coli, and functional and nucleotide purity validation (Figure 4.13), the RI-mutant
polymerases were tested in side-by-side assays against an identical set of polymerases
that carried only the Therminator (A485L) mutation. The resulting primer-extension
assay revealed that each of the four RI-polymerases could efficiently extend the DNA
primer into full-length TNA product (Figure 4.13), which shows that the selected
mutations function equally well in four different polymerase scaffolds. By contrast, the
A485L mutant polymerases exhibit noticeably less activity when tested on the same DNA
template. The fact that the RI-mutant polymerases are able to copy a difficult template
into TNA demonstrates that the RI-polymerases function with reduced sequence bias

relative to their Therminator A485L counterparts.
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Encouraged by the enhanced activity of the RI-mutant polymerases, we decided to
investigate the impact of scaffold sampling on the fidelity and efficiency of TNA
synthesis using a more rigorous test of enzyme performance than simple primer extension
on a single well-defined template. We began by measuring the aggregate fidelity of TNA
replication using an assay that analyzes the DNA product isolated when a DNA template
is copied into TNA, purified, and reverse copied back into DNA (Figure 2.6A). For the
reverse-transcription step, we used an engineered version of MMLYV reverse transcriptase
that was previously identified as an efficient TNA-dependent DNA polymerase.”’ By
comparing the fidelity profiles produced by the four different polymerase architectures,
we found that Kod-RI functions with markedly higher replication fidelity (~8-fold) than
the other three RI-polymerases or the intermediate polymerases 9n-L and 9n-R (Figure
4.15 and Table 4.3). Furthermore, the enhanced fidelity of Kod-RI was accompanied by
a meaningful gain in template synthesis efficiency as evidenced by the ability of Kod-RI
to synthesize a full-length TNA library in 3 hours as compared to the 15 hours required
for 9n-RI (Figure 4.16). Taken together, the dramatic improvements in TNA synthesis
fidelity and efficiency provide strong evidence that scaffold sampling can be used to

discover new phenotypic properties that are not present in the starting donor scaffold.
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Figure 4.13. Control Experiments for Engineered TNA Polymerases. Polymerase
activity assays were performed in the presence and absence of ANTPs to confirm that
each recombinant polymerase was functional and free of ANTP or NTP contamination.

Products were visualized by IR fluorescence.

9n Tgo Kod DV
M L RI L RI L RI L Rl M
Full length
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Figure 4.14. Scaffold Sampling TNA Gain-of-Function Mutations. TNA polymerase
activity for engineered 9n, Tgo, Kod, and DV polymerases bearing the L (A485L) and RI
(A485R and E6641) mutations. Positions 485 and 664 were identified by mutational

analysis of predicted SDRs. Products were visualized by IR fluorescence.

62



Tgo-RI

Error rate (x 103)
5
OA

. 20.0
| - ST
0.0 - G 0.0
Alc g Tag
©
Expected bas T <>
Kod-RI DV-RI
__80.07 __80.0
«? | s
2 60.0 2 60.0'
l U
x x
= ~ |
|
2 400 2400
- S |
6200 S o 6200 - - o
] ‘ - S T.0 0 ‘ - 7 S T.0
|.uO.OL ¥ =S/G\§'\ l'uo.0~ -~ o Q/G§
A o w e C é&" A . -~ o
G AR ¥
EXpected baseT &° EXPected baseT &

Figure 4.15. RI Polymerase Fidelity Profiles. Fidelity of TNA replication using 9n-RI,

Tgo-RI, Kod-RI, and DV-RI. Tgo TNA polymerase has a five-fold reduced error rate.
See Table 4.3 for values.

Table 4.3. Fidelity for TNA Polymerase Variants.

Polymerase Variant Backbone Bases Read Mutation Rate
9n-L TNA 1300 8.0x 10
9n-R TNA 1550 6.8x 107
9n-RI TNA 1300 8.1x 107
DV-RI TNA 1000 7.1x 107
Kod-RI TNA 1600 13x 107
Tgo-RI TNA 1000 8.9x 107
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Figure 4.16. Polymerase Efficiency Comparison of Kod-RI and 9n-RI TNA
Polymerases. TNA polymerase activity assay performed on a naive DNA library using

9n-RI and Kod-RI. Products were visualized by IR fluorescence.

Rationalizing the superior activity of Kod-RI requires understanding the
individual roles of the RI mutations. Some insights can be gained from the crystal
structure of wild-type Kod, which has been solved in both the apo and binary form with
DNA (PDB: 1WNS and 4K8Z, respectively).®"'”! Comparison of the two structures
indicates that a pronounced structural movement occurs upon DNA binding wherein the
thumb domain rotates inward to bind the DNA in a groove formed by the thumb and
palm domains. The DNA itself adopts a standard B-form helix with the sugar residues
favoring the 2’ endo conformation. Although Kod forms numerous direct contacts to the
phosphate backbone, very few interactions are observed to the nucleobases or sugar
oxygen atoms. The A485 residue is located on the backside of the finger domain,
suggesting that the increased bulk of the arginine residue favors rotation of the finger
domain toward the DNA helix, possibly altering the geometry of the enzyme active site.
E664 contacts the DNA by interacting with coordinated water molecules in the minor
groove of the DNA helix. Substitution of this residue for a hydrophobic side chain could
increase TNA synthesis efficiency by weakening contacts to primer-template complex;

however, further experiments are need to support this claim.
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Discussion

We have developed a protein design strategy that was used to refine the activity of
two classes of engineered polymerases. This strategy is based on the concept that
homologous protein structures provide access to slightly different regions of protein fold
space where critical gain-of-function mutations can endow the recipient scaffold with
new phenotypes that are not present in the starting donor scaffold. By surveying known
and newly discovered mutations in related protein architectures, we show that it is
possible to identify the optimal structure for a given unnatural polymerase function.
During the course of our study, we elucidated several key properties that shed new light
on the determinants of polymerase selectivity and the effect that scaffold sampling can
have on the enzymatic properties of engineered polymerases. Together, these
developments lay the foundation for future efforts that aim to create robust enzymatic
systems that allow artificial genetic polymers to replicate in vitro and eventually inside
living cells.’

DNA and RNA polymerases are highly selective enzymes that have very little
tolerance for modified substrates. This stringent level of specificity makes it difficult to
identify enzymes that will recognize unnatural substrates, either as nucleoside
triphosphates or as templates. Although directed evolution and high throughput library
screening methods have been used to broaden the substrate specificity profile of natural
polymerases, such approaches can be difficult to implement and are overly expensive
when using XNA substrates that are not commercially available."”>'** Our method of

identifying specificity determining residues contrasts sharply with these earlier strategies
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by reducing the search through protein sequence space to a subset of amino acid positions
that has an increased likelihood of functioning as determinants of substrate specificity.

As a demonstration, we used a computational method to identify 50 amino acid
positions that were predicted to control the substrate specificity of family B polymerases.
Biochemical and mutational analysis showed that 3 of predicted sites play a key role in
the RNA synthesis activity of a known engineered polymerase, which indicates that our
computational analysis converged on some of the same amino acid positions previously
discovered by directed evolution.'® In a subsequent example, we developed a highly
efficient TNA polymerase by surveying less than 20 single and double point mutations at
two computationally predicted sites. This later case is an interesting demonstration of
library efficiency where a successful polymerase was generated by sampling only a small
fraction of the 256 million co-variants that can be assembled for a typical family B
polymerase. Taken together, these examples provide the motivation to explore other SDR
positions in future engineering projects.

Perhaps the most surprising result to come from our study was the impact that
scaffold sampling can have on the enzymatic properties of engineered polymerases. One
might expect a priori that transferring mutations between homologous protein scaffolds
would have a neutral or even deleterious effect on polymerase function due to the
potential for disrupting important contacts in the native tertiary structure. However,
contrary to this view, our results suggest that scaffold sampling makes it possible to
create superior enzymes by combining phenotypes from different donor and recipient
scaffolds. This observation, which to our knowledge has not been described previously,

provides an interesting new paradigm in protein engineering where structural homology
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can be used to improve the functional properties of gain-of-function mutations. Although
our study focused on the development of XNA polymerases, one could imagine
extending this concept to other proteins generated by computational design or directed
evolution.

Although the mechanism of scaffold sampling is not fully understood, it is clear
from our study that different combinations of mutations prefer different structural
architectures. For example, the GLK mutations required for RNA synthesis favor Tgo
and deep vent, while the RI mutations necessary for TNA synthesis prefer the Kod
scaffold. Given that Archaean family B polymerases have high structural homology (a-
carbon RMSD ~1.5 A), the functional differences observed are likely due to dynamic
changes in protein motion rather than structural changes in protein folding. Thus, it
would seem that homologous scaffolds, being similar in structure, place the enzymes
within close functional space to the desired activity, and scaffold sampling provides a
local search around this space. However, in analogy to Monte-Carlo simulations, one
would expect the best results to surface only when you are close to an optimal solution.

In summary, we have developed a polymerase engineering strategy that can be
used to improve the activity of newly discovered mutations. We suggest that it many be
possible to apply scaffold sampling to other protein classifications where existing
enzymes suffer from problems related to low catalytic activity or poor solubility. This
line of research provides an exciting opportunity to develop new enzymes that impact

broad areas of synthetic biology, molecular medicine, and biotechnology.
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Experimental
General Information

DNA oligonucleotides were purchased from Integrated DNA Technologies
(Coralville, IA), purified by denaturing polyacrylamide gel electrophoresis, electroeluted,
concentrated by ethanol precipitation, and quantified by UV absorbance. NTPs and
dNTPs were purchased from Sigma (St. Louis, MO). TNA triphosphates (tNTPs) were
obtained by chemical synthesis as previously described.”®" AccuPrime DNA
polymerase and SuperScript Il reverse transcriptase were purchased from Invitrogen
(Grand Island, NY). CloneJET PCR cloning kit was purchased from Fermentas (Waltham,
MA). RNase A and hen egg lysozyme were purchased from Sigma. The 9n-L gene was
kindly provided by Andreas Marx in a pGDR11 expression vector. DNA encoding the
genes for DV exo-, Kod exo-, and Tgo exo- were purchased from DNA2.0 (Menlo Park,
CA). Dpnl restriction enzyme was purchased from NEB (Ipswich, MA). Ultracell YM-30
concentrators were purchased from Millipore (Billerica, MA). Costar Spin-X protein
concentrating columns were purchased from Sigma (St. Louis, MO).
DNA Sequences

The sequences below are written from 5°—3’ using IDT abbreviations for
modified positions.

Extension and Fidelity Primers

PBS2 gacactcgtatgcagtagcc

PBS2 IR800 /SIRD800//iSp18/gacactcgtatgcagtagee
PBS2.mismatch cttttaagaaccggacgaacgacactcgtTtgcagtagee
PBSI tgtctacacgcaagcttaca

extra.primer cttttaagaaccggacgaac
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Site-Directed Mutagenesis Primers

9n E664A for
9n E664A rev
9n E664H for
9n E664H rev
9n E6641 for
9n E6641 rev
9n E664K for
9n E664K rev
9n E664Q for
9n E664Q rev
9n E664S for
9n E664S rev
9n L485A for
9n L485A rev
9n L485E for
On L485E rev
9n L485Q for
9n L485Q rev
9n L485R for
9n L485R rev
9n L4385V for
9n L485V rev
9n L485Y for
9n L485Y rev
DV A485L for
DV A485L rev
DV E6641 for
DV E664I rev
DV L485A for
DV L485A rev

ggaaaaactggtgattcatgcgcaaattacccgtgatetg
cagatcacgggtaatttgcgcatgaatcaccagtttttcc
ggaaaaactggtgattcatcatcaaattacccgtgatctg
cagatcacgggtaatttgatgatgaatcaccagtttttcc
ggaaaaactggtgattcatattcaaattacccgtgatctg
cagatcacgggtaatttgaatatgaatcaccagtttttcc
ggaaaaactggtgattcataaacaaattacccgtgatctg
cagatcacgggtaatttgtttatgaatcaccagtttttcc
ggaaaaactggtgattcatcagcaaattacccgtgatctg
cagatcacgggtaatttgctgatgaatcaccagtttttcc
ggaaaaactggtgattcatagccaaattacccgtgatetg
cagatcacgggtaatttggctatgaatcaccagtttttcc
getggattatcgtcagegegegattaaaattctggecaac
gttggccagaattttaatcgegegetgacgataatccage
getggattatcgtcagegegaaattaaaattctggecaac
gttggccagaattttaatttcgcgetgacgataatccage
getggattatcgtcagegecagattaaaattctggecaac
gttggccagaattttaatctggegctgacgataatccage
gctggattatcgtcagegecgtattaaaattctggecaac
gttggccagaattttaatacggegctgacgataatccage
getggattatcgtcagegegtgattaaaattctggecaac
gttggccagaattttaatcacgcgctgacgataatccage
gctggattatcgtcagegcetatattaaaattctggecaac
gttggccagaattttaatatagcgetgacgataatccage
gattacaggcaacggctgatcaaaatcctggeg
cgccaggattttgatcagecgttgectgtaate
aagctagttatttacatccagatcacgaggccc
gggcctcgtgatctggatgtaaataactagett
gattacaggcaacgggcaatcaaaatcctggeg

cgccaggattttgattgcccgttgectgtaate
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DV L485R for
DV L485R rev
Kod A485L for
Kod A485L rev
Kod E664I for
Kod E664I rev
Kod L485A for
Kod L485A rev
Kod L485R for
Kod L485R rev
Tgo A485L for
Tgo A485L rev
Tgo E664I for
Tgo E6641 rev
Tgo L485A for
Tgo L485A rev
Tgo L485R for
Tgo L485R rev

gattacaggcaacggcgtatcaaaatcctggeg
cgccaggattttgatacgecgttgecctgtaate
gattacaggcagaggctgatcaagatcctggea
tgccaggatcttgatcagectctgectgtaate
aagctggtgatccacatccagataacgagggat
atccctcgttatctggatgtggatcaccagctt
gattacaggcagagggcaatcaagatcctggca
tgccaggatcttgattgecctctgectgtaate
gattacaggcagaggcgtatcaagatcctggea
tgccaggatcttgatacgectctgectgtaate
gattacaggcaacgactgatcaaaatccttget
agcaaggattttgatcagtcgttgcctgtaate
aagctggtgatccacatccagataacgagggat
atccctcgttatctggatgtggatcaccagctt
gattacaggcaacgagcaatcaaaatccttget
agcaaggattttgattgctcgttgcctgtaatc
gattacaggcaacgacgtatcaaaatccttget

agcaaggattttgatacgtcgttgcctgtaate

Templates for Extension and Fidelity Assays

4nt.1g
4nt.1g-2g-3g
4nt.3ga

fidelity.temp

actattcaacttacaattgcatcaaccttataatccacttggctactgcatacgagtgtc
ttaaactcgggtacaccttggatctccaagaatctactggctactgcatacgagtgtc
tgtctacacgcaagcttacaccattctttaacagatcatcactcgacatttatatgacaa
cattaacctcggctactgcatacgagtgtc
tgtctacacgcaagcttacattaagactcgcecatgttacgatctgeccaagtacagecttga

atcgtcactggctactgcatacgagtgtcaaaaaaaaaa
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Sequence and Structural Analysis of Family B DNA polymerases

A list of family B DNA polymerases with structural coordinates available in the
protein databank (PDB) was compiled by searching the PDB for family B DNA
polymerases. In cases where multiple structures were present for the same enzyme, the
polymerase with the most complete 3D dataset was chosen as the representative member.
In total, we identified 12 unique DNA polymerases that derive from diverse evolutionary
clades including Archaea, Eubacteria, and Eukarya, and the viruses that infect these
organisms. The selected polymerases are: Desulfurococcus sp. Tok (1QQC), Escherichia
coli DNA Polymerase I (3MAQ), Herpes Simplex virus type 1 (2GV9), Phi 29 (2PZS),
Pyrococcus abyssi (4FM2), Pyrococcus furiosus (2JGU), Enterobacteria Phage RB69
(1CLQ), Sulfolobus solfataricus (1S5]), Thermococcus gorgonarius (1TGO),
Thermococcus kodakarensis (4K8Z), Thermococcus sp. 9°N-7 (4K8X), Yeast pol delta
(3IAY).®'7*18 For these polymerases, we calculated the sequence and structural
conservation at each amino acid position. Sequence conservation was calculated using
MUSCLE. Structural conservation was calculated with PyMol by separating the proteins
into their individual domains (N-terminal, exonuclease, palm, finger, and thumb) and
then performing a multiple structure alignment on the individual domains. The sequence
and structural analyses produced two separate histograms that were overlaid with the
sequence of our model DNA polymerase (7Thermococcus 9°N). The list of conserved sites
was then narrowed to the subset of amino acid positions that are located within 10 A of

the DNA primer-template complex.
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Site-Directed Mutagenesis

The polymerase genes were cloned into the pGDR11 vector and amino acid
substitutions were sequentially introduced by site-directed mutagenesis.'®* Briefly, 30 ng
of plasmid was combined with 5 pmol of primer and 0.1 units/uL. AccuPrime DNA
polymerase in 1x AccuPrime buffer. The solution was thermocycled as follows: 2 min. at
95°C followed by 16 cycles of 30 sec at 95°C, 60 sec at 55°C, and 7.5 min. at 72°C. After
cycling, Dpnl (5 units) was added and the solution was incubated for 1 hour at 37°C to
digest the starting DNA plasmid. The undigested DNA was transformed into XL1-blue
chemically competent E. coli, cloned, and the correct mutations were verified by
sequencing the entire gene (ASU Core Facility).
Polymerase Expression and Purification

An E. coli strain engineered with the polymerase of interest was streaked onto
solid media and a starter culture was established by inoculating LB-ampicillin liquid
media with a single colony. The starter culture was used to inoculate an expression
culture at ODggo of 0.1 in LB-ampicillin. The culture was grown at 37°C with shaking
until reaching an ODgg of 0.8 at which time protein expression was induced with I mM
IPTG. After an additional 4 hours of growth at 37°C, the cells were pelleted, re-
suspended in nickel purification buffer [SO mM phosphate, 250 mM sodium chloride,
10% glycerol, pH 8], sonicated with 0.1 mg/mL hen egg lysozyme, and heat treated for
15 min. at 75°C. The lysate was clarified by centrifugation for 15 min. at 4,000 rpm.
Polymerases were purified from the clarified lysate by binding to a nickel affinity resin.
The column was washed with nickel purification buffer and eluted with nickel

purification buffer supplemented with 75 mM imidazole. Eluted protein was exchanged
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into storage buffer [10 mM Tris-HCI, 100 mM KCI, 1 mM DTT, 0.1 mM EDTA, pH 7.4]
and concentrated using a protein concentrating spin column and stored at 4°C. The
polymerase concentrations were analyzed by denaturing PAGE and normalized.
Polymerase Activity Assay

Polymerase activity assays were performed in a 10 pL reaction volume containing
5 pmol of DNA primer-template complex (see table below for the templates and reaction
times used in these experiments and the materials section for the primer-template
sequence). The complex was labeled at the 5° end of the DNA primer with IR800 dye.
The primer-template complex was annealed in 1x ThermoPol buffer [20 mM Tris-HCI,
10 mM (NH4)2S04, 10 mM KCI, 2 mM MgSOs, 0.1% Triton X-100, pH 8.8] by heating
for 5 min. at 95°C and cooling for 10 min. at 4°C. For assays performed with tNTPs, the
polymerase (1 puL) was pretreated with 1 mM MnCl, then added to the reaction mixture.
For reactions with dNTPs, NTPs, or no added triphosphates, the polymerase was added
directly to the reaction mixture. Last, the nucleotide triphosphates (100 uM) were added
to the reaction and the solution was incubated at 55°C. The reactions were quenched in
stop buffer [1x Tris-boric acid buffer, 20 mM EDTA, 7 M urea, pH 8] and denatured by
incubating for 5 min. at 90°C. Reaction products were analyzed by denaturing PAGE and

visualized using a LI-COR Oddysey CLx imager.
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The following template and extension times were used:

XNTP Polymerase mutant Template Extension time
dNTPs varies varies 30 min

NTPs QGLK 4nt.1g 3 hours

tNTPs L 4nt.3ga 1 hour

tNTPs RI 4nt.1g-2g-3g 30 min

For PAA time courses, the reaction volume was increased to 25 pL. After the
reaction commenced, 1 ug of reaction was aliquotted into 30 uL of stop buffer. Following
separation by denaturing PAGE, the products were visualized using a LI-COR Oddysey
CLx imager and the amount of full length and truncated products were quantified using
the ImageQuant Software. Percent full-length product was calculated by diving the
amount of full-length product by the sum of full-length and truncated. The data was
plotted and a non-linear regression was fit to Vo~ (FLmin + FLmax * t/ (t + FLso) using R
where FL,i, is the minimum amount of full length product, FL,x is the maximum
amount of full-length product, FLs is half full length product, and t is time.

Polymerase Controls for Activity and Contamination

To ensure that the recombinant polymerases were functional and free of ANTP or
NTP contamination, the enzymes were challenged to extend a DNA primer-template
complex in the presence and absence of dNTPs using conditions described in the
polymerase activity assay. Polymerase activity assays were analyzed by denaturing

PAGE and imaged using a LI-COR Odyssey CLx.
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RNase Digestion

To verify that the QGLK polymerases generated full-length RNA products, the
extended material was digested with 2.5 pg of RNase A for 1 hour at 37°C. The reactions
were quenched in stop buffer (see above) and denatured by incubating for 5 min. at 70°C
before cooling to room temperature. Reaction products were analyzed by denaturing
PAGE and imaged using a LI-COR Odyssey CLx.

Fidelity Analysis

Fidelity reactions were performed by extending a DNA primer-template complex
in a 100 pL reaction volume containing 100 pmol of fidelity.temp and 100 pmol of
PBS2.mismatch primer. The primer and template were annealed in 1x ThermoPol buffer
by heating for 5 min. at 95°C and cooling for 10 min. at 4°C. The polymerase (10 uL)
was added to the reaction mixture. For TNA extensions, the polymerase was pretreated
with 1 mM MnCl,. The reactions were initiated by addition of the nucleotide
triphosphates (100 uM). Following a 4 hour incubation at 55°C, the reactions were
quenched in stop buffer and denatured at 90°C for 5 min. Elongated primers were
purified by denaturing PAGE, electroeluted, and concentrated using an YM-30
concentrator device.

The purified transcripts (TNA or RNA) were reverse transcribed in a final volume
of 100 puL. PBS1 primer (100 pmol) was annealed to the template in 1x First Strand
Buffer [50 mM Tris-HCI, 75 mM KCl, 3 mM MgCl,, pH 8.3] by heating for 5 min. at
90°C and cooling for 10 min. at 4°C. Next, 500 uM dNTPs and 10 mM DTT was added
and the reaction was allowed to incubate for 2 min. at 42°C. Finally, 3 mM MgCl, and 10

U/uL SuperScript II reverse transcriptase were added and the reaction was allowed to
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incubate for 1 hour at 42°C. For reactions performed on TNA templates, 1.5 mM MnCl,
was included in the reaction mixture.

After reverse transcription, the PCR amplified DNA (1 pmol) was ligated into a
pJET vector following manufacturer’s protocol. The ligated product was transformed into
XL1-blue E. coli, cloned, and sequenced (ASU Core Facility). Sequencing results were
analyzed using CLC Main Workbench. Sequences lacking the T to A watermark were
discarded as they were generated from the starting DNA template rather than replicated
material. The error rate for each of the nine possible substitution (for example, T — C, T
— G, or T — A) was determined as follows: pexp —obs. = (#observed/#expected) * 1000.

The total error rate was determined by summing the error rate for each substitution.
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CHAPTER 5
A TWO-ENZYME TNA REPLICATION SYSTEM ENABLING IDENTIFICAITON
OF NUCLEASE RESISTANT TNA APTAMERS
Introduction
Recent advances in polymerase engineering have enabled the replication of
synthetic genetic polymers following a mechanism in which DNA is ‘transcribed’ into
xenonucleic acids (XNA) and ‘reverse transcribed’ back into DNA. By introducing a
selective amplification step into the replication cycle, functional XNA molecules have
been evolved that can bind to a specific target or catalyze a chemical reaction. However,
despite these advances, the process of coding and decoding genetic information in XNA
is limited by the fidelity and catalytic efficiency of XNA polymerases. Here we identify
the large fragment of Geobacillus stearothermophilus (Bst) DNA polymerase I as a
threose nucleic acid (TNA) reverse transcriptase. Bst generates twice as much RT
product while maintaining a three-fold lower mutation rate than Superscript II, the
previous choice for TNA reverse transcription. Using the improved replication system,
we identify specific TNA aptamers to human a-thrombin. When challenged to retain
binding activity in the presence of nucleases TNA aptamers retain function, while RNA
aptamers are degraded and lose activity. The superior efficiency and fidelity of Bst
polymerase enables the identification of functional TNA molecules with biotechnological
potential.
Advances in nucleic acid chemistry have enabled the development of a wide

range of artificial genetic polymers with broad therapeutic and biotechnological

applications. Maximizing the potential of these synthetic genetic systems requires
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developing new molecular biology tools that can both generate and faithfully replicate
unnatural polymers. Threose nucleic acid (TNA) (Figure 1.2) has received significant
attention, due to the development of complete replication system by engineering natural

. . . 27,48,59-62,66,71,170
polymerases to broaden their substrate specificity. 7.48,39-62.66.7L17

Replication proceeds
by transcribing a DNA template into TNA, reverse transcribing the TNA into cDNA, and
then amplifying the cDNA by PCR. However, current TNA replication systems have yet
to achieve a fidelity that enables in vitro selection of functional TNA molecules.*
Recently an improved polymerase capable of transcribing TNA polymerase has
been developed. Kod-RI has a five-fold improved fidelity, higher activity, and is capable
of transcribing through complex sequence contexts as compared to its predecessor
Therminator DNA polymerase. Development of a more efficient TNA polymerase
prompted investigation of new reverse transcriptases capable of higher efficiency reverse
transcription. Previously, an engineered version of Moloney Murine Leukemia Virus
reverse transcriptase called Superscript II (SSII) was identified to reverse transcribe short
stretches of threose nucleic acid. Following careful optimization of the reaction
conditions, SSII emerged as a suitable TNA reverse transcriptase capable of generating
significant amounts of full length cDNA from a complex library of TNA.*’ The combined
fidelity of Kod-RI TNA transcription and SSII reverse transcription provides noteworthy
fidelity, generating only a single misincorporations per 50 nucleobases. While a
promising advance, this error rate can have detrimental effects when selecting for
functional TNA molecules of lengths greater than 50 nucleobases. Identifying enzymes
with higher fidelity is imperative to enhance the in vitro selection process by reducing the

loss of functional genetic information through mutation.
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In a previously reported screen for TNA reverse transcription activity, the large
fragment from Geobacillus stearothermophilus DNA polymerase I (Bst) was found to
harbor modest TNA reverse transcription activity.”® While initially deemed less
functional than SSII, Bst was later demonstrated to additionally be capable of both
transcribing and reverse transcribing limited stretches of glycerol nucleic acid

141182 This finding reinvigorated efforts to examine the functional properties of

polymers.
Bst on TNA templates.
Results

To better evaluate the reverse transcription activity of Bst, we directly compared
Bst and SSII activity. Reverse transcription is most often examined by quantitative PCR
following the generation of cDNA. While a useful strategy, this indirect readout makes it
challenging to accurately quantify the fraction of template converted to cDNA. Therefore,
we chose to monitor the reverse transcription directly by gel mobility analysis (Figure
5.1A). First, we transcribed a DNA library composed of two primer binding sites flanking
a fifty nucleotide random region to generate a complex pool of TNA molecules. The
TNA was recovered from its templating DNA following strand separation by denaturing
gel electrophoresis. Both Bst and SSII were challenged to reverse transcribe the TNA into
cDNA by extending a fluorescently labeled primer hybridized to the TNA in the presence
and absence of Mn®" (Figure 5.1B). In agreement with prior observations, SSII was
capable of generating full-length cDNA only when Mn”" was present. In contrast, Bst
was able to generate a similar fraction of full-length product both in the presence and

absence of Mn”". Bst polymerase generated twice the amount of full-length product as

SSII, converting more than half of the TNA population into full-length cDNA.
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Figure 5.1. Comparison of Bst and SSII TNA Reverse Transcription. (A) Schematic
of TNA reverse transcription. Utilizing a IR680 labeled DNA primer (gray), a reverse
transcriptase (orange) extends the DNA primer with dNTPs utilizing a TNA template
(blue). (B) Comparison of Bst and SSII TNA reverse transcriptase activity in the presence

and absence of the mutagenic Mn>" ion.

We hypothesized that Bst’s reverse transcriptase activity could be further
improved by optimizing buffer conditions and enzyme concentration. Starting from the
standard 3 mM Mg®" present in Thermopol buffer, we gradually increased the Mg”*
concentration to 13 mM. Activity correlated positively with the Mg®" concentration,
eventually peaking at 6 mM. The additional 3 mM Mg”" doubled the amount of full-
length product (Figure 5.2A). Independently, the unit concentration of Bst also
demonstrated a positive correlation with activity, revealing an optimal concentration of
1.6 U/uL (Figure 5.2B). The optimized conditions combined for a 3-fold improvement in

the amount of full-length cDNA product.
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Figure 5.2. Bst Reaction Condition Optimization. Both increased Mg”" (A) and
enzyme (B) concentration in the reverse transcription reaction have a beneficial effect on
the amount of full-length cDNA generated. (C) Comparison of full-length cDNA

production over time in both polymerases’ optimal conditions.

Having optimized the conditions for Bst RT activity, we compared its efficiency to
SSII. To do so, we analyzed the amount of full-length cDNA both Bst and SSII generated
over an 18-hour period. The amount of full-length product for both enzymes plateaued by
two hours (Figure 5.2C). However, Bst polymerase was able to generate more than twice
the amount of full-length product than SSII. Close examination revealed that SSII
produced a noticeably higher amount of truncated product as indicated by a smear
beneath the full-length product. This is most likely due to polymerase stalling on
challenging sequence contexts and suggests that Bst has reduced sequence bias compared
to SSII.

Having established that Bst is capable of generating more full-length cDNA than
SSII, we analyzed the fidelity of TNA replication using Bst. We measured the aggregate

fidelity of the entire replication process (DNA—TNA—DNA) (Figure 2.6A) by

transcribing TNA from a single DNA template sequence. The TNA was recovered from
its templating DNA following strand separation by denaturing gel electrophoresis and

checked for purify by PCR. Since TNA is not capable of being amplified by standard
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polymerases, only remaining DNA template would generate a PCR product (Figure 5.3).
Bst was then used to reverse transcribe TNA into cDNA in the presence and absence of
manganese ions. As a control, SSII was subjected to the same assay. After reverse
transcription and PCR amplification, the DNA product was cloned into pJET and
transformed into chemically competent E. coli. Plasmid from individual colonies was
collected, sequenced, and analyzed for mutation (Table 5.1). Including Mn®" in the RT
reaction had a drastic effect on the fidelity of Bst, generating one error for every five
bases incorporated. Removing Mn”" from the reaction produced a 50-fold improvement
in the fidelity resulting in a single error for every 250 bases incorporated, a mutation rate

three-fold lower than SSII.

Bst +Mn?* Bst -Mn** ssli No RT control
Cycle# 3 6 9 1215182124 3 6 9 1215182124 3 6 9 1215182124 3 6 9 12 1518 21 24

Figure 5.3. PCR Amplification of Reverse Transcribed TNA. cDNA from TNA
reverse transcriptions were amplified by PCR and analyzed at multiple cycle numbers to
identify the relative amounts of full length product in each reaction. Amplification of a
portion of the TNA sample prior to reverse transcription (No RT) demonstrated that there
was no contaminating DNA in the TNA samples. Gels were visualized by ethidium

bromide staining.
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Table 5.1. Fidelity of TNA Reverse Transcription with Bst DNA Polymerase and SSII

Reverse Transcriptase.

Enzyme Bst Bst SSIT
Mn** -+ - +
# Mutations 87 3 24

# Bases Read 400 650 1600
Mutation Rate (x107) 217 4.6 15

The strong TNA RT activity and fidelity of Bst has the potential to greatly improve
the enrichment during in vitro selection experiments. In vitro selection libraries used to
identify nucleic acid aptamers or catalysts often contain randomized regions of 40-50
nucleobases. Since the mutation rate associated with TNA replication using SSII is
approximately one mutation in every 50 bases, a typical library would receive an average
of one mutation in each member of the population during each round of replication. This
level of mutation will effectively reduce the enrichment for each round of in vitro
selection and make it significantly more difficult to identify highly functional molecules.
Bst’s improved fidelity helps overcome this limitation, as one mutation would only be
expected for every five members of a library with 50 nts, enabling the propagation of
functional genetic information.

We then challenged the replication system with Bst to identify TNA aptamers that
bind to human o-thrombin. After generating a library of 10'° unique TNA molecules, we
subjected the library to three rounds of capillary electrophoresis SELEX (Figure 5.4).'%"
185 After the third round, the library was cloned into pJET, transformed into chemically

competent E. coli, and isolates were sequenced. Ten unique TNA sequences were chosen

randomly as no two sequences were identical, generated by transcription with a
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fluorescently labeled primer, purified, and tested for solution binding using a dot blot
membrane partitioning strategy. In this strategy, a nitrocellulose membrane selectively
captures protein and protein-aptamer complexes, while unbound aptamer passes through
and is captured on the underlying nylon membrane. The binding affinities for the 10 TNA
aptamers ranged from 200 to 1000 nM (Table 5.2). TNA aptamer T1 demonstrated the
best affinity to human alpha-thrombin with a Kd of 225 nM (Figure 5.5A). Additionally,
T1 had a high level of specificity, showing negligible binding to BSA, hemoglobin, and
RNase A (Figure 5.5B). Deletion analysis of the constant flanking regions demonstrated
that the 5° primer had little effect on activity. while removal of the 3’ primer reduced
affinity two-fold (Figure 5.6). This suggests that the 3’ constant region is important

either for proper folding of the aptamer or for recognition of human a-thrombin.
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Figure 5.4. Capillary Electrophoresis SELEX Strategy. To begin, (1) Kod-RI extends
a FAM-labeled DNA primer bound to a DNA template containing a 5’-PEG overhang.
(2) TNA is purified by denaturing PAGE, resuspended in binding buffer, folded, and then
incubated with target protein. (3) Protein-TNA complexes are separated from unbound
TNA by capillary electrophoresis. (4) The collected fraction is then reverse transcribed
back into DNA with Bst. (5) cDNA is then PCR amplified with a single 5’-PEG overhang
primer generating two asymmetrically sized strands. (6) The longer template strand is
then purified from the non-template strand by denaturing PAGE. After 3 rounds of CE-
SELEX, (7) the pool is then sequenced and individual library members are tested for

activity.
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Table 5.2: TNA Aptamers Characterized. Constant primer binding sites are colored:
PBSS (blue), PBS2 (green), and PBS7 (purple).

Sequence

Name Kd
T1 911
T2 624
T3 889
T4 671
T5 783
T6 1043
T7 1183
T8 799
T9 843
T1-87 225
T1-2 513
T1-27 2824

GTCCCCTTGGGGATACCACCTGAGTATAGTTAAGTAGTTTGTGA
GTAATTGTTATTGTAGAATATTGATG
GTCCCCTTGGGGATACCACCTGTGGAGGTTGTTAGGTGGGTAGA
GGGAAGAGATAGGTAGTGTGATGGGG
GTCCCCTTGGGGATACCACCGTGTAGGAGTGGTTGGTGAGTTGG
TGGGGTTATGTTGAAGGTGGTGAGG
GTCCCCTTGGGGATACCACCAGTGAATAGTAGTGGGTAGTTGGT
GAGTGTGAGTGAGGGAGGGAAGGGTG
GTCCCCTTGGGGATACCACCTTGGAGGAGGAGCGATAGGGGGAG
TGTGATATGGGTTTGTTGGAGTTGGG
GTCCCCTTGGGGATACCACCTTGGTAGGAAGGGGTGTTGATGAG
TAAGGGGTGGTAGTAAGGTGTGG
GTCCCCTTGGGGATACCACCCAGGGTTGGAAGAGTGGGTGGTAG
TTGGTTGTGGTGTTGTTGTGGTGGG
GTCCCCTTGGGGATACCACCGAGGAGGGGTGAGGGGTGAAATGG
GAGTGTAAGGGTTTTGAGTGTTGTGG
GTCCCCTTGGGGATACCACCTCGATTGGCAGTTGCGTCGTTATT
GCGGTTTGATTATATGAGTGGCGATT
GTCCCCTTGGGGATACCACCTGAGTATAGTTAAGTAGTTTGTGA
GTAATTGTTATTGTAGAATATTGATGTCTCAATGCACTGACGAT
CC
GACACTCGTATGCAGTAGCCTGAGTATAGTTAAGTAGTTTGTGA
GTAATTGTTATTGTAGAATATTGATG
GACACTCGTATGCAGTAGCCTGAGTATAGTTAAGTAGTTTGTGA
GTAATTGTTATTGTAGAATATTGATGTCTCAATGCACTGACGAT
CC
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Figure 5.5. Affinity, Specificity, and Nuclease Stability of a Thrombin TNA
Aptamer. (A) Solution binding isotherms of aptamer T1 against human a-thrombin, BSA,
hemoglobin, and RNase A. (B) Comparison of TNA and RNA aptamer function in the
presence and absence of RNase A. Signal on the nitrocellulose membrane represents
aptamer bound to thrombin, while signal on the nylon membrane represents free aptamer.

Membranes were visualized by IR fluorescence.
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Figure 5.6. T1 Truncation Analysis. Modified T1 aptamers missing the PBS7 constant
region or replacing PBS8 constant region with a different sequence were tested for

solution binding affinities.
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To analyze the nuclease resistance of TNA aptamer T1, we sought to have a
control aptamer comprised of an RNA backbone. We generated RNA aptamers to
thrombin using the same strategy. After 3 rounds of CE-SELEX, RNA aptamer R1 was
found to have a comparable affinity of 200 nM to T1 (Figure 5.7 and Table 5.3). We
then subjected both the T1 and the R1 aptamers to nuclease treatment with RNase A and
analyzed their binding capabilities before and after treatment. As expected, T1
demonstrated binding in both the presence and absence of RNase, while R1 binding was

completely abolished after RNase treatment (Figure 5.5B).
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Figure 5.7. R1 Aptamer Solution Binding Affinity and Specificity. Solution binding

isotherms of RNA aptamer R1 against human a-thrombin.
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Table 5.3: RNA Aptamers Characterized. PBS8 constant region is colored blue.

Name Kd Sequence
GTCCCCTTGGGGATACCACCGGTGAGGGATAAATTGATGTGATG

R 188 AGGTGGTCGGGGGTGTACCAGTATC
GTCCCCTTGGGGATACCACCTAGCCCAGGGTACAATTGGAGCAT

R2 190 GGGGGGTTTGTCGAGAGATGCGTATT
GTCCCCTTGGGGATACCACCTTTGGGACGGGCGGCTGCCCTTGT

R3 184 ACCAGGTGGAGTTATCAGCAAGATC

Discussion

In summary, we demonstrated that Bst DNA polymerase is an efficient TNA
reverse transcriptase. The combined TNA replication system of Kod-RI transcription and
Bst reverse transcription has enabled the identification of TNA aptamers that contain all
four natural bases. The selected aptamers bind to human o-thrombin with modest
affinities ranging from 200 to 1000 nM. The TNA aptamer T1 binds human a-thrombin
selectively and retains full function in the presence of nucleases. This work demonstrates
the potential therapeutic and biotechnological applications of functional TNA molecules.
Additionally, the replication system has potential in many non-biological applications

274678189 Einally, Bst provides an improved

like information storage and nanotechnology.
starting point for polymerase engineering experiments aimed to further improve the

reverse transcription capabilities of unnatural genetic polymers.
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Experimental
General Information

DNA oligonucleotides were purchased from Integrated DNA Technologies
(Coralville, IA), purified by denaturing polyacrylamide gel electrophoresis, electroeluted,
concentrated by ethanol precipitation, and quantified by UV absorbance. ANTPs were
purchased from Sigma (St. Louis, MO). TNA triphosphates (tNTPs) were obtained by
chemical synthesis as previously described. SuperScript II reverse transcriptase and
Proteinase K were purchased from Invitrogen (Grand Island, NY). CloneJET PCR
cloning kit was purchased from Fermentas (Waltham, MA). Deep Vent (exo-) and Bst
DNA polymerase large fragment were obtained from NEB (Ipswich, MA). Ultracell YM-
10 concentrators were purchased from Millipore (Billerica, MA).
DNA Sequences

The sequences below are written from 5° — 3’ using IDT abbreviations for
modified positions. N is standard [IUPAC nomenclature denoting a random position
composed of an equal number of all 4 nucleobases.

Reverse Transcription Oligos

PBS2 gacactcgtatgcagtagcc

PBSI tgtctacacgcaagcttaca

PBS2 IR800 /SIRD800//iSp18/gacactcgtatgcagtagee

PBS1 IR700 /SIRD700//1Sp18/tgtctacacgcaagcttaca

PBS2.mismatch /56-FAM/cttttaagaaccggacgaacgacactcgtttgcagtagec

extra.primer cttttaagaaccggacgaac

fidelity.temp tgtctacacgcaagcttacattaagactcgccatgttacgatctgeccaagtacagecttgaategt

cactggctactgcatacgagtgtc/3Invd T/
L3 tgtctacacgcaagcttaca-N50-ggctactgcatacgagtgte
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Selection Oligos

PBS7 ggatcgtcagtgcattgaga

PBS7 PEG (aaca)10/iSp18/ggatcgtcagtgcattgaga

PBSS8 gtceecttggggataccace

PBS8 FAM /56-FAM/gtccccttggggataccacc

L3 78 ggatcgtcagtgcattgaga -N50- ggtggtatccccaaggggac

Generation of DNA Template for TNA Transcription

Single-stranded DNA templates were generated by PCR. Each PCR reaction
(1,000 puL total volume) contained 1,000 pmol of each DNA primer (PBS7 PEG Long
and PBS8) and 50 pmol of double stranded DNA template. Reactions were performed in
1x Thermopol buffer [20 mM Tris-HCI, 10 mM (NH4),SO4, 10 mM KCI, 2 mM MgSQy,
0.1% Triton X-100, pH 8.8] supplemented with 400 nM dNTPs, and 0.04 U/uL DV exo-.
The solution was divided into 50 puL reactions and thermocycled as follows: 2 min at
95°C followed by 15 cycles of 15 sec at 95°C, 15 sec at 58°C, and 2.25 min at 72°C. The
reactions were combined, concentrated by lyophilization, and supplemented with 5 mM
EDTA and 50% (w/V) urea. The solution was heat denatured for 5 min at 95°C, and the
PEG-modified strand was purified by 10% denaturing urea PAGE. The corresponding
band was excised, electroeluted, and concentrated by ethanol precipitation. The
precipitated pellet was re-suspended in 20 pL of nuclease free water and quantified by

UV absorbance.
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TNA Transcription

TNA template was generated in a 100 pL reaction volume containing 50 pmol of
DNA primer-template complex. The complex was labeled at the 5° end of the DNA
primer with IR800 dye. The primer-template complex was annealed in 1x ThermoPol
buffer [20 mM Tris-HCL, 10 mM (NH4)2S0O4, 10 mM KCI, 2 mM MgSOQy, 0.1% Triton
X-100, pH 8.8] by heating for 5 min at 95°C and cooling for 10 min at 4°C. Kod-RI TNA
polymerase (10 uL) was pretreated with 1 mM MnCl, then added to the reaction mixture.
The nucleotide triphosphates (100 pM) were then added to the reaction and the solution
was incubated for 4 hours at 55°C. The reactions were treated with 10 uL of Proteinase K
for 1 hour at 55°C. The reactions were quenched by adding 50% (w/V) urea and a final
concentration of 10 mM EDTA and denatured by incubating for 5 min. at 95°C. TNA
was purified by 20% denaturing PAGE, electroeluted, and concentrated on a YM-10
microcentrifuge column. TNA concentration was quantified by UV.
TNA Reverse Transcription

For SSII reactions, 5 pmol PBS1 IR700 primer was annealed to 10 pmol TNA
template in a final volume of 10 pL in 1x First Strand Buffer [SO mM Tris-HCI, 75 mM
KCI, 3 mM MgCl,, pH 8.3] by heating for 5 min at 95°C and cooling for 10 min at 4°C.
500 uM dNTPs and 10 mM DTT was added to the primer template complex and
incubated for 2 min at 42°C. Finally, 3 mM MgCl,, 1.5 mM MnCl, (in Mn®* positive
reactions), and 10 U/uL SuperScript II reverse transcriptase was added to the reaction and

incubated for up to 8 h at 42°C.
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For Bst reactions, 5 pmol PBS1 IR700 primer was annealed to 10 pmol TNA
template in a final volume of 10 pL in 1x Thermopol buffer by heating for 5 min at 95°C
and cooling for 10 min at 4°C. 500 uM dNTPs and 3 mM MgCl, was added to the primer
template complex. Finally, 1.5 mM MnCl, (in Mn*" positive reactions), and 1.6 U/uL Bst
DNA polymerase was added to the reaction and incubated for up to 8 h at 55°C.
Reaction products were analyzed by 10% denaturing PAGE and imaged using a LI-COR
Odyssey CLx. The amount of full-length product was quantified in the LI-COR software.
Fidelity Analysis

cDNA from reverse transcribed TNA was PCR amplified (1 pmol) and ligated
into a pJET vector following manufacturer’s protocol. The ligated product was
transformed into chemically competent XL 1-blue E. coli, cloned, and sequenced (ASU
Core Facility). Sequencing results were analyzed using CLC Main Workbench.
Sequences lacking the T to A watermark were discarded as they were generated from the
starting DNA template rather than replicated material. The error rate was determined by
dividing the number of substitutions from the expected sequence over the total number of
bases sequenced.

Capillary Electrophoresis SELEX

For each round of selection, DNA template and FAM-labeled TNA were
generated as described above. FAM-labeled TNA was suspended in 20 pL of 1x Binding
Buffer [10 mM Tris, 100 mM NaCl, 1 mM MgCl,, pH 8.3] and folded by heating for 5
min at 95°C then cooling for 10 min at room temperature. CE was performed on a
Beckman PA8O0O plus with an eCAP Neutral Capillary (50 um ID, 60 cm long). The

mobility of the TNA sample was determined in the absence of protein to determine the
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collection window. CE proceeded by first rinsing the capillary with 100 mM NaOH, then
distilled water, followed by 1x TGK buffer [177 mM glycine, 25 mM tris base, 5 mM
KH,PO,, pH 8.3] for 2 min each at 20 psi. TNA same was injected for 4 s at 1 psi and
then separated for 20 min at 30 kV constant. Afterwards, 500 nM thrombin was added to
the TNA sample and incubated for 30 min at room temperature. CE-SELEX proceeded
with 5 injections collecting the bound protein complex from the unbound peak into 50 pL.
of 1x Thermopol buffer. The collected TNA was then reverse transcribed for 2 hours by
adding the remaining reagents for Bst TNA reverse transcription as described above in a
100 pL final volume.

After 3 rounds of selection, isolates were identified as described in the fidelity
analysis section.
RNA Primer Extension and Reverse Transcriptions

For RNA primer extension, the protocol is identical as in the TNA transcription
section with the substitution of Tgo-QGLK enzyme and NTP substrates for Kod-RI and
tNTPs. Reverse transcription was performed with Superscript II following manufacturer’s
recommended protocol.
Dot Blot Solution Binding Analysis

IR800-labeled TNA molecules were synthesized by primer extension and purified
by denaturing polyacrylamide gel electrophoresis as described above Folded structures
were incubated with thrombin poised at concentrations spanning the expected Kd
(typically 1 nM—10 uM) at room temperature. After 1 hour, 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 imaging on the LICOR, and dissociation constants were calculated with R
using nonlinear least-squares regression to the equation F = Fyin + Fiax * C/(C + Kd)
where F is the fraction bound, F,;, and F ., are the minimum and maximum bound

fractions, Kd is the dissociation constant, and C is the protein concentration.
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CHAPTER 6
CONCLUSIONS AND FUTURE OUTLOOKS
Starting from a two-enzyme system composed of Therminator DNA polymerase
and Superscript II reverse transcriptase that was capable of replicating 3 nucleotide
systems, this thesis expanded TNA replication to four nucleotides by identifying new
polymerase variants with improved activity and fidelity. To do so, we began by
identifying gain-of-function mutations in the Thermococcus sp. 9°N scaffold that greatly
improved polymerase activity. We then optimized polymerase function using a new
strategy called scaffold sampling in which gain-of-function mutations are tested in
homologous protein architectures. By doing so, subtle differences between tertiary
structures position the gain-of-function mutations in beneficial environments effectively
fine tuning polymerase function. The new TNA polymerase, Kod-RI (A485R and E664I)
has high activity and fidelity generating only 15 errors per 1000 nucleobase
incorporations. We then identify the large fragment from Bacillus stearothermophilus
DNA polymerase I to be an effective TNA reverse transcriptase. The combination of the
two polymerases, Kod-RI transcription and Bst reverse transcription, are an efficient and
faithful replication system generating fewer than 4 errors per 1000 nucleobase
incorporations. Overall, the Kod-RI and Bst replication system is 16 times more faithful
and has much higher activity that its predecessor.
While the Kod-RI and Bst replication system is the most advanced TNA
replication system to date, both its fidelity and activity pale in comparison to natural
polymerases. The error rate of Taq DNA polymerase is approximately 1 misincorporation

per 10 million bases, which is 40,000 times more faithful than the TNA replication
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system. While the current TNA replication system is incapable of supporting life through
genomic replication, it is useful in other applications. In vitro selection for functional
nucleic acid molecules, for example, is typically performed with libraries containing
randomized regions of 40-50 nucleobases. Since the mutation rate associated with TNA
replication is one error in every 250 incorporations, only 1 of every 5 library members
would receive a mutation per round of replication effectively enabling the propagation of
functional genetic information.

Using this replication system, we developed TNA aptamers to human alpha-
thrombin with modest affinity and high specificity. The TNA aptamers have a high
intrinsic nuclease resistance providing them potential in biotechnological applications
and molecular medicine and have the potential to replace natural nucleic acid polymers in
aptamer development.

Looking into the future, XNA polymers have potential in a wide range of
applications from biopharmaceuticals and molecular medicine to nanotechnology and
materials engineering. This is due to the chemical and physical diversity seen among
different XNA chemistries. These applications range from the development of aptamers
that can bind to target proteins or small molecules, to enzymes and small oligos capable
of regulating gene expression inside living cells, to generating expanded conformational
geometries and chemical properties in nucleic acid nanotechnology that are currently
inaccessible using solely natural polymers. To date there have been four XNA aptamers
to biologically relevant targets.**** Additionally there are a number of XNA enzymes
capable of hydrolyzing RNA backbones.'”> PNA and LNA in particular have been used

extensively in combination with natural polymers to regulate gene expression via a
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siRNA mechanism. Finally, GNA polymers have been shown to specifically fold into

190 This demonstrates the

nucleic acid origami structures with mirror image symmetry.
potential conformational space that XNAs can access as compared to natural polymers.
Further, unique combinations of different XNAs and natural polymers can further
increase the accessible conformational space of XNA nanomaterial.

While the polymerases presented in this work provide a replication system
capable of supporting in vitro evolution, continued development of polymerases with
higher activity, processivity, fidelity, and specificity for their XNA substrates and
templates will be needed. These XNA replication systems have additional potential in
synthetic biology within living cells where engineered expression networks can be made
completely orthogonal by coupling to XNA genetic information.

These applications along with those that have yet to be developed would be greatly
aided by better understanding of the structural properties of XNA polymers. The
understanding of the conformational space and constraints of XNA polymers would
allow for better development of XNA nanotechnology as well as the generation of
computer models for the rational design of both biological and non-biological XNA
technologies. Structural data on the polymerases that replicate XNA polymers would

enable further improvements to XNA replications systems towards highly efficient and

specific activities for their XNA targets.
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