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Abstract

DNA enzymes (DNAzymes) are part of a growing field of nucleic acid-based
catalysts. Unlike ribozymes, DNAzymes have no apparent precedence in nature to date
and can only be discovered through in vitro selection. These selections can accommodate
both natural and chemically-functionalized nucleotides. Functionalities provide
DNAzymes with enhanced novel function or catalytic rates normally not attainable using
natural nucleotides. The overall purpose of this thesis is to evaluate and improve the
utility of modified nucleotides as components in a DNAzyme selection. This dissertation
discusses an updated synthesis of the functionalized 8-(2-(4-imadazolyl)aminoethyl)-2’-
deoxyadenosine triphosphate, dA™TP, that was based on the synthesis used to produce
the phosphoramidite analog. dA™TP bears the imidazole which was crucial in the
discovery of several divalent metal cation-independent DNAzymes. A DNAzyme
selection using a derivative nucleoside triphosphate, 8-(4-imidazolyl)aminomethyl-2'-
deoxyadenosine triphosphate, investigated shortening the linker of the appended
imidazole group. The most efficient clone, Dz20-49, was determined to have a catalytic
rate of 3.5+ 0.4 - 10° min™. In the context of eight different DNAzyme selections, the
replication of modified DNA is examined, and it was found that DNA templates modified
with 8-(4-imidazolyl)aminomethyl-2'-deoxyadenosine are poorly amplified compared to
an oligonucleotide template of the same sequence modified with 8-(2-(4-
imidazolyl)aminoethyl)-2'-deoxyadenosine. Also examined was the use of 5-modified
dUTP derivatives as substrates in PCR. The resulting doubly-modified dsDNA was used
for restriction enzyme digestions and cloning. Restriction sites containing doubly-
modified dsDNA were found to be resistant to restriction enzyme digestion. The doubly-
modified amplicons were ligated into a vector and transfected into cells. Plasmids copied
from the modified dSDNA were sequenced. Fidelity appeared to be maintained through
PCR and cell-mediated replication. Due to the limitations of incorporation and read-
through of modified nucleotides, steps were taken towards the directed evolution of
Thermus aquaticus DNA polymerase I, commonly referred to as Taq, for improved
incorporation and read-through of modified nucleotides. Short patch compartmentalized

self-replication (spCSR) was chosen for the directed evolution. Three unnatural
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nucleoside triphosphates targeted for use in the polymerase evolution included 1-(2-
deoxy-2-fluoro-pB-D-arabinofuranosyl)thymine 5'-triphosphate, 5-aminoallyl-2’'-
deoxycytidine triphosphate and 8-(4-imidazolyl)aminomethyl-2'-deoxyadenosine
triphosphate.

i1



Preface

The work presented in this thesis is the result of work performed by the author
and several scientific collaborations. Contributions from each scientist and the resulting
publications are listed in detail below.

The work in Chapter 3 has been accepted as: Hipolito, C. J., Hollenstein, M.,
Lam, C. H., and Perrin, D. M. The Interface of Sequence Space and Chemical Space in
Combinatorial Selection of Protein-Inspired Modified DNAzymes: Effects of shortening
functional linker length in a DNAzyme selection utilizing 8-imidazolyl modified
deoxyadenosine. The syntheses of the modified nucleotides (dAA™ TP, dA™TP,
dU®*'TP) were performed by Curtis Lam. Dr. Marcel Hollenstein provided invaluable
insight into the realm of in vitro selection. All other work in this chapter was performed
by the author.

The cloning work described in Chapter 4 resulted in multiple publications. The
mercury sensor DNAzyme selection, Dz10-13 selection, was published in Hollenstein,
M., Hipolito, C. H., Lam, C. H., Dietrich, D., and Perrin, D. M. A highly selective
DNAzyme sensor for mercuric ions. Angew. Chem. Int. Ed. 2008. The Dz9-86
selection was published in Hollenstein, M., Hipolito, C. H., Lam, C. H., and Perrin, D. M.
A self-cleaving DNA enzyme modified with amines, guanidines and imidazoles operates
independently of divalent metal cations (M*"). Nucleic Acids Res. 2009. The Dz10-66
selection was published in Hollenstein, M., Hipolito, C. H., Lam, C. H., and Perrin, D. M.
A DNAzyme with Three Protein-Like Functional Groups: Enhancing Catalytic
Efficiency of M*"-Independent RNA Cleavage. 2009. The studies on the amplification
of the modified templates were also included in the manuscript to be published as:
Hipolito, C. J., Hollenstein, M., Lam, C. H., and Perrin, D. M. The Interface of Sequence
Space and Chemical Space in Combinatorial Selection of Protein-Inspired Modified
DNAzymes: Effects of shortening functional linker length in a DNAzyme selection
utilizing 8-imidazolyl modified deoxyadenosine. All synthesized modified nucleotides
described in Chapter 4 were produced by Curtis Lam. The ATP sensor DNAzyme and
the stachyose sensor DNAzyme selections were performed by Curtis Lam. The mercury

sensor DNAzyme selection and the RNAseA mimic DNAzyme selections were
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performed by Dr. Marcel Hollenstein. Cloning and sequencing for these selections were
performed by the author. All other experiments presented in this chapter were performed
by the author.

Chapter 5 includes experiments that have not been previously published and are
integral for a future research article. The experiments were performed exclusively by the
author. Although their work is not explicitly presented in this chapter, Mr. Jefferson
Chan, Dr. David Kwan, and Mr. Sherman Farahani (during their undergraduate program)

all helped in some aspect toward the final goal of the work in this chapter.
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Chapter 1: Nucleic Acids, Nucleic Acid Enzymes and Thermus aquaticus DNA
Polymerase |



1.1 Nucleic acids

Nucleic acids are one of the four major molecule classes found in organisms, the
others being: protein, glycosides and lipids. As such, they encode the genetic information
that ultimately provides for an organism’s physical characteristics. While nature seems
to have reserved information storage as the primary role for nucleic acid in the modern
world, researchers are discovering that nucleic acids have a far more diverse
multifunctional role. In addition to roles in long-term storage of genetic information,
they have been used for short-term amplification of genetic information, substrate
recognition, binding, and catalysis.

The monomeric unit of nucleic acid is composed of a phosphate group, a
nitrogenous nucleobase, and a ribose sugar (Figure 1.1). Natural nucleic acids fall into
one of two major categories: the first category is deoxyribonucleic acid (DNA) and the
second is ribonucleic acid (RNA). The main chemical difference between the monomeric
units of the two biopolymers is the presence or absence of a single hydroxyl group at the
2' position of the ribose sugar. The presence or absence of this single hydroxyl group
affects the chemistries of the two biopolymers, giving them different roles and stabilities

in the cell.

Nucleobase
NH,
z N
ﬁ>
o N
Phosphate %Po\ﬁ
&
0 R
X Sugar
R=H adenosine monophosphate
R=O0H 2'-deoxyadenosine monophosphate

Figure 1.1 Diagram of a nucleotide monomeric unit. Adenosine monophosphate for R = OH or 2'-
deoxyadenosine monophosphate for R = H. The subunits phosphate, sugar, and nucleobase groups are

marked with grey ovals.



1.1.1 DNA

DNA is the biopolymer responsible for the transference and long-term storage of
genetic information in living organisms. The stability of DNA and its role as long-term
information storage has often led to DNA being referred to as the blueprints of the
physical characteristics of the organism. The genetic information of these blueprints is
encoded within the sequence of the nucleobases. Nucleobases break down into two
groups: the monocyclic pyrimidines and the bicyclic purines. The pyrimidine thymine
(T) pairs with the purine adenosine (A), and the pyrimidine cytidine (C) pairs with the
purine guanosine (G) (Figure 1.2). Using these four nucleobases, 4" combinations can be
made for a sequence containing n nucleotides. These combinations can be used to create
a set of instructions to a specific physical trait called a gene. Decoding of a gene’s
information often results in the expression of a protein. In protein synthesis, a single
amino acid, the monomeric unit for peptides and proteins, is encoded by a short sequence
of three nucleobases called a codon. The list of nucleotide sequences and their associated

amino acids is referred to as the genetic code.(Crick, Brenner, Watstobi.Rj, & Barnett,

1961)
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Figure 1.2 ChemBioDraw 12’s cartoon representation of B-form double helix DNA illustrating the major
groove and minor groove (left) and a close-up of the nucleobase pairings, the 5’ and 3’ oxygens, and the

positions of the bases that face each groove (right).



The monomeric unit of DNA lacks a 2" hydroxyl, making it more resistant to
hydrolysis compared to RNA, and is the superior biopolymer for the long-term storage of
genetic information. This characteristic of the monomeric unit is complemented by
features of the polymer that result in high stability and generally low reactivity. In the
cell, DNA is commonly found as antiparallel double-stranded material, which helps in
preventing non-specific H-bonding by the nucleobases to intracellular biomolecules.
Besides H-bonding between the nucleobases of the two strands, the duplex structure is
further stabilized by the n-stacking and hydrophobic interactions of the planar aromatic
bases. The two DNA strands are intertwined to form a double helix (Figure 1.2 left).
There are three forms of the double helix, which include the right-handed helical twisted
A- and B-forms. A-form contains about 11 base pairs per twist and B-form contains
about 10 base pairs per twist. Z-form is a left-handed helical structure made up of about
2.4 base pairs per twist. B-form DNA is the most common of the three forms. Notable
architectural features of the A- and B-forms of the double helix are the major and minor
grooves. These locations play an important role in the engineering of functionalized

nucleobases.

1.1.2 RNA

In the cell, RNA commonly perform duties such as the relaying of genetic
information as messenger RNA (mRNA), facilitating recognition of amino acids as
transfer RNA (tRNA), and synthesizing peptides and proteins as ribosomal RNA (rRNA).
In the biosynthesis of proteins, DNA is used as a template to first transcribe RNA which
is used in the translation of peptides and proteins. By using messenger RNA, genetic
information is quickly amplified by producing multiple strands of RNA from a single
strand of DNA. In a similar fashion, many ribosomes can be affixed to a single strand of
mRNA to maximize peptide synthesis. With this efficient system for the production of
protein, a mechanism must be in place to quickly down regulate protein production.
Unlike DNA, RNA can be easily degraded due to the presence of a hydroxyl group at the
2' position. Degradation of RNA can be readily accomplished chemically using strong
base or enzymically using RNaseA, ribozymes or DNAzymes, a process which will be

discussed in Section 1.1.4 —1.2.5.



Another chemical distinction between DNA and RNA is the use of different
nucleobases to pair with adenine. RNA uses uracil, not thymine, to base pair with
adenine. The two bases are very similar in composition and chemical functionality.
Unlike thymine, however, uracil lacks the methyl group in the 5 position (Figure 1.3,
right nucleobase). Due to favorable interactions with commercial polymerases, chemical
modifications are often grafted at the 5 position of uracil(Dewey, Zyzniewski, & Eaton,
1996; Tarasow, Tarasow, & Eaton, 1997; Vaish, Fraley, Szostak, & McLaughlin, 2000)
and 2'-deoxyuracil (Held & Benner, 2002; Held, Roychowdhury, & Benner, 2003; Jager
& Famulok, 2004; Jager et al., 2005; Sakthivel & Barbas, 1998; Sawai et al., 2007,
Thum, Jager, & Famulok, 2001).
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R =CH,4

o)
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Figure 1.3 Nucleobase numbering — shown is adenosine paired with either uridine or thymidine.

Nominally, RNA in the cell is commonly considered to be single-stranded.
However, this does not imply that RNA lacks 3D structure or that it is uniformly single-
stranded. The nucleobases of RNA still retain their H-bonding potential and can stabilize
small motifs consisting of folded RNA. A common secondary structure is the short stem
loop which would be analogous to the a-helices and B-sheets found in proteins. Other
possible structural motifs are double-stranded regions, junction regions, bulge regions,
internal loop regions, hairpin loop regions, and single-stranded regions (Figure 1.4).

Double-stranded RNA commonly adopts the right-handed helical A-form. An example



of RNA with higher order structure is Schistosoma mansoni hammerhead ribozyme
(Figure 1.5).(Canny et al., 2004) Clearly recognizable is the hairpin loop, the junction
loop, the internal loop and double-stranded secondary structures. Additional H-bonding
between the hairpin loop and the internal loop stabilize the three-dimensional structure of
the ribozyme. The importance of the structure in the function of the hammerhead

ribozyme will be further discussed in section 1.1.4.1.
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Figure 1.4 Secondary RNA structures: a. double-stranded; b. single-stranded; c. hairpin loop; d. bulge; e.

internal loop; f. junction.
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Figure 1.5 Representation of the secondary structure of Schistosoma mansoni hammerhead ribozyme.
Shown above is the trans-cleaving ribozyme. The loop-loop interaction is indicated by the double-headed

arrow and the cleavage site is indicated by the single-headed arrow.

Not all 3D structures of RNA are formed spontaneously. Formation of a well-
defined structure may be initiated upon binding of a specific effector molecule. Nature
uses this structural change as a signal to regulate the translation of mRNA in conditions
containing a certain concentration of effector molecule. These sections of RNA that are
often found at the 5’ end of the mRNA are referred to as riboswitches.(Blouin,
Mulhbacher, Penedo, & Lafontaine, 2009; Winkler & Breaker, 2003) The specificity of
substrate binding and RNA s ability to fold up into complex tertiary structure led

researchers to speculate that RNA can function beyond substrate binding.

1.1.3 Ribonucleic acid enzymes and the RNA world

RNA has the ability to form complex 3D structures capable of substrate specific
binding, which led researchers to believe that there exists higher-order structured RNA
capable of performing catalysis. In 1982, the reported discovery of RNA catalysis of the
Tetrahymena Intron I followed by the discovery of RNA catalysis of ribonucleoprotein

RNase P in 1983 eradicated the concepts of catalysis being performed exclusively by



proteins and nucleic acids being used solely as information media or carrier
biomolecules.(Guerrier-Takada, Gardiner, Marsh, Pace, & Altman, 1983; Kruger et al.,
1982) Natural RNA enzymes (ribozymes) perform functions in one of the following
categories: 1) nucleolytic cleavage,(Doherty & Doudna, 2001) 2) splicing, or 3) peptidyl
bond formation.(Cech, 2000) The most elaborate catalysis is the peptidyl bond formation
carried out by the ribosome. While the ribosome is two-thirds RNA and one-third
protein, the catalytic core of the ribosome was determined to be composed entirely of
RNA.(Cech, 2000) Researchers concluded that it is the RNA and not the protein
component that is responsible for catalysis. As this introduction is meant to orient the
reader on selected types of catalysis, it will not include an extensive description of all
naturally occurring ribozymes which can be found in reviews.(Butcher, 2001; Wu,
Huang, & Zhang, 2009)

The catalytic complexities of RNA are evidence that RNA alone can play dual
roles of genetic information storage and catalysis. In the absence of both DNA and
protein, RNA might hypothetically possess functional competence to sustain a metabolic
system on its own. Thus, it is possible then that RNA predates both DNA and protein
and was at one time the dominant biomolecule in an era referred to as the RNA
World.(Gilbert, 1986) Chemically rich proteins may have supplanted the majority of the
ribozymes of the RNA world, but ribozyme relics of that proposed era remain.
Nevertheless, only a handful of reactions catalyzed by natural ribozymes have been
discovered and the chemical diversity of the reactions is limited.(Fedor & Williamson,
2005; Wu et al., 2009) Except for the ribozyme component of the ribosome, natural
ribozymes act upon RNA substrates. One of these reactions is the cleavage of the
ribophosphodiester bond in RNA. The nucleolytic properties of ribozymes will be

focused on in section 1.1.4.1.

1.1.4 Cleavage of RNA: applications and optimizations

Rapid and sequence specific ribophosphodiester bond cleavage is of importance
in both the contexts of therapeutics and biotechnology. With regards to therapeutics,
regulation of RNA is an important part of an organism’s viability. Inappropriately high

levels of mRNA expression due to malfunctioning regulation are characteristic of



oncogenesis as well as viral pathologies; therefore, a process leading to the attenuation of
protein expression can be achieved through the degradation of specific mRNA transcripts
that encode for the protein target. This is also referred to as post-transcriptional gene
silencing. Degradation of RNA is usually accomplished by a transphosphorylation that
results in ribophosphodiester bond cleavage. This process cannot occur randomly
otherwise the expression of essential proteins would also be attenuated. Instead,
sequence-specific cleavage of mRNA is required for post-transcriptional gene silencing.
Nature has a process in place called RNA interference (RNAi)(Fire et al., 1998) that uses
a proteinaceous RNA-induced silencing complex (RISC) to sequence-specifically cleave
mRNA. This RISC is activated by a short piece of RNA referred to as small interfering
RNA (siRNA) which directs cleavage to a very specific mRNA sequence through the use
of Watson-Crick base pairing. Nucleic acid enzymes can also perform sequence-specific
post-translational gene silencing and are being studied for therapeutic use.(Khan, 2006;
Peracchi, 2004)

Ribophosphodiester bond cleavage has found its way into biotechnological
applications. One prominent use of ribophosphodiester bond cleavage is the detection of
metals. For example, Yi Lu and coworkers have developed DNAzymes with high
sensitivity and selectivity to metals such as Pb**, Cu*’, Hg2+, and U022+.(J .Liuetal.,
2007; J. Liu & Lu, 2003, 2004, 2007a, 2007b, 2007¢) The binding of the metal cation of
interest effectively switches the DNAzyme to an “on” state, allowing for catalytic
cleavage of a signal molecule. Perrin and coworkers have also selected for chemically-
augmented DNAzyme mercury sensors that either turn “off” or turn “on” in the presence
of mercury.(Hollenstein, Hipolito, Lam, Dietrich, & Perrin, 2008; Thomas, Ting, &
Perrin, 2004)

Investigators have focused on two aspects of ribophosphodiester bond cleavage
that must be optimized. These two aspects are the substrate specificity and cleavage rate
constant. Two of nature’s enzymes are presented here to showcase nature’s optimization
of these two aspects. The first example is the hammerhead ribozyme, which illustrates
high substrate specificity; the second example is the protein enzyme RNase A which
illustrates a high catalytic rate constant. Both the hammerhead ribozyme and RNaseA

attain catalytic efficiency, Ke./Kwm, of ~ 10° M min™.



1.1.4.1 RNA degradation by S. mansoni hammerhead ribozyme

Although devoid of the chemical functionalities present in proteins, ribozymes
can be efficient biocatalysts in certain contexts and in certain conditions. For example,
the hammerhead ribozyme (Figure 1.6 A) is a naturally occurring ribozyme that performs
nucleolytic cleavage of a ribophosphodiester bond.(Doherty & Doudna, 2001) This
ribozyme is utilized in the rolling circle replication mechanism of viruses and viroids by

cleaving the transcribed products into single genome lengths.

Figure 1.6 A Cartoon representation the crystal structure of the S. mansoni hammerhead ribozyme. PDB
code 2GOZ build pymol 0.99rc6 using the cartoon setting. B Proposed Mg”'-mediated cleavage mechanism
of a ribophosphodiester bond by the hammerhead ribozyme. Ribozyme is shown in green and the substrate

is shown in red.

Due to the minimal chemical functionalities available to RNA, ribophosphodiester
bond cleavage is accomplished by employing divalent magnesium cations. One role of
the divalent magnesium cation is the stabilization of the three-dimensional structure of
the ribozyme which facilitates cleavage by promoting the in-line or Sx2-like attack of the
neighboring 2'-hydroxyl. It is noteworthy that sufficiently high concentrations of
monovalent cations can also help stabilize three-dimensional structure allowing the
hammerhead ribozyme to perform catalysis in the absence of divalent metal

cations.(Murray, Seyhan, Walter, Burke, & Scott, 1998)
10



The divalent magnesium cations also aid in catalysis by inducing complex folds
that perturb the pK, values of existing functional groups toward neutral pH and by
helping provide electrostatic stabilization. In this way, catalytic cleavage can be
accomplished using an acid/base mechanism even at physiological pH. Although there is
considerable debate surrounding the precise mechanism of ribozyme-mediated RNA
cleavage, it appears that nucleobase G12 is pK, perturbed, and initiates cleavage by
deprotonating the 2’ hydroxyl of the substrate (Figure 1.6 B). The role of the general acid
in this mechanism is played by the 2" hydroxyl of nucleobase G8 that appears to
necessarily be coordinated to a Mg®" cation. This hydroxyl delivers a proton to the 5’
hydroxyl of the 3’ leaving group, which promotes the cleavage of the ribophosphodiester
bond by completing the transphosphorylation.

While the catalytic rate constants of the minimal hammerhead ribozyme (HHR15,
1 min" at pH 7.5 in 10 mM Mg”") and the more efficient extended natural hammerhead
ribozyme (1 min™ at ~0.07 mM Mg2+)(KhV0rova, Lescoute, Westhof, & Jayasena, 2003)
are far lower than RNaseA’s catalytic rate constant (84 000 min”")(Raines, 1998), the
hammerhead ribozymes boasts the higher substrate specificity due to the Watson-Crick
base pairing of the substrate to the enzyme. Nevertheless, the hammerhead ribozyme
approaches catalytic perfection due to both a high k., and a low K, in spite of the fact
that the K., value fall far below that of RNaseA. When considering that high substrate
specificity and the effects on the second order rate constant for multiple turnover, the
minimal hammerhead displays a catalytic efficiency (Kea/Kn = 2.9 - 10’ M min™),
which is just lower than the catalytic efficiency of RNaseA (Kca/Km = 9.0 - 108 M min'l)
for a poly C substrate.(Fedor & Uhlenbeck, 1992) What RNaseA lacks in substrate

specificity, however, it makes up for in catalytic power (Keat/Kuncat)-

1.1.4.2 RNA degradation by RNaseA

RNase A is one of the most common proteins used as a model system for folding,
stability and chemistry (Figure 1.7 A).(Raines, 1998) As discussed in section 1.1.4.1, the
minimal hammerhead ribozyme and RNaseA have catalytic efficiencies close to the

diffusion control limit. The K., contribution to the second order rate constant is an
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impressive 84000 min™ for the UpA dinucleotide substrate. (Delcardayre & Raines, 1994)
Degradation of the RNA substrate is not sequence-specific, and cleavage can occur at any
ribonucleotide containing a pyrimidine; cleavage can also occur at a purine, but the
catalytic efficiency is much lower. For example, the K.,/Ky for a poly A substrate is 1.7 -
10* min”'.(Delcardayre & Raines, 1994) The protein's impressive stability and catalytic
rate are due to the diverse chemical functionality available to proteins. Comprised of
only 124 amino acid residues, RNaseA is a small enzyme, but shows incredible
thermostability, attributed in part to four disulfide bonds, which involve all eight
cysteines present in the protein. These four disulfide bonds help RNaseA retain its
soluble, folded structure even in highly denaturing conditions. Purification of RNaseA
typically involves a step in which the sample is incubated in denaturing conditions to
disrupt the folding of any contaminating proteins. Such a simple method of purification

led RNaseA to be the most easily produced and most studied protein of the 20" century.
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Figure 1.7 A Pymol’s cartoon representation of the NMR Structure of RNase A. B Proposed mechanism of

ribophosphodiester bond cleavage.

The catalytic mechanism of RNaseA involves a transphosphorylation reaction
between the 2'-hydroxyl of a ribose and its neighboring phosphodiester group.(Raines,
1998) RNaseA utilizes a general acid/base mechanism mediated by two histidine

residues; histidine 12 acts as a general base by deprotonating the 2’ hydroxyl of the
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substrate RNA; lysine 41 provides electrostatic stabilization to stabilize the buildup of
negative charge of the pentacoordinate phosphorane intermediate; histidine 119 delivers a
proton to the 5’ hydroxyl of the 3’ nucleoside. Protonation promotes the elimination of
the 5’ hydroxyl leaving group and the Sx2-like or inline attack by the 2’ oxygen (Figure
1.7 B). Transphosphorylation effectively destroys the ribophosphodiester bond and
results in strand cleavage. While there are other residues involved in the stabilization of
the pentacoordinate phosphorane intermediate, the key steps of this mechanism are
executed by only two types of functional groups — the imidazole and the amino groups.
Unfortunately for natural nucleic acids enzymes, similar functional groups are not
available for use in catalysis. Although ribozymes have high sequence specificity and
appreciable catalytic rate constants at high divalent metal cation concentrations, natural
nucleic acid enzymes such as the hammerhead ribozyme cannot reach catalytic rate
constants as high as RNaseA without divalent metal cations due to the lack of the

chemistry of side chain functional groups found in RNaseA.

1.2 In vitro selection of nucleic acid enzymes

The first in vitro selection of a nucleic acid enzyme with improved function was
from the lab of Gerald Joyce.(Robertson & Joyce, 1990) In this selection, variants of the
Tetrahymena ribozyme were selected according to their ability to sequence specifically
cleave DNA. Similar to the selection of protein enzymes, the ribozyme selection
mentioned above utilized an existing wild-type structure. However, designer nucleic acid
enzymes have made further progress in de novo enzyme creation than protein enzymes
due to predictable secondary structures like hairpin loops and to technologies such as in
vitro selection and the Systematic Evolution of Ligands by EXponential enrichment
(SELEX).(Breaker & Joyce, 1994; Ellington & Szostak, 1990; Tuerk & Gold, 1990)
This powerful technique has led to the discoveries of both novel ribozymes and a new
class of biomolecule - the DNA enzyme.(Baum & Silverman, 2008; Hobartner &
Silverman, 2007; Joyce, 2004; S.K. Silverman, 2004, 2005; S. K. Silverman, 2008)

13



1.2.1 SELEX and generalized combinatorial selection

Selection is a process that allows the preferential proliferation of a species with a

certain phenotype that is used to overcome a selection pressure. A selection pressure is a

condition that eliminates or reduces the number of a species not bearing this phenotype.
Natural selection leading to the evolution of a species can take up to several millions of
years, so replicating parts of this process would not be feasible on an experimental time
scale available to researchers. As such, in vitro (cell free) selection was developed to
evolve species on a shorter time scale (Figure 1.8). The evolution of the species can be
engineered by applying the appropriate selection pressure, and each generation may be

produced in the time span of hours or days.
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Figure 1.8 General in vitro selection scheme. Colored triangles represent individual clones.
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A selection process that isolates novel functional nucleic acids of a specific
sequence that tightly binds to a target molecule was independently developed in the
separate labs of Gold, Joyce and Szostak.(Ellington & Szostak, 1990; Robertson & Joyce,
1990; Tuerk & Gold, 1990) The selected nucleic acid ligands are referred to as aptamers
(derivative of Latin “to fit”). The value of this technique is due to the fact that both
genotype and phenotype are expressed on the same biopolymer. This greatly simplifies
selection of ligands, as there is no need for decoding and, in the case of DNA-based
ligands, the sequence can be obtained by directly sequencing the ligand. These aptamers
can also be amplified using PCR either directly, or following reverse transcription for
RNA ligands that generally must be converted to DNA. This process of using nucleic
acid for the selection of ligands was coined Systematic Evolution of Ligands by
Exponential Enrichment (SELEX).

Every selection begins with the construction of a library. A library is a collection
of biopolymers where each individual biopolymer sequence has one or more positions
partially or totally randomized. Therefore, any one molecule in the library has a high
probability of being different from any other molecule. For a DNA-based library, there
may be up to 10" unique sequences. This number represents an upper limit as larger
libraries would be more mass than what is practical to work with. For example, 10"
ssDNA molecules 80 nucleotides in length would be about 50 pg of material. Protein
libraries, on the other hand, can be constructed through the mutation of the wild-type
gene at the DNA level. This DNA would then have to be introduced or transfected into a
cell for expression. Due to the limitations caused by transfection efficiencies of the cell,
protein libraries reach an upper limit of about 10°. Therefore, functional nucleic acid
selections have the advantage over protein selections in terms of library size as they are
not limited by transfection efficiency. Advances in in vitro peptide library expression
using mRNA display(Roberts & Szostak, 1997) and ribosome display(Hanes &
Pluckthun, 1997) have allowed for peptide and antibody libraries to reach sizes on par
with nucleic acid libraries by reducing the limitation caused by transfection efficiencies.
However, in the selection of protein ligands using mRNA display, and ribosome display,
additional steps must be incorporated to allow the genetic material to be attached to the

ligand.
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The overall change in the genetic makeup of a species through partial
randomization of known structures followed by the isolation of the individuals with
common traits is referred to as evolution. The process generally involves mutation of
DNA that gives rise to altered RNA and ultimately to altered protein. Evolution is often
used to enhance certain qualities of protein enzymes, and due to the limitations on the
current knowledge in protein folding, protein mutants are often evolved from a wild-type
structure and not selected from a fully random library. In vitro selection of nucleic acid
ligands or enzymes allow for the isolation of functional biomolecules that have no
precedence or basis of design on any existing biomolecule. Not limited to in vitro
selection, functional nucleic acids can also be further enhanced by using evolution on a

selected aptamer or nucleic acid enzyme.

1.2.1.1 In vitro selection of ribozymes

There is little diversity in the reactions catalyzed by natural ribozymes.(Fedor &
Williamson, 2005) Many of the reactions are RNA-modifying in nature (eg. ligation,
cleavage, and splicing), but the complexity of the ribosome and the existence of
nucleotide-like co-factors (eg. nicotinamide adenine dinucleotide) used by proteins
suggest that ribozymes have the potential to have catalyzed a wide range of reactions.
Using SELEX to select for catalysis, researchers have discovered many ribozymes
capable of novel reactions.(Franzen, 2010) To complement catalytic activities found in
natural ribozymes such as ligation, cleavage and splicing, in vitro selected ribozymes
cover a new range of catalysis such as ribonucleotide synthesis,(Lau, Cadieux, & Unrau,
2004; Unrau & Bartel, 1998) polymerization,(Zaher & Unrau, 2007) carbon-carbon bond
formation,(Seelig & Jaschke, 1999; Tarasow et al., 1997) alcohol
dehydrogenation,(Tsukiji, Pattnaik, & Suga, 2003) and reduction,(Tsukiji, Pattnaik, &
Suga, 2004) to name a few. Such a diverse range of reactions, with yet more to be found,
strongly support the RNA World hypothesis. Regardless of the catalytic activity that is
sought through selection techniques, the critical step to selecting clones capable of
catalysis is the necessary and often facile differentiation between active and inactive

clones. Strategies often include a selection pressure that demands a chemical bond
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forming or bond breaking reaction that results in a physical change such as a change in
mass through the conjugation or removal of a chemical group. The act of bond breaking
is of considerable interest and utility in a field closely related to ribozymes - the field of

DNAzymes.

1.2.1.2 In vitro selection of DNAzymes

The discovery of both natural ribozymes and the methodology used to select for
novel ribozymes led to the hypothesis that nucleic acid enzymes can be engineered to be
more amenable to chemical reactions and therapeutic applications. DNA, having the
superior stability towards degradation, but otherwise many of the same properties
governing synthesis and manipulation is a suitable alternative biopolymer for the
discovery of nucleic acid enzymes, even though it bears one less functional group
(absence of the 2’ hydroxyl). Another advantage to using DNA is the ability to directly
amplify the biopolymer using PCR without the need to first perform reverse transcription.
Finally, solid phase chemical synthesis of DNA is far less expensive than the solid phase
synthesis of RNA, which requires the use of additional protecting groups.

Unlike ribozymes, DNA enzymes to date are not known in nature. Nevertheless,
researchers have successfully selected deoxyribonucleic acid enzymes (DNAzymes)
capable of performing novel catalytic function (Baum & Silverman, 2008; Franzen, 2010;
Joyce, 2004; Schlosser & Li, 2009; S.K. Silverman, 2004, 2005; S. K. Silverman, 2008).
Among the chemical reactions catalyzed are porphyrin metallation,(Y. F. Li & Sen,
1996), ribophosphodiester bond cleavage,(S.K. Silverman, 2005) metal sensing,(J. Liu et
al., 2007; J. Liu & Lu, 2003, 2004, 2007a, 2007b, 2007c; Z. Liu, Mei, Brennan, & Li,
2003; Schonbrunner et al., 2006) ligation,(Joyce, 2004; Pradeepkumar, Hobartner, Baum,
& Silverman, 2008; Purtha, Coppins, Smalley, & Silverman, 2005; Wang & Silverman,
2005a, 2005b) oxidation,(Travascio, Li, & Sen, 1998) and T-T dimer reversion to name a
few.(Chinnapen & Sen, 2004) The following sections 1.2.2 — 1.2.4 will focus on
strategies that involve nucleolytic cleavage of a ribophosphodiester bond by in vitro

selected DNAzymes.
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1.2.2 Ribophosphodiester bond cleavage by DNAzymes

In section 1.1.2, the application of mRNA cleavage in biotechnology and
therapeutics was presented, while sections 1.1.2.1 and 1.1.2.2 described two important
aspects, specificity and catalytic rate constants, respectively; of RNA cleavage that
researchers seek to optimize. Whereas the hammerhead and other ribozymes illustrate
the potential of attaining high substrate specificity, possibly at the expense of Ky,
RNaseA represents the benchmark for an extraordinarily high rate constant, Kc,, for
catalytic cleavage. Section 1.2.1.2 discusses the benefits of using DNA over RNA in the
discovery of a nucleic acid-based enzyme. Breaker and Joyce isolated the first DNA-
based enzyme in 1994.(Breaker & Joyce, 1994) The selection strategy that they used
involved an oligonucleotide bound at the 5’ end using a biotin streptavidin system (Figure
1.9). The resulting oligonucleotide contained an embedded ribose followed by an
engineered stem loop to place a region of random sequence close to the ribose cleavage
site. Sequences capable of undergoing self-cleavage of the ribonucleotide bond will be
able to liberate themselves from the solid support. The cleaved oligonucleotides can then

be physically isolated from the bound inactive sequences.
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Figure 1.9 The method for selecting a ribophosphodiester bond-cleaving DNAzyme that was developed by

Joyce and coworkers. This selection scheme became the general format for m

DNAzyme selections.

any subsequent self-cleaving

Substrate specificity of DNAzymes that use Watson-Crick base pairing for target

substrate recognition can be optimized by simply altering the guide sequence. A high

catalytic rate constant, however, could not be achieved using the limited functional

groups available to DNA. Therefore, divalent lead (Pb”"), was included in the selection
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buffer. The selected DNAzyme, much like the hammerhead ribozyme is dependent on
metal cations to perform catalysis. While high concentrations of Pb*" can be used in in
vitro applications, Pb*" is not present in the cell in significant concentrations. To better
represent actual physiological conditions, magnesium cations were used in a subsequent
selection (Breaker & Joyce, 1995). Magnesium cations are found in relatively low
concentrations in the cell (~0.5 mM), but in comparison to lead cations, which are not
bioavailable, magnesium cations represent cofactors that might prove useful.(Murphy,
Freudenrich, Levy, London, & Lieberman, 1989) In a later selection, Joyce and
coworkers addressed the higher availability of magnesium cations by selecting for
divalent magnesium cation-dependent DNAzymes 8-17 and 10-23 that cleaved
RNA.(Santoro & Joyce, 1997) In this thesis, DNAzymes will often be referred to with
the prefix Dz. Under multiple turnover conditions, Dz10-23 was reported to have a
Keat! K 0f 4.5 - 10° M min™! (50 mM MgCl,, 37 °C). Constructs based on Dz8-17 and
Dz10-23 are currently being used for in vivo experiments and biomolecular engineering.
For in vivo applications, one must consider the physiological availability of Mg*"

compared to the high concentrations used to reach high rate constants in vitro.

1.2.3 Divalent metal cation-independent cleavage

While Mg”*-dependent DNAzyme catalytic rate constants reached > 1 min™, the
Mg’" concentrations used to attain these rates were on the order of ~ 10 mM. These
concentrations of magnesium cations far exceed the in vivo concentrations (~0.5 mM)
found in the cell.(Murphy, Freudenrich, Levy, London, & Lieberman, 1989) Dependence
on divalent metal cations obviously limit the efficacy of DNAzymes in physiological
conditions. Therefore, a divalent metal cation-independent DNAzyme would be
desirable. Appreciable K., values for DNAzymes in the absence of high concentrations
of divalent metal cations are often difficult to obtain. However, nucleic acid enzymes are
not completely dependent on divalent metal cations. For example, the hammerhead
ribozyme was found to perform detectable divalent metal cation-independent catalysis in
the presence of a high concentration of monovalent cation e.g. (Na", Li", or K*) to

promote proper folding.(Murray et al., 1998) This is powerful evidence that the chemical
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functionality of the hammerhead ribozyme is sufficient for divalent metal cation-
independent catalysis while the role of the divalent M*" is therefore restricted to folding
on otherwise catalytically competent M**-independent species.

Seeking to avoid divalent metal cation dependence altogether, Faulhammer et al.
attempted to select for a histidine dependent self-cleaving DNAzyme with minimal
dependence on divalent metal cations.(Faulhammer & Famulok, 1996) Unfortunately,
the isolated DNAzyme was discovered to be histidine-independent and dependent on
either Mg or Ca®". The authors surmised that the zwitterionic histidine may be poorly
bound to the DNAzyme due to the lack of strong electrostatic attraction with the
negatively charged DNAzyme. Three subsequent selections was used to assess the
dependence of DNAzymes on divalent metal cations and one of the selections
incorporated the use of a positively-charged cofactor spermine.(Faulhammer & Famulok,
1997) The second selection was carried out using Mg*" and the third selection used no
cofactors. All three led to the isolation of active DNAzymes.

In the same vein, in 1997, Geyer and Sen performed a selection leading to the
isolation of a divalent metal cation-independent DNAzyme, G3, and the further evolved
Na8.(Geyer & Sen, 1997) The selection of these divalent metal cation-independent
DNAzymes is concrete evidence that DNA, like the hammerhead ribozyme, bears
sufficient functionality for catalysis that does not absolutely necessitate a divalent metal
cation. With this evidence, the development of divalent metal cation-independent
DNAzymes turned towards the enhancement of catalytic rate. While the goal of selecting
divalent metal cation-independent DNAzymes was to remove the dependence on
cofactors that are not in abundance, it is noteworthy that Roth et al. successfully isolated
a histidine-dependent DN Azyme capable of self-cleavage in the absence of divalent
metal cation.(Roth & Breaker, 1998) Undoubtedly, the focus on histamine and amine
derived inspiration from the M**-free mechanism of RNase A that employs the amino

acids histidine and lysine.
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1.2.4 Ribophosphodiester bond cleavage by modified DNAzymes

Progress towards making nucleic acid enzymes more protein-like started with the
assessment of the minimal functionality necessary for catalysis. That is, answering the
question whether or not nucleic acid, without the assistance of any protein-like
functionality in the absence of divalent metal cations, can support catalysis. Doing so has
led to the discovery that DNA meets the minimum functionality requirements necessary
for catalysis.(Faulhammer & Famulok, 1997; Geyer & Sen, 1997) Investigators sought
to overcome DNA’s chemical deficiencies by employing cofactors. The selections that
introduced other non-metal cation small molecules such as histidine and spermine offered
an improvement in catalysis.(Faulhammer & Famulok, 1997; Roth & Breaker, 1998) To
ensure that the nucleic acid enzymes bear the necessary functional groups, chemical
conjugation can be used to append the functional groups directly to nucleic acids.

The first experiment to utilize modified nucleotides for in vitro selection was
performed by Latham et al. in 1994.(Latham, Johnson, & Toole, 1994) In this selection,
a thrombin-binding aptamer was selected using 5-pentynyl-dUTP in the construction of
the oligonucleotide. While this aptamer did not outperform existing unmodified aptamers
and was, in fact, four to ten times weaker in binding than the unmodified aptamers, the
modifications were shown to be essential for aptamer function. Nevertheless, this work
proved researchers’ ability to incorporate designer nucleotides into DNA and successfully
perform a modification-dependent selection leading to the desired function. The first
selection of a chemically modified nucleic acid enzyme was done using RNA in 1997.
Tarasow et al. reported the in vitro selection of a pyridyl-modified ribozyme capable of
Diels-Alder bond formation.(Tarasow et al., 1997) While it was later found that this
reaction can be catalyzed using unmodified nucleotides, (Seelig & Jaschke, 1999)
Tarasow’s Diels-Alder ribozyme (DA-ribozyme) was the first modification-dependent
nucleic acid enzyme. Just as DNA was used as an alternative biopolymer for RNA in the
selection of unmodified nucleic acid enzymes, modified deoxyribonucleotides can be
used in place of natural deoxyribonucleotides in the selection for modified DNAzymes.

Natural nucleotides do not have pK, values near neutrality. This highly prized
property is exemplified by the imidazole functionality whose pK, value is near neutrality

(~6.95). Santoro et al. first introduced protein-like functionality to DNAzymes with the
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introduction of a chemically appended 4-imidazoleacrylic acid group to the primary
amine of 5-(aminoallyl)-2’-dUTP using an amide bond.(Santoro, Joyce, Sakthivel,
Gramatikova, & Barbas, 2000) Modified oligonucleotides were synthesized by
transcribing the random region using the natural nucleotides of dA, dC, dG and the
modified dUTP. This DNAzyme was selected in the presence of Zn®" and was found to
be Zn*"-dependent. With the addition of Zn*", this DNAzyme proved capable of
ribophosphodiester bond cleavage through an undetermined mechanism. While this
selection successfully integrated modifications onto functional DNAzymes, the
contribution of the modification in the catalytic mechanism was not well defined as the
DNAzyme was zinc dependent and zinc-dependent unmodified DNAzymes can perform
the same function.(J. Li, Zheng, Kwon, & Lu, 2000)

Introducing modified nucleotides into combinatorial selections for a divalent
metal cation-independent ribophosphodiester bond cleaving DNAzyme, Perrin et al.
introduced two protein-like functional groups into a DNAzyme selection and succeeded
in isolating the intramolecular or cis-cleaving divalent metal cation-independent
DNAzyme, Dz9;5-11 (Kobs = 0.044 min’! ) (Figure 1.10).(Perrin, Garestier, & Héléne,
2001) Dz9;,5-11 is the first DNAzyme to utilize two protein-like functionalities to
catalyze divalent metal cation-independent ribophosphodiester bond cleavage. The goal
was to produce an RNase mimic that truly replicates the high efficiency
transesterification reaction found in RNaseA. A study done by Thomas and Perrin
assigned the putative roles of the general acid, general base, and charge stabilizing amine
to the modified nucleobases A, A, and U, respectively, of Dz9,s-11.(Thomas, Yoon, &
Perrin, 2009) This study used a combination of modification knockouts and affinity
tagging to determine the critical nucleobases and confirmed that it is indeed the appended
chemical functionality that is responsible for the catalysis. Solid phase synthesis of a
Dz9,5-11 variant capable of intermolecular or trans cleavage was also successfully

produced.(Lermer, Roupioz, Ting, & Perrin, 2002)
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Figure 1.10 Primary sequence and secondary structure of cis-cleaving Dz9,s-11. 8-Modified-dA is
represented by a red A. 5-modified dU is represented by a blue U. Embedded ribonucleotide is indicated
by an rC.

Similarly, Sidorov et al. selected for a DNAzyme utilizing the amino and
imidazole functionalities on dA and dU, respectively.(Sidorov, Grasby, & Williams,
2004) The imidazole functionality was introduced using the same 4-imidazolyl
acrylamide-modified dUTP that Santoro used as opposed to the 8-modified dA used in
9,5-11. Unlike 9,5-11, which targets a single embedded ribophosphodiester bond,
Sidorov’s DNAzyme cleaves a 12 nucleotide (nt) section of RNA. Cleavage occurs at

either one of two UpA positions within the RNA segment. Interestingly, synthesis of the
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DNAzyme using only natural deoxynucleotides resulted in the retention of 7 % self-
cleavage activity compared to the fully functionalized DNAzyme. The trans variant of

Sidorov’s DNAzyme has yet to be produced.

1.2.5 Expanding the chemical landscape

Hollenstein et al. continued the protein mimicry by introducing a third functional
group, the guanidinium, into a DNAzyme selection.(M. Hollenstein, C. Hipolito, C. Lam,
& D. M. Perrin, 2009a) This third functional group was chosen for its positive charge,
which facilitates stabilization of nucleic acid duplex structures and could potentially offer
additional electrostatic stabilization to negatively charged intermediates. The result of
this selection was Dz9-86 (Figure 1.11). Dz9-86 conveyed a higher catalytic rate
constant (Kops = 0.134 + 0.026 min’l, 24 °C) and increased thermostability over Dz9,s-11.
Recently, a subsequent selection was performed that utilized a region composed of 40
degenerate nucleobases — double the length of the degenerate region used in the Dz9-86
selection.(M. Hollenstein, C. J. Hipolito, C. H. Lam, & D. M. Perrin, 2009b) The
DNAzyme isolated from this selection was named Dz10-66 (Kqbs = 0.50 + 0.05 min'l, 24 °
C). While the selection of Dz10-66 was not an attempt to increase the diversity of the
chemical landscape, it does allow access to a larger quantity of functional groups and
potentially larger catalytic motifs, and challenged the concept of the “tyranny of the small
motif,” which states that small catalytic sequences are preferentially selected, thereby
reducing the chance of discovering larger, potentially more efficient, catalysts.(Joyce,
2004) Successful selection of Dz10-66, the fastest divalent metal cation-independent
DNAzyme utilizing 3 amino acid-like functionalities sets the current benchmark for
modified DNAzymes catalyzing RNA cleavage. Dz10-66 was further studied by creating
a derivative, named Dz10-66t that is capable of performing intermolecular cleavage of a
DNA substrate with an embedded ribose. The second order rate constant, Ke./Ky, of this
construct capable of true catalytic turnover was determined to be 6 - 10° M min™. This
value falls short of the second order rate constants of the hammerhead ribozyme, RNaseA
and 10-23 in their respective optimized conditions, but shows the field of modified
DNAzymes for use in physiological conditions is progressing steadily and warrants

further exploration.
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Figure 1.11 Primary sequence and secondary structure of cis-cleaving DNAzymes 9-86 and 10-66. 8-

Modified dA, 5-modified dC and 5-modified dU are represented by boldface A, C and U, respectively.

Embedded ribonucleotide is indicated by a red rC. The modified U: G mismatch is indicated with a middle

dot ().

1.3 Enzymic recognition of modified DNA

dictates the survival of a species through a selection. In the previous sections, in vitro

The phenotype of a species is the total collection of the expressed traits and

selections were designed to isolate nucleic acid enzymes according to their ability to

perform one specific function such as ribophosphodiester bond cleavage. However, this

one function is one of many possible traits unique to that species. Other traits of the

26



species may come into play when considering the fitness of a species as it progresses
through the generations of the selection. With regards to modified DNAzymes, ease of
synthesis and ease of replication are two traits that are sometimes overlooked due to the
simplicity of these two procedures when working with unmodified DNAzymes.
Construction of modified DNA by polymerases plays a large role in the in vitro selection
of modified DNAzymes and negative effects caused by modified nucleotides cannot be
overlooked. The activity of other nucleic acid-modifying protein enzymes besides
polymerases can also be affected by modified nucleotides. Another class of protein
enzyme, the restriction enzyme, also recognizes a specific sequence and cleaves dsDNA.
While not used in our selection of DNAzymes, selective destruction of modified and
unmodified DNA has been the basis for other in vitro selections(Tawfik & Griffiths,

1998) and has potential application in the future selection of modified DNAzymes.

1.3.1 Incorporation of modified nucleotides

The synthesis of a full-length unmodified DNAzymes is generally a simple
process as every step of the selection, including the primer extension to produce the full-
length DNAzyme, occurs at high efficiency. In the case of modified DNAzymes,
however, the efficiency of extension is lowered by the use of poorly incorporated
modified nucleoside triphosphates. Therefore primer extension or elongation using
modified nucleoside triphosphates introduces another selection pressure. The
polymerases must be able to synthesize highly modified clones with efficiency.
Otherwise, the highly modified clones will not be fully elongated. These poorly
elongated clones will not be selected regardless of the potential activity of the unrealized
fully elongated construct. Many studies using modified DNA have required the efficient
incorporation of modified nucleotides.(Cahova, Havran et al., 2008; Cahova, Pohl et al.,
2008; Hocek & Fojta, 2008; Lam, Hipolito, & Perrin, 2008; Macickova-Cahova &
Hocek, 2009) To facilitate incorporation, investigators have engineered functionalized
nucleotides for improved uptake. Famulok and coworkers have designed modified
nucleoside triphosphates that are incorporated quite efficiently by commercial

polymerases, and successfully produced the first functionalized DNA with all four
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nucleotides replaced with modified nucleotides using primer-mediated
incorporation.(Thum et al., 2001) A notable characteristic of the linkers used in the
modifications is the use of rigid olefins tethered to a position on the nucleobase that
orients the modification into the major groove. Common attachment points that orient
the modification towards the major groove are the 7 position of 7-deazapurines and the 5
position of pyrimidines (Figure 1.3). The ability to produce highly modified DNA allows
investigators to study the elongation of DNA using a highly modified DNA
template.(Capek et al., 2007; Gourlain et al., 2001; Hollenstein et al., 2008; Hollenstein
et al., 2009a; Hollenstein et al., 2009b; Jager & Famulok, 2004; Jager et al., 2005; M.
Kuwahara, Hanawa et al., 2006; M. Kuwahara, Nagashima et al., 2006; M. Kuwahara et
al., 2003; Latham et al., 1994; Lee et al., 2001; Masud, Kuwahara, Ozaki, & Sawai,
2004; Obayashi et al., 2002; Ohbayashi et al., 2005; Ohsawa et al., 2008; Perrin,
Garestier, & Héléne, 1999; Perrin et al., 2001; Sakthivel & Barbas, 1998; Santoro et al.,
2000; Shoji, Kuwahara, Ozaki, & Sawai, 2007; Sidorov et al., 2004; Thum et al., 2001;
Vaught et al.)

1.3.2 Transcription of a modified DNA template

To test whether or not there is an amplification bias for certain unmodified
DNAzyme sequences, a study was done by Schossler et al. that measured the
amplifiability of the unmodified DNAzyme gene pools based on their
generation.(Schlosser, Lam, & Li, 2009) Their results suggest that there is little to no
amplification bias for unmodified DNAzymes. A similar study has yet to be done on
modified DNAzymes although work presented herein begins to address this issue.
Nevertheless, amplification bias has been found in past selections and was in fact the
basis of selection in the very first in vitro evolution, which involved the preferential
amplification of viral genomic RNA that were easily copied.(Mills, Peterson, &
Spiegelman.S, 1967) The final molecules of the evolution were only 15 % of the original
length of the genome. The majority of the sequence has been removed leaving only the
portions critical for RNA amplification. Speiglman and coworker’s in vitro evolution on

the amplifiablity of genomic RNA illustrated the overwhelming effect of how the
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superior amplifiability of a species allows it to dominate the gene pool.(Mills et al., 1967)
One of the best current examples of an amplification bias in the presence of non-
canonical bases comes from the work of Kimoto et al., which shows that a single non-
canonical base pair has enough effect on its surrounding such that certain sequences
flanking that base pair are preferentially amplified. Their work involves the PCR
amplification of an unnatural base pair 7-(2-thienyl)-imidazo[4,5-b]pyridine (Ds) and 2-
nitro-4-propynylpyrole (PX).(Kimoto, Kawai, Mitsui, Yokoyama, & Hirao, 2009)
Preferred amplification of sequences resulting from the presence of modified nucleobases
has yet to be explored.

The critical step in the unbiased amplification of modified DNA is the ability of a
polymerase to efficiently use modified DNA as a template and synthesize a
complementary strand with fidelity. The synthesis of the complementary strand by
polymerase is referred to as read-through. After successful polymerization of four
modified nucleotides, Famulok and coworkers investigated read-through of modified
templates, which they then had access to.(Jager & Famulok, 2004; Jager et al., 2005;
Thum et al., 2001) What was discovered was that Family A polymerases frequently
failed to produce full length product while Family B polymerases were far more
successful. Characteristics of these polymerase families will be discussed in section
1.4.1. The assessment of the commercial polymerases’ abilities to incorporate modified
nucleotides and read-through modified templates opens the potential for the generation of

dsDNA that bears modifications on both strands referred to as doubly-modified dsDNA.

1.3.3 Amplification of doubly-modified dsDNA

If a modified nucleotide is a substrate for high-efficiency incorporation using a
template strand bearing the same modification, the modified nucleotide could potentially
be used in polymerase chain reaction (PCR) (Figure 1.12) to produce doubly-modified
dsDNA. PCR is the exponential amplification of a nucleic acid template using multiple
thermal cycles consisting of denaturation of a dSDNA template at about 94 °C, primer-
template hybridization at about 55 — 65 °C and polymerase-mediated extension at about

72 °C. The two newly extended products can serve as templates for the next cycle. The
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amount of dsDNA is doubled with every round; giving the theoretical 2" times the

amount of starting template where n is the number of cycles.
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Figure 1.12 Polymerase chain reaction (PCR). Each cycle involves a step carried out at each of three
different temperatures. Green lines represent the original DNA template. Black arrows represent primers.
Black lines represent the newly synthesized DNA 1. Template DNA is denatured at high temperature. 2.
Temperature is lowered and primers anneal to the single-stranded template DNA. 3. Temperature is raised
to the optimal extension temperature for the thermostable polymerase. Both the original DNA and the
newly synthesized DNA are used as template for the subsequent cycle. The theoretical amount of DNA

doubles with each cycle.
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The amplification of doubly-modified dsDNA using a modified nucleoside
triphosphate is not necessary for a DNAzyme selection as one polymerase can be used
exclusively for incorporation of modified dNTPs and a different polymerase can be used
exclusively for read-through and amplification. However, efficient amplification of
doubly-modified dsDNA is a rapid, although not exclusive, method of simultaneously
assessing incorporation and read-through efficiencies. Several groups have investigated
the successful PCR amplification of DNA through the use of a chemically augmented
nucleotide in place of its natural counterpart.(Gourlain et al., 2001; M. Kuwahara,
Hanawa et al., 2006; Masayasu Kuwahara et al., 2003; M. Kuwahara, Nagashima et al.,
2006; M. Kuwahara et al., 2003; Masayasu Kuwahara, Tamura, Kitagata, Sawai, &
Ozaki, 2005; Obayashi et al., 2002; Ohbayashi et al., 2005; Sakthivel & Barbas, 1998;
Sawai et al., 2001) Most notable is the successful amplification in which multiple
unnatural nucleotides are used in lieu of their natural counterparts.(Jager & Famulok,
2004; Jager et al., 2005; Thum et al., 2001) The resulting doubly-modified dsDNA is

functionalized with a high density of chemical augmentation.

1.3.4 Restriction enzyme digestion of modified dsDNA

Restriction enzymes are part of an organism’s defense mechanism against foreign
genetic material.(Arber & Linn, 1969) Chemical modification of the organism’s own
DNA helps protect the organism’s genome from destruction. Restriction enzyme
digestion has become a powerful tool in biotechnology and is frequently used in cloning
and identification of DNA through site-specific cleavage. Minimal literature exists
regarding the resistance of chemically-functionalized DNA to restriction enzyme
digestion. The resistance to cleavage by restriction enzymes of 5-modified dUTP
containing dsSDNA was briefly mentioned.(Perrin et al., 1999; Sakthivel & Barbas, 1998)
Hocek and coworkers recently reported the resistance to degradation bestowed upon
heteroduplex dsDNA by 8-modified 2'-deoxyadenosine. (Macickova-Cahova & Hocek,
2009) Even modified nucleotides residing outside of a restriction site consisting of
unmodified nucleotides bestow resistance to restriction enzyme digestion.(Perrin et al.,

1999) Further investigations of this potentially useful resistance should be spearheaded.
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1.4 Evolved polymerases

There are three main DNA polymerase families of interest to the modified
nucleotide community: Family A, Family B, and Family Y.(Braithwaite & Ito, 1993;
Ohmori et al., 2001) DNA polymerases with homology to the product of the polA gene
Escherichia coli (E. coli) specifying DNA polymerase I are categorized into Family A.
Common polymerases that fall into the Family A category are Klenow, Taq and T7
polymerase. Likewise, DNA polymerases with homology to the product of the polB gene
E. coli specifying DNA polymerase II are categorized into Family B. Common
commercial polymerases like Vent (exo-) and Pfu fall into the Family B category. The
Family Y polymerases are low fidelity polymerases that have gained attention due to
their ability to bypass DNA lesions.(Ohmori et al., 2001) One of the more notable
commercial Family Y polymerases is DNA polymerase IV (Dpo4).(Boudsocq, Iwai,
Hanaoka, & Woodgate, 2001) The majority of the above mentioned polymerases are

used in PCR. The following sections will focus on the evolution of Taq polymerase.

1.4.1 Thermus aquaticus DNA polymerase I

The first experiments in the development of PCR used E. coli DNA polymerase
I.(Saiki et al., 1985) After the extension step, this polymerase would heat-deactivate
during the denaturation step of the following cycle, and fresh enzyme would need to be
added with each cycle during the annealing phase. Replacement of this mesophilic
enzyme with a homologous thermostable polymerase isolated from Thermus aquaticus
(T. aquaticus) improved on this by minimizing polymerase inactivation and allowing for
the polymerase to extend at much higher temperatures.(Saiki et al., 1988) Annealing at
higher temperatures is also improved due to the reduction of primer-template
mismatches, which are more prone to occur at E. coli DNA polymerase I’s operating
temperature of 37 °C. The polymerase chain reaction took a huge leap forward with the
replacement of mesophilic E. coli DNA polymerase I with thermophilic polymerase T.

aquaticus DNA polymerase I or simply Taq (Figure 1.13).(Eom, Wang, & Steitz, 1996)
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Figure 1.13 PyMol’s cartoon representation of the crystal structure of Thermus aquaticus DNA polymerase
I. PDB entry 1TAU.

Taq is an 832 amino acid nucleotidyl transferase enzyme and is composed of an
N-terminal 5'-3" exonuclease domain linked to a C-terminal polymerase domain (Figure
1.13). The polymerases of Family A, Family B, and Family Y all have a characteristic
right hand like structure consisting of a thumb domain, a palm domain and a finger
domain.(Brautigam & Steitz, 1998) Each domain makes critical contact with its DNA
substrate. The thumb domain makes contact with the double-stranded portion of the
primer and template hybrid. After binding to the primer and template hybrid, Taq can
accept an incoming nucleoside triphosphate and ensure proper Watson-Crick base pairing
prior to initiating bond forming catalysis, pyrophosphate release and translocation. The
finger domain, through a complex and dynamic process,(Patel, Suzuki, Adman, Shinkai,
& Loeb, 2001) is responsible for ensuring that the incoming nucleoside triphosphate

satisfies proper Watson-Crick base pairing. The palm domain contains the residues that
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facilitate the attack by the primer’s free 3’ hydroxyl onto the a-phosphate of a bound
nucleoside triphosphate. This attack is divalent metal cation-mediated and results in the
elimination of a pyrophosphate group and a one base extension of the primer.
Translocation of the polymerase along the template strand allows access to the next
unpaired template base. The process of incorporation can then be repeated until the
polymerase reaches the 5’ end of the template strand. Due to its “extendase” ability, Taq
will add one additional dA at the 3" end in an untemplated fashion creating a one base 3’
overhang. While critical to the biological functions of its organism, Taq’s
thermostability, processive speed and variable fidelity has additionally made it a powerful
tool for in vitro studies particularly through its use in polymerase chain reaction
(PCR)(Saiki et al., 1988) and associated mutagenic techniques such as error prone PCR
(epPCR).(Cadwell & Joyce, 1992)

Certain aspects of Taq continue to make it a very desirable enzyme to develop in
terms of both protein engineering and evolution. Taq has a very well-studied active site;
studies have shown that this active site is highly mutable and can be altered to produce
novel catalytic activities.(Patel, Kawate, Adman, Ashbach, & Loeb, 2001; Patel & Loeb,
2000a) A domain, so called “Motif A” located at the palm region of the active site is
mainly composed of a single polypeptide that is partially responsible for substrate
recognition and catalysis. D610, located within Motif A, is a highly conserved residue
that is responsible for chelating one of two critical magnesium cations.(Patel & Loeb,
2000a; Steitz, 1998) Mutation of this residue results in a total loss of polymerase
activity. Every other residue in the active site polypeptide can be mutated to some extent
without deactivating the enzyme.

Notable mutations to the active site are 614K and E615G. The 1614K mutant
retains polymerase activity but has low fidelity, allowing it to misincorporate
bases.(Patel, Kawate et al., 2001) E615 is referred to as the steric gate residue and is
responsible for the discrimination of ANTPs from NTPs. Romesberg and coworkers have
found in their evolution of the Stoffel Fragment that the E615G mutation was common to
all successfully evolved polymerases.(Xia et al., 2002) Holliger and coworkers found

that their own isolated clones also contain the E615G mutation.(Ong, Loakes,
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Jaroslawski, & Holliger, 2006) With such flexibility in the active site of the polymerase,
Taq has great potential for customized activity.

As mentioned above, the full length Taq protein is composed of two domains.
The N-terminal domain is a 5’-3' exonuclease attached to the C-terminal polymerase
domain. This exonuclease domain catalyzes the degradation of the RNA primers used in
the production of Okazaki fragments in discontinuous DNA synthesis. Removal of this
domain does not ablate polymerase function. Two truncated versions of Taq polymerase
are the Klentaq,(Barnes, 1992) which is the M236-E832 amino acids, and Stoffel
Fragment,(Lawyer et al., 1993) which is the S290-E832 amino acids. While these
truncated versions are slower at primer extension, they have increased thermostability

and are often used for customized PCR using varying magnesium cation concentrations.

1.4.2 Evolution of Tag and Stoffel Fragment

Directed evolution is the change of the genetic makeup over several generations
as a selection performed within an experimental timescale to reduce undesired mutants
within a species and allows the selective proliferation of desired mutants. Three different
techniques have been applied to Taq or Stoffel Fragment to isolate mutants with
improved function. The first technique that will be discussed is a screening technique
called complementation. Subsequently, two directed evolution techniques known as

phage display and compartmentalized self-replication (CSR) will be described.

1.4.2.1 Complementation

Loeb and coworkers have probed the mutability of Taq's active site by partially
randomizing the polypeptide located within the active site and screening for active
mutants (Loeb 1996, 2000).(Patel & Loeb, 2000a; Suzuki, Baskin, Hood, & Loeb, 1996)
The mutability of the polymerase finger subdomain was also determined in a similar
fashion. The first region is a polypeptide located in Motif A in the palm subdomain of
the polymerase domain (Figure 1.14).(Patel, Kawate et al., 2001; Patel & Loeb, 2000a)
The second region is the O-helix of the finger subdomain (Figure 1.15).(Suzuki, Avicola,
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Hood, & Loeb, 1997) For both screens, the wild type sequences for those regions were

partially degenerate.

Figure 1.14 Line representation of the active site polypeptide region contained within the Motif A and the
bound dideoxycytidine triphosphate from the crystal structure of Taq. PDB entry I TAU. Green, blue, red,
and orange lines represent carbon, nitrogen, oxygen and phosphorus, respectively. Amino acid residues
605 to 617 are shown. Asp610 and the triphosphate from the dideoxycytidine triphosphate are coordinated

to magnesium cations, which are represented by green spheres.

Figure 1.15 PyMol’s cartoon and line representation of the O-helix and a bound dideoxycytidine
triphosphate from the crystal structure of Taq. PDB entry 1TAU. Green, blue, red, and orange lines
represent carbon, nitrogen, oxygen and phosphorus, respectively. Shown is the a-helix composed of amino
acid residues 659-671. For clarity, only the side chains of residues Y659, F663, L667, R670 and R671 are
shown. Residues Y659 and F663 are implicated in the base pairing process, and residues L667, R670, and
R671 provide electrostatic stabilization for the negatively-charged triphosphate.
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The host cell, the cell whose machinery is being used to express protein, is in this
case is a thermosensitive strain of E. coli. The thermosensitive E. coli strain,
recA718/polA12, was used in the genetic complementation to find Taq mutants capable
of compensating for the host’s own DNA polymerase I that is inactive at 37 °C. At 37
°C, the host cell does not have sufficient DNA polymerase I activity to remain viable
(Figure 1.16). The screen identifies the mutant Taq polymerases with sufficient activity
to complement the loss of the host cell’s DNA polymerase I activity. Using this system,
two libraries were screened for active polymerases containing mutations in two specific
regions. Both the active site and O-helix were found to be highly tolerant to amino acid
changes. However, there are some amino acids that are highly conserved. Aspartate 610,
for example, binds to a critical magnesium cation and it was discovered that mutation of
this amino acid to any other amino acid completely eliminates activity. All active
mutants were found to have this residue unchanged. In the O-helix, the residues oriented
towards the nucleotides within the active site were found to be resistant to mutation, but

the residues oriented away from the substrate could tolerate mutation.
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Figure 1.16 Genetic complementation by Taq polymerase to E. coli recA718/polA12 with a
thermosensitive DNA polymerase 1. E. coli recA718/polA12 is only capable of growth when supplemented

with an active Taq polymerase gene.

1.4.2.2 Phage display

Directed evolution of Taq using phage display has been spearheaded by the
groups of Winter,(Jestin, Volioti, & Winter, 2001) Jestin,(Vichier-Guerre, Ferris,
Auberger, Mahiddine, & Jestin, 2006) and Romesberg.(Fa, Radeghieri, Henry, &
Romesberg, 2004; Leconte, Chen, & Romesberg, 2005; Xia et al., 2002) Phage display
involves expressing a protein of interest on the coat proteins of a phage particle. Two
coat proteins commonly used are pVIII and pIIl. The pVIII protein is the major coat
protein covering the largest surface area of the phage particle. The pllI coat protein is
localized to one area and is limited to only a few copies per particle. Along with a few
other coat proteins, these proteins assemble and encapsulate the phagemid DNA,

providing a physical link between the expressed proteins and the DNA that encodes them.
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Initial experiments involved Stoffel Fragment expressed as a fusion to the plIll
coat protein for the facile control of copy number. (Jestin et al., 2001) The polymerase
substrate, a primer bearing a maleimide group, was then chemically linked to the phage
particle via the pVIII coat protein. In later experiments, the polymerase was expressed as
a fusion protein to the Fos leucine zipper peptide. The complementary Jun leucine zipper
was expressed as a fusion protein to the pllI coat protein. The Jun/Fos dimerization
promotes the conjugation of the polymerase to the plll coat protein.

Romesberg and co-workers utilized X30 helper phagemid DNA to express a plll
protein fused to an acidic peptide. The Stoffel Fragment was then expressed as a fusion
with pllII to create a mix of pllI proteins with a variety of adducts. Upon assembly of the
phage particle, both plll-acid peptide and pllI-Stoffel can be displayed on the same
particle. A basic peptide fused to a DNA primer sequence was used to hybridize to the
acidic peptide and irradiation with UV light promoted the photo deprotection of a
blocked cysteine leading to a disulfide bridge between the two peptides. This disulfide
bridge produces a covalent link between the phage particle and the DNA primer. Using
phage display, Romesberg and coworkers successfully selected for Stoffel Fragments
with improved uptake of ribonucleotides, and in a separate selection isolated polymerase
P2, a Stoffel mutant capable of incorporating and extending a propynylisocarbostyril

(PICS) self-pair (Figure 1.17).
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(PICS)
(PICS)GGGA
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Acid peptide

Tethered mutant Stoffel Fragment

Figure 1.17 A The synthetic propynylisocarbostyril (PICS) nucleobase analog self-pair. B Cartoon
representation of a phage particle displaying both plII-Stoffel and pIlI-Acid peptide.

1.4.2.3 Compartmentalized self-replication

A prominent method of evolving Taq is through the use of a technique called
compartmentalized self-replication (CSR), which is based on Tawfik and Griffith’s In
Vitro Compartmentalization (IVC).(Ghadessy, Ong, & Holliger, 2001; Tawfik &
Griffiths, 1998) IVC involves the formation of femtolitre volumes (~65 fl) of aqueous
phase encapsulated by surfactants and oil phase in the form of a reverse micelle. Such
emulsions can be formed through agitation of the two phases or extrusion through
membranes containing an appropriate pore size. The process of encapsulation results in
up to 10'° compartments in a milliliter of total emulsion volume. Encapsulation

effectively isolates the contents within from neighboring compartments. IVC was first

41



validated using the selection of a Hae III methyltransferase to selectively modify and
protect the DNA that encodes the Hae III methyltransferase gene isolated within the
droplet. Unprotected DNA was preferentially destroyed with the addition of the
restriction enzyme Hae III. Successful selection showed that compartmentalization
through the use of an emulsion could be used to select for a task-directing enzyme and its
encoding gene in the presence of a ten million-fold excess of another gene.

Since its inception, IVC has been used for the evolution and discovery of both
protein and nucleic acid enzymes.(Agresti, Kelly, Jaschke, & Griffiths, 2005; d'Abbadie
et al., 2007; Ghadessy et al., 2001; Ghadessy et al., 2004; Loakes, Gallego, Pinheiro,
Kool, & Holliger, 2009; Ong et al., 2006; Ramsay et al., 2010; Yonezawa, Doi,
Kawahashi, Higashinakagawa, & Yanagawa, 2003) The original IVC selection process
where unwanted material is reacted or destroyed is akin to kinetic resolution of
stereoisomers in synthetic chemistry.(Tawfik & Griffiths, 1998) The utility of isolating
and modifying genes that encode for fit enzymes extends beyond simply selective
protection and destruction. Holliger and co-workers exploited the water and oil
emulsion’s thermostability in order to evolve Taq polymerase through the selective PCR
amplification of desired genes rather than the destruction of undesired genes. E. coli cells
expressing a library of Taq mutants were added to a PCR, and the cells were individually
compartmentalized within reverse micelles (Figure 1.18). Statistically, a single
compartment would contain one E. coli cell expressing a single type of mutant
polymerase. Activity in the presence of an applied selection pressure allows the mutant
polymerase to selectively amplify its own gene. With only the genes encoding active
mutant polymerase being amplified, the gene pool will become enriched with these types
of mutants bearing the desired traits. Holliger and coworkers named this technique
compartmentalized self-replication (CSR) and used it to select for mutant Taq
polymerases with either increased thermostability or 130-fold resistance to the inhibitor
heparin. Both selections demand that the polymerase amplify its own gene in the
presence of a new condition that applies selection pressure: i.e. incubation at high
temperatures prior to thermocycling or amplification in the presence of heparin. Since
polymerases with increased thermostability or increased heparin resistance were

successfully selected, the use of CSR for the evolution of Taq was validated.
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Figure 1.18 Compartmentalized self-replication. The polymerase gene library is cloned into an expression
vector and subsequently transformed into an E. coli cell. After the polymerase library is expressed, the
cells are isolated and encapsulated with PCR reagents using a water and oil emulsion. The emulsion is then
thermocycled, destroying the E. coli cell wall and allowing amplification to occur. Post CSR, the
amplicons enriched in genes encoding active mutants can be collected and purified for the next round of

selection.
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Holliger and co-workers continued evolving Taq polymerase for other traits using
CSR. The two selection pressures of increase thermostability and heparin resistance were
quite different from each other and a subsequent selection showed just how versatile the
CSR process is. In a follow up experiment, the substrate specificity of Taq was altered
by placing a mismatched base on the 3’ end of the primers used in the PCR
reactions.(Ghadessy et al., 2004) For PCR, and ultimately CSR, to occur, mutants would
necessarily be capable of extending a 3’ mismatch. The dominant mutants from this
selection not only had the ability to extend mismatches, but had also evolved the ability
to incorporate a diverse spectrum of unnatural nucleoside triphosphate substrates. CSR is
also being used to evolve polymerases capable of incorporating completely new
nucleoside triphosphate analogs. In a recent publication, Holliger and coworkers evolved
a polymerase capable of incorporating hydrophobic bases first reported by Kool.(Loakes
etal., 2009) In a similar technique to the 3" mismatch selection, the selection pressure
was introduced by using primers that forced the polymerase to read-through non-
canonical base pairs at specified positions. Instead of a 3’ mismatch, a hydrophobic base
was introduced in its place. Stringency was increased by introducing a hydrophobic base
in the middle of the primer as well.

In the experiments mentioned above, the selection technique known as
compartmentalized self-replication involved replication of the entire gene. Amplification
of a large gene can be difficult and may impose additional selection pressure to the
system. In the event that a defined region of the gene is known to be important to the
evolution, the stringency of the selection can be reduced by demanding that the
polymerase only amplify that defined region or “short patch” of the gene. Holliger and
coworkers modified CSR to only involve the amplification of a defined region. They
named this technique short patch compartmentalized self-replication or spCSR and used
it to evolve Taq to incorporate ribonucleotides.(Ong et al., 2006) The selection
demanded that active mutant polymerases be able to amplify a portion of its own gene
using any three of the four different deoxyribonucleotides and the ribonucleotide
counterpart of the deoxyribonucleotide that was left out. Examination of the structure of
Taq allowed them to focus on a single peptide of the active site. Decreasing the target

amplicon size to decrease selection pressure is crucial as the selection required not only
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the successful incorporation of multiple ribonucleotides, but also the efficient read-
through of the resulting hybrid RNA/DNA product. Very recently, CSR has been used to
evolve a Family B polymerase, Pyrococcus furiosus DNA polymerase I or Pfu, to accept
nucleotides that have been base-functionalized with a fluorescent group and to produce
dsDNA with a high density of functionalization.(Ramsay et al., 2010) With the growing
success and versatility of this technique to produce modified nucleotide compatible
polymerases, an increasing repertoire of unnatural nucleotides will be available for in

vitro selections.

1.5 Thesis objectives

The aim of this thesis is to further develop sequence specific RNA cleavage at
high catalytic rates in physiological conditions using modified DNAzymes. In vitro
selected DNAzymes are currently limited by their lack of functional diversity compared
to protein enzymes. Recognition of this limitation has led to the development of
biomolecule conjugates with the favorable attributes of both the sequence specific
substrate recognition characteristics of nucleic acids and the high divalent metal cation-
independent catalysis accomplished by proteins. Chapter 2 describes an improved
synthesis of an 8-modified 2'-deoxyadenosine triphosphate that was based on a previous
synthesis of the phosphoramidite congener. Updated synthesis affords substantial
quantities of the triphosphate. Chapter 3 explores the effects of conformationally
restraining the chemically appended functional group, imidazole, by shortening the
functional group linker through the use of a yet untested modified nucleoside
triphosphate, 8-(4-imidazolyl)aminomethyl-2'-deoxyadenosine triphosphate, in the
discovery of a DNAzyme with enhanced catalysis.

Selections using different modified nucleotides introduce new selection pressures
that have unforeseen results on the fitness of clones bearing a particular sequence.
Chapter 4 examines the recognition of modified DNA by protein enzymes and how it
affects DNAzyme fitness. Past selections using modified nucleotides showed a slight
bias in the percentage of 8-modified dAs in the final gene pool. Bias against the critical

8-modified dA should be minimized to avoid the loss of sequence and chemical space. It
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is hypothesized that two most notable selection pressures that could cause this bias stems
from the polymerase-mediated synthesis of the fully modified DNAzyme clones and the
read-through of successfully selected modified clones. Other enzymic activities related
to the enzymic processing of modified DNA such as restriction digests and in vivo
processing will be examined.

Inefficient processing by polymerases hinders the further discovery of modified
DNAzymes and decreases the repertoire of functional groups available to researchers.
Instead of sacrificing modified nucleotide design to accommodate commercial
polymerases, the polymerases can be altered to accommodate modified nucleotides
designed for enhanced catalytic activity. Chapter 5 describes progress towards the
directed evolution of a DNA polymerase for improved uptake and read-through of
functionalized nucleotides. Short patch compartmentalized self-replication, which was
developed by Holliger and coworkers for the successful selection of several evolved
polymerases with improved incorporation and extension of modified nucleotides, is the
chosen method for the directed evolution of Thermus aquaticus DNA polymerase I. We
hope to use this method of forming reverse micelles to isolate each mutant polymerase
and its corresponding gene from neighboring mutant polymerases to enrich only those
capable of efficiently incorporating modified nucleotides as well as synthesizing a new

strand of DNA using a modified template.
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Chapter 2: Chemically Synthesized Modified Nucleobase Analog
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2.1 Introduction

The introduction of the modified nucleosides into the selection of self-cleaving
DNAzymes has begun to alleviate dependence on non-physiological conditions.
Specifically, the need for high divalent metal cation concentrations is overcome by the
use of nucleosides modified with chemical functionalities found in the active site of
RNase A.(Perrin et al., 2001; Sidorov et al., 2004) The two modified nucleoside
triphosphates used in the selection of the RNase mimic Dz9,s5-11 were 5-aminoallyl
dUTP (dU*TP) and 8-(2-(4-imidazolyl)aminoethyl)-2'-deoxyadenosine triphosphate
(dA™TP) 2.1 (Figure 2.1). The former nucleoside is commercially available. The latter

was originally synthesized using adenosine monophosphate as starting material.
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Figure 2.1 The structure of 8-(2-(4-imidazolyl)aminoethyl)-2'-deoxyadenosine triphosphate (dA™TP) 2.1.

In subsequent experiments, the phosphoramidite version, 8-(4-
imidazole)aminoethyl-2'-deoxyadenosine phosphoramidite 2.7 (Figure 2.2), was
synthesized so that trans-cleaving Dz9,s-11, which was capable of multiple turnover,
could be produced using solid phase DNA synthesis.(Lermer, Hobbs, & Perrin, 2002;
Ting, Thomas, Lermer, & Perrin, 2004) As the production of related 8-modified
adenosine triphosphate analogs was being explored, a major concern was the possibility
of trace amounts of unmodified dATP could contaminate the modified nucleotide
product. An example of this was an anomaly that arose during the synthesis and enzymic
incorporation of an 8-(2-(4-imidazolyl)ethylthio)-modified 2'-deoxyadenosine
triphosphate raised suspicions that contaminating unmodified dATP was being
synthesized and preferentially incorporated by enzymes. Since the sulfur adduct
followed the same original synthesis as 2.1 that started with 2’-deoxyadenosine

monophosphate, the purification of the synthetic intermediates was made difficult by
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their negative charge. As a result, an alternate method of producing 8-modified 2'-

deoxyadenosine triphosphates was sought. A variation of the synthetic method used to

synthesize 2.7 was chosen. The phosphoramidite method has the advantage of starting

with the nucleoside, and the negatively-charged phosphate groups are added in the last

steps. The phosphoramidite method facilitated purification by using uncharged

intermediates that could be purified by flash chromatography. Furthermore, this method

has been successfully employed to produce other 8-modified nucleosides and has the

advantage of producing an intermediate 2.6 that could be used to synthesize either the

nucleoside triphosphate for enzymic studies or the nucleoside phosphoramidite for

chemical scale up. Branching off from compound 2.6, the synthetic scheme was adapted

with the addition of a few protecting group changes so that the triphosphate group can

then be introduced in the last step.
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Figure 2.2 Literature synthesis of (6N-benzoyl-8-(2-(4-imidazolyl)ethylamino)adenyl))-3'-O-(2-cyanoethyl-

N,N-diisopropylphosphoramidyl)-5'-O-(4,4'-dimethoxytrityl)-2'-deoxy-pB-D-ribofuranose. The triple

arrows branching off from 2.6 represent a synthetic route that affords the corresponding modified

nucleoside triphosphate analog.
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To facilitate the synthesis of 2.1, a modified synthetic scheme that started with
compound 2.6, the precursor to the phosphoramidite, was used. Using this method,
grams of the intermediates can be easily produced and converted to either the modified
nucleoside phosphoramidite or the modified nucleoside triphosphate. The modified
nucleoside phosphoramidite was used to produce modified oligonucleotides using solid
phase synthesis. The isolated product dA™ TP 2.1 was characterized using enzymic

incorporation followed by MALDI analysis.

2.2 Objective of this work

An alternate method of producing 8-modified dATP was required to facilitate
purification of 8-modified intermediates and ensure unmodified contaminations are kept
to a minimum. In this chapter, the literature synthesis of 2.7 was performed and the
resulting compound was used to chemically synthesize an oligonucleotide. Also, an
ime

alternate synthesis of dA™" TP that did not start from an adenosine monophosphate, but

ime

from adenosine is also described. The enzymic incorporation reaction of d

nucleoside monophosphate followed by MALDI analysis was used as characterization.

2.3 Materials and methods

2.3.1 General methods

Chemical reactions were monitored using aluminum-backed silica gel thin layer
chromatography from Macherey-Nagel. Compounds were visualized by irradiating the
silica gel plate with UV light at 254 nm. Acid treatment of the compounds on the silica
gel plates was accomplished by briefly immersing the plate in 1 M HCI. Flash
chromatography was performed using 230-400 Mesh Silicycle silica gel.

2.3.2 Nuclear magnetic resonance, mass spectrometry and matrix assisted laser
desorption ionization instuments

'H and ">C NMR spectra were obtained using a Bruker AV300 spectrometer at
300 MHz and 75 MHz, repectively. Mass spectrometry (MS) was performed on a Bruker
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Esquire-LC, Micromass LCT or Waters LC/MS instrument in positive ion mode and
matrix-assisted laser desorption ionization (MALDI) was performed Bruker Biflex I'V at

the Mass Spectrometry Centre at The University of British Columbia.

2.3.3 Oligonucleotides

The following oligonucleotides are mentioned in this chapter (5'-3"):

ODN 2.1 GTCGACTCTAGAAGATCTATCA™® (CH-4-42-s5)

ODN 2.2 GTCGACTCTAGAAGATCTATCA (CH-6-42-ss)

ODN 2.3 GTCTGTTGGGCCCATCCAACA (7DMP4)

ODN 2.4 ACTCTAGAGGATCCCCGGGTA™ CCGAGCTCGAATTCAC (CH-4-42-A)
ODN 2.5 TTCGGCGTCCCGCGGGAGGCCCTCCAGCCCCT (CH091A)

Oligonucleotides ODN 2.1, ODN 2.2, and ODN 2.4 were synthesized at and purchased
from the University Core DNA Services at the University of Calgary. Oligonucleotides
ODN 2.3 and ODN 2.5 were synthesized at and purchased from the Nucleic Acids and

Protein Services Unit at the University of British Columbia. ODN 2.1 was gel purified.

Oligonucleotide names as recorded in the notebook are in parentheses.

2.3.4 Synthesis of (6N-benzoyl-8-(2-(4-imidazolyl) aminoethyl)adenyl))-5’-O-(4,4'-
dimethoxytrityl)-2’-deoxy-p-D-ribofuranose and (6N-benzoyl-8-(2-(4-
imidazolyl)ethylamino)adenyl)) -3'-O-(2-cyanoethyl-N,N-
diisopropylphosphoramidyl)-5'-O-(4,4'-dimethoxytrityl)-2’-deoxy-p-D-ribofuranose
Coumpounds (6N-benzoyl-8-(2-(4-Imidazolyl)ethylamino)adenyl))-5'-O-(4,4'-
dimethoxytrityl)-2'-deoxy-p-D-ribofuranose 2.6 and (6N-benzoyl-8-(2-(4-
Imidazolyl)ethylamino)adenyl)) -3'-O-(2-cyanoethyl-N,N-diisopropylphosphoramidyl)-
5'-0-(4,4'-dimethoxytrityl)-2'-deoxy-B-D-ribofuranose 2.7 were synthesized according to
literature precedent.(Ikehara & Kaneko, 1970; Lermer, Hobbs et al., 2002; Singh, Kumar,
& Ganesh, 1990) Briefly, adenosine was brominated at the 8 position and the product 2.3
crystallized when the pH was brought up to 7 using 0.5 M NaOH. The N-6 position was

51



protected with a benzoyl group and subsequently the 5" hydroxyl group was protected
with a dimethoxytrityl group. The bromide at the 8 position was displaced with free
histamine in a nucleophilic aromatic substitution reaction to give compound 2.6.
Compound 2.6 was treated with 2-cyanoethyl-N,N-diisopropylphosphoramidyl chloride
to afford 2.7.

2.3.5 Synthesis of (6N-benzoyl-8-(2-(4-imidazolyl) aminoethyl)adenyl))-3'- O-
(methoxyacetyl)-2'-deoxy-B-D-ribofuranose (2.8):

A solution of compound 2.6 (373.8 mg, 0.49 mmol) was dissolved in dry pyridine (1.92
ml). Methoxyacetic anhydride (0.128 ml, 0.94 mmol) was added dropwise with constant
stirring. The reaction was stirred overnight at room temperature. By TLC, the reaction
was complete (Rf = 0.50 in 10 % methanol in chloroform) and solvent was removed
using a rotory evaporator to afford an oil. The oil was dissolved in 80 % acetic
acid:water (3.2 ml) and was allowed to stir for three hours at room temperature to remove
the acid labile dimethoxytrityl group from the 5’ oxygen. The reaction was complete by
TLC (Rf=0.20 in 10 % methanol in chloroform). The product 2.8 (174.2 mg, 0.325
mmol, 67 %) was purified using flash chromatography and appeared as a white solid. 'H
NMR (300 MHz, CDCl3, 25 °C): 8 = 8.50 (s, 1H, 2-H), 8.01 (d, J = 7.2 Hz, 2H, 0-Bz-H),
7.69 (s, 1H, (C-2)-Imid), 7.59 (t, J = 7.41 Hz, 1H, p-Bz-H), 7.51 (t,J = 7.68 Hz, 2H, m-
Bz-H), 6.78 (s, 1H, (C-5)-Imid), 6.63 (dd, J = 5.39, 10.04 Hz, 1H, 1’-H), 5.58 (d, ] = 6.26
Hz, 1H, 3'-H), 4.18-4.14 (m, 1H, 4’-H), 4.06 (d, J = 11.44 Hz, 1H, 5'-H), 3.99 (s, 1H,
CO-CHz-0), 3.94 (dd, J =1.21, 11.43 Hz, 1H, 5'-H), 3.73 (m, 2H, N-CH,-), 3.51 (s, 3H, -
0-CH3), 2.99 (m, 2H, -CH,-Imid), 2.78 (m, 1H, 2'-H), 2.27 (dd, J = 5.433, 14.085, 1H,
2'-H). *C NMR (75 Mhz, CD;0D, 25 °C) & = 170.5 (ester), 166.9 (amide), 153.5 (C-
4),153.4 (C-8), 147.8 (C-2), 143.2 (C-6) 134.6, 134.2, 134.0 (C-4 imid, C-2 imid, C-Bz),
132.4 (C-p-Bz), 128.4 (C-m-Bz), 128.0 (C-0-Bz), 123.8 (C-5), 116.9 (C-5-imid), 85.4 (C-
4"), 83.7 (C-1"), 76.2 (C-3"), 69.2, 61.4, 58.3 (ester-CH»-O-, C-5, -O-CH3), 42.2 (N-CH>-
), 34.9 (C-2"), 25.81 (CH,-imid). MS (ESI"): calcd. For CysH20NgOg': 537.6 Found:
537.5
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2.3.6 Synthesis of 8-(2-(4-imidazolyl)aminoethyl)-2’'-deoxyadenosine triphosphate
(dA™TP) 2.1

8-(2-(4-Imidazolyl)aminoethyl)-2’-deoxyadenosine triphosphate (dA™TP) 2.1
was synthesized by triphosphorylating 2.8 according to Ludwig and Eckstein.(Ludwig &
Eckstein, 1989) A solution containing 2.8 (51.6 mg, 96.3 umol) was dissolved in 400 ul
of a 1:3 pyridine: dioxane mixture. 2-chloro-4H-1, 3, 2-benzodioxaphosphorin-4-one
(0.0457 mg, 225.6 umol) dissolved in 200 pul dioxane was added. A gum formed upon
addition of 2-chloro-4H-1,3,2-benzodioxaphosphorin-4-one. Dry DMF was added until
the gum dissolved. Tetrabutylammonium pyrophosphate (100 mg, 182.3 pumol) dissolved
in 300 pl dry DMF was added to the reaction. The reaction was stirred for ten minutes.
Reaction was quenched with the addition of 1 % iodine in 98:2 pyridine: water (v/v) (2
ml, 157 umol). The reaction was stirred for 15 minutes. To consume excess iodine, 5 %
NaHSO; was added until the colour from the iodine disappeared. The reaction was
evaporated to dryness and dissolved in water (10 ml). After 30 minutes, concentrated
ammonium hydroxide (20 ml) was added. Deprotection was carried out for 5.5 hours.
The reaction was evaporated to dryness. Products were purified on fourteen separate 10
cm by 20 cm (length by width) glass-backed TLC plates (Rf = 0.12 in 6:4:1
dioxane:H,O:NH4OH) and eluted from the silica gel using 3 % NH3;OH. About 0.4 mg
of crude dA™ TP was recovered. The product was HPLC-purified using a Waters 600
system and a Phenomenex Jupiter 10p C4 300A column giving 98 pl of a 7.9 mM
solution (Table 2.1, Retention time = 4.0 minutes). This solution was diluted and divided
into 1 mM aliquots (50 ul). The product was characterized by enzymic incorporation
using terminal transferase and oligonucleotide ODN 2.3 followed by analysis of the
products using MALDI. Products found using MALDI were 6377.4 (primer), 6799.7
(primer ODN 2.3 + dA™), and 7222.8 (primer ODN 2.3 + (2x) dA™). Mass difference
for the first addition dA™ monophosphate = 422.3. Calculated mass of the incorporated
dA™ monophosphate (neutral) = 422.3.
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Table 2.1HPLC Gradients.

‘ _ Flow rate % Acetonitrile/H,O (0.05 M
Time (minutes)

(ml/min) ammonium acetate pH 7)
0 1 0
20 1 25
40 1 50
41 1 100
46 1 100
47 1 0
52 1 0

2.3.7 Chemical synthesis of an 8-modified dA containing oligonucleotide

Compound 2.7 was sent to University Core DNA Services at The University of Calgary
to synthesize oligonucleotide ODN 2.1 (5'-GTCGACTCTAGAAGATCTATCA™-3")
bearing a dA™ at the 3’ end. The corresponding unmodified oligonucleotide ODN 2.2
(5'-GTCGACTCTAGAAGATCTATCA-3") was also synthesized. MALDI (5'-
GTCGACTCTAGAAGATCTATCA-3"): 6720.3 MALDI (5'-
GTCGACTCTAGAAGATCTATCA™-3'): 6829.4 Calculated mass difference due to the
8-(2-(4-imidazolyl)aminoethyl) group: 109.1 Mass difference found: 109.1

2.3.8 PCR amplification using an 8-modified dA oligonucleotide

PCR amplification was performed using the modified primer ODN 2.1 (5'-
GTCGACTCTAGAAGATCTATCA™-3"). The reaction contained 1x Thermopol
Buffer (10 mM KCI, 10 mM (NH4)2SO4, 2 mM MgSOy, 0.1 % Triton X-100, 20 mM
Tris-HCI pH 8.8), 200 uM dNTPs, 1 uM primer ODN 2.5 (5'-
TTCGGCGTCCCGCGGGAGGCCCTCCAGCCCCT-3") and 1 uM ODN 2.1 (5'-
GTCGACTCTAGAAGATCTATCA™-3"), and 25 ng pTaq plasmid and 2.5 U of Taq
polymerase (NEB) in a final volume of 50 pul. The reaction was thermocycled 20 x (94
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°C/30 seconds, 55 °C/30 seconds, 72 °C/30 seconds). Products were visualized on a 2 %

agarose gel.

2.4 Results

2.4.1 MALDI spectra of unmodified and modified oligonucleotide primer

The phosphoramidite 2.7 was synthesized according to literature precedent
(Ikehara & Kaneko, 1970; Lermer, Hobbs et al., 2002; Singh et al., 1990) to confirm the
presence of the (4-imidazolyl)aminomethyl group in the intermediate compound 2.6 and
used to produce oligonucleotides intended for use for a polymerase selection. One
oligonucleotide, ODN 2.1, in particular was synthesized with the dA™ at the 3’ position.
The inspiration for this was motivated by the selections done designing the primers to
introduce selection pressure in compartmentalized self-replication (CSR).(Ghadessy et
al., 2004; Loakes et al., 2009; Loakes & Holliger, 2009) It was our intention to use this
same technique of using modified primers in CSR to evolve a polymerase that has
improved tolerance for our 8-modified adenosines.

Only two nanomoles of the modified oligonucleotide ODN 2.1 were recovered
from solid phase synthesis. MALDI analysis of this modified oligonucleotide and the
unmodified version was performed by Dr. Leonerd Lermer. The unmodified
oligonucleotide gave a peak with a mass to charge ratio of 6720.3 while the modified
oligonucleotide gave a mass to charge ratio of 6829.4 (Figure 2.3). The difference in
mass to charge corresponds to a group matching the mass of an 2-(4-
imidazoyl)aminoethyl group (109.1). With the presence of the functional group
confirmed, primer ODN 2.1 could be used in PCRs to assess its compatibility with

polymerases.
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Figure 2.3 MALDI spectrum of unmodified primer oligonucleotides ODN 2.2 showing a mass to charge

ratio of 6720.3 (left) and 3'-dA™-modified primer oligonucleotide ODN 2.1 showing a mass to charge
ratio of 6829.4 (right). Values differ by a mass corresponding to a 2-(4-imidazoyl)aminoethyl group.

2.4.2 PCR using a modified oligonucleotide primer

Once oligonucleotide primer ODN 2.1 was synthesized and the presence of the
modification was confirmed by MALDI, the first test was to assess its compatibility with
Taq in a standard PCR. The amount of amplicon produced in this PCR will give an
indication of the difficulty Taq will have extending a 3' dA™ primer. Commercial Taq
from New England Biolabs (NEB) was used in a PCR reaction to test Taq’s ability to
incorporate nucleotides past a 3’ dA™ primer. A band corresponding to the correct
amplicon size of 600 bp was evident in the 2 % agarose gel (Figure 2.4). These results
confirm that Taq can polymerize beyond a 3'-dA™ in the oligonucleotide primer ODN

2.1. Therefore, using 3-dA™ primers in CSR is a promising method of introducing a
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selection pressure into a directed evolution and evolving a polymerase’s ability to accept

a base-modified nucleoside triphosphate substrate.

<+ 1kb

<« 05kb

1 2

Figure 2.4 PCR amplification using Taq polymerase and ODN 2.1, a primer bearing an 8-modified dA at
the 3" end. Lane 1: PCR amplification product. Lane 2: Invitrogen 1kb Molecular Weight Ladder.

2.4.3 Synthesis of dA™ TP

As discussed in the introduction of Chapter 2, we sought to produce 2.1 in a way
that we could make gram-scale amounts of the intermediate compound where every
intermediate could be easily purified using flash chromatography to eliminate
contamination from unmodified adenosine. The synthetic scheme shown in Figure 2.5
describes an improved synthetic approach to producing dA™TP 2.1. This new synthetic
scheme incorporates elements used in the literature synthesis of 2.7 (Lermer, Hobbs et
al., 2002) with a literature method of producing nucleoside triphosphates.(Ludwig &
Eckstein, 1989)
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Figure 2.5 Synthesis of (8-(2-(4-Imidazolyl)ethylamino)adenyl))- 5'-triphosphate-2'-deoxy-p-D-

ribofuranose.

Compound 2.8 was easily obtained by 3'-protecting compound 2.6 with a

methoxyacetyl group. Deprotection of the 5" dimethoxytrityl group was accomplished

0
" (MeOAc);0 ©)LNH i N ©)(NH N
N (2 equiv.) NQIN»_N /\/(N» 80% Acetic Acid NANN /\/g; 3
k\N N H H H

using 80 % acetic acid: water (v/v). After the protecting group swap, the nucleoside was

then subjected to a multistep-one-pot triphosphorylation starting with phosphitylation of

the free 5" hydroxyl intermediate 2.8. The salicylyl group protecting the phosphite was

displaced with inorganic pyrophosphate and subsequent oxidation using iodine oxidized

the phosphite to a phosphate affording the cyclic triphosphate intermediate 2.12.

Ammonium hydroxide treatment with heat deprotected the N-6 amine and 3" hydroxyl
group. The base treatment simultaneously promoted the ring-opening hydrolysis of the
cyclic triphosphate to the triphosphate, which affords compound 2.1. To purify the

product away from the salts and other byproducts, the product of the crude reaction

mixture was first purified using thin layer silica gel chromatography followed by HPLC.

HPLC-purified product 2.1 was enzymically incorporated into an oligonucleotide using

terminal transferase.
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2.4.4 Enzymic incorporation of dA™ monophosphate

Richard Ting performed the enzymic incorporation of the JA™ nucleotide.
Chemically synthesized compound 2.1 was used to extend an oligonucleotide ODN 2.3
using terminal transferase (Figure 2.6 left). The products of the extension reaction were
prepared for MALDI analysis, which was performed by Dr. Leonerd Lermer (Figure 2.6
right). The difference in mass to charge ratio (422.3) matches a value that corresponds to
the addition of uncharged dA™ nucleotide (422.3). Two incorporations can be seen on
both the polyacrylamide gel and the MALDI spectrum. However, the second addition is
faint and the corresponding peak is not as well resolved as the peak of the first
incorporation. Therefore, the mass to charge value for the peak corresponding to two
incorporations appears one mass to charge unit too high. Since the resolution was
unacceptable for the second peak, the mass difference from the first incorporation was
considered to be the true mass difference and positively supports the incorporation of a

dA™ nucleotide.
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Figure 2.6 A) Polyacrylamide gel showing a single and a double incorporation of the dA™ nucleoside
monophosphate by terminal transferase (left). B) Representative MALDI spectrum of the incorporation
reaction (right). Mass to charge ratios found are 6377.4, 6799.7, 7222.8. Peak values differ by a mass

corresponding to a single neutrally charged dA™ monophosphate.

2.5 Discussion

2.5.1 Modified oligonucleotide synthesis

The phosphoramidite was synthesized for use in the chemical synthesis of
modified oligonucleotides and primers. The short oligonucleotide primer ODN 2.1 was
synthesized with the intended use in a polymerase selection described in Chapter 5. The
presence of the 2-(4-imidazolyl)aminoethyl functional group attached to oligonucleotide
primer ODN 2.1 was verified according to a mass difference calculated from the MALDI
analyses of a modified oligonucleotide and an unmodified oligonucleotide of the same
sequence. ODN 2.1 is also shown to support PCR using commercial Taq, which shows
us that any fraying of the 3’ end that might result from weakened Watson-Crick base
pairing due to the modification does not inhibit the PCR reaction. Despite these
successes, there were a few problems with this oligonucleotide. First, the yield was very
low. Two nanomoles were recovered after purification from a two hundred nanomole

scale synthesis. We attribute this to introducing the modified base at the 3’ end of the
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oligonucleotide and that commercial solid phase synthesis normally begins with the solid
support preloaded with the first base. One other oligonucleotide, ODN 2.4 was
synthesized with the modification in the middle of the oligonucleotide, but was not
characterized by MALDI. Oligonucleotide ODN 2.4 was synthesized in much higher
yield. Two-hundred and fifty nanomoles of oligonucleotide ODN 2.4 was received by
the author indicating that 2.7 is suitable for solid phase synthesis, but yields will be low if
dA™ is required at the 3’ end. As stated earlier, the primer ODN 2.1 with the
modification at the 3’ end was meant to be used as a selection primer. However, low
synthetic yields may have been a problem if a repertoire of such primers needs to be
made. Also, recent changes to the way that the polymerase selection was performed have
made the use of this particular primer design obsolete. Nevertheless, valuable
information was attained through the synthesis of the modified primer and the future
syntheses of new selection primers will be designed accordingly.

The versatility of the synthetic method of producing the phosphoramidite analog
was exploited by other members of the lab. One other 8-modified adenosine analog was
produced by Richard Ting who was given 4 grams of 2.4. Dr. Ting successfully
functionalized and phosphitylated 2.4 to produce an 8-sulfur analog of 2.7. The
photolabile sulfur analog was used to produce a light-activated DNAzyme.(Ting, Lermer,
& Perrin, 2004) After this successful synthesis, compound 2.5 became the key
compound in the synthesis of a repertoire of 8-modified analogs of 2.1 and 2.7. (Lam et

al., 2008)

2.5.2 Triphosphate synthesis

The final steps of the modified nucleoside triphosphate synthesis involve a
multistep-one-pot reaction that, unfortunately, had a low yield of about 1 %. After work
up and evaporation of the solvents, the triphosphate compound is amidst many chemical
byproducts in the round bottom flask. It is quite possible that some of compound 2.1
remained in the round bottom flask trapped within the salt byproducts. Even with the low
yield, however, we managed to isolate more than enough of the final product for many
enzymic incorporation and the yield was not further optimized by the author. The yield

could be improved by dissolving all of the salts and applying that solution onto silica gel
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plates as well. Future syntheses should integrate dissolving the salt byproducts and
purifying any leftover modified nucleoside triphosphate as a final step.

This method of synthesis for dJA™ TP 2.1 facilitates the purification of
chemically-augmented nucleoside intermediates. One of the benefits of this method is
that compound 2.5 can be derivatized with an assortment of functional groups. Using this
method, Curtis Lam proceeded to synthesize various 8-modified adenosine triphosphates
using both nucleophilic aromatic substitution displacement as well as Sonagashira
coupling.(Lam et al., 2008) One of his new nucleotides, 8-(2-(4-
imidazolyl)aminomethyl)-2'-deoxyadenosine triphosphate (dA™ TP), became the focus

of a selection described in Chapter 3.
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Chapter 3: A DNAzyme Selection used to Evaluate Effects of Shortening Linker

Length between Imidazole and 8-Modified 2'-Deoxyadenosine
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3.1 Introduction

The discovery of divalent metal cation-independent DzG3 by Geyer and Sen
proved that unmodified DNA has sufficient functionality for detectable catalytic self-
cleavage at a ribophosphodiester bond.(Geyer & Sen, 1997) Much like the hammerhead
ribozyme mentioned in Chapter 1, DzG3 achieves high substrate specificity through the
use of Watson-Crick base pairing. Although the rate enhancement of DzG3 over
spontaneous self-cleavage reached 10”-fold improvement, the K,ps of DzG3 falls short of
the first order rate constant of divalent metal cation-dependent nucleic acid enzymes and
is several orders of magnitude below the first order rate constant of the non-specific RNA
cleaving RNaseA.

The addition of exogenous non-metal cation cofactors e.g. histamine and
spermine has been used in the past to assist the DNAzyme with catalysis.(Faulhammer &
Famulok, 1997; Roth & Breaker, 1998) Two limitations of this approach are that the
DNAzyme is then required to evolve cofactor binding as well as catalysis and that the
selection pressure increases with the number of cofactor binding sites required. These
pressures could potentially limit the number of cofactors and therefore limit the chemical
space of the DNAzyme. The chemical functionalization of a given nucleoside
triphosphate used in the selection of DNAzymes removes the need of selecting for the
binding of any exogenous metal cation or non-metal cation cofactor. The first divalent
metal cation-independent DNAzyme functionalized with two chemical groups, Dz9,s-11
(Kops = 0.044 + 0.01 min™"),(Perrin et al., 2001) achieved an improvement in rate constant
over unmodified DNAzymes like DzG3 (Kops = 2.8 + 0.4 107 min™).(Geyer & Sen, 1997)
Dz9,5-11 utilized amino and imidazole functional groups to mimic lysine and histidine,
respectively, which are found to be the key catalytic residues in the active site of
RNaseA.(Barnard, 1969) Sidorov et al. later selected for a DNAzyme that similarly uses
amino and imidazole functionalities by way of introducing an imidazole-modified dU and
a propargylamino-modified dA into the selection to cleave a short 12 nt section of RNA
(Figure 3.1).(Sidorov et al., 2004) The cleavage was not site-specific, however, and
cleaved at either of two 5'-UA-3’ sites (Kops = 0.06 min”! for the major site and Kqps = 0.07
min™ for the minor site) in the RNA region. While these nucleotides were chosen for

their high compatibility with commercial polymerases compared to those used by Perrin
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et al., the activity of the DNAzyme constructed using unmodified counterparts shows that
the DNAzyme is still 7 % active and that the catalysis is not completely dependent on the
chemical augmentations. This finding raises the question of whether or not the
modifications are absolutely necessary for catalysis. Mechanistic studies on the
functional groups in the Dz9,s-11, on the other hand, proved that they are directly
involved in catalysis and with the exception of one modified dA removal of a single key
modification results in at least a ten-fold decrease in activity.(Thomas et al., 2009) Of
the three above mentioned DNAzymes: Sidorov’s DNAzyme, DzG3, and Dz9,5-11, only
Dz9,5-11 was chemically synthesized to perform intermolecular cleavage with multiple

turnover to prove its catalytic function.
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Figure 3.1 The two modified nucleoside triphosphates propargylamino-modified deaza-dATP (left) and
imidazolyl-dUTP (right) used by Sidorov et al.

The next leap in catalytic rate enhancement was the addition of a third functional
group. This third functional group, the guanidinium, is not a chemical group of the
critical catalytic residues His12, His119, or Lys41 of RNase A, but is known to stabilize
duplex DNA(Prakash, Puschl, & Manoharan, 2007; Roig & Asseline, 2003) and can
potentially provide additional electrostatic stabilization to the negatively-charged
pentacoordinate phosphorus intermediate.(Trautwein, Holliger, Stackhouse, & Benner,
1991) With a third modified nucleoside triphosphate, the guanidinium-modified dU**TP,
introduced in a selection with both the amino-modified and imidazole-modified
nucleoside triphosphates, a new benchmark for the rate constant for divalent metal cation-
independent cleavage was attained. The DNAzyme isolated from this selection, Dz9-86

(Kops = 0.134 £ 0.026 min™', 24 °C) shown in Figure 1.11, with this third functional group
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did indeed have a rate enhancement over Dz9,s-11 (Kops = 0.044 = 0.01 min'l, 37
°C).(Hollenstein et al., 2009a) An additional advantage bestowed is increased
thermostability of Dz9-86 (Kobs ~ 0.15 min™', 37 °C) over Dz9,s-11. Although selected at
room temperature, Dz9-86 was reported to have a rate maximum between 35 - 40 °C.
Dz10-66 (Kgps = 0.63 £ 0.04 min™', 37 °C), the DNAzyme subsequently selected using a
40 nt degenerate region, was also selected using the dU**TP and while it likewise showed
similar thermostability as Dz9-86, it presented yet another increase for the benchmark
minimum rate constant for divalent metal cation-independent self-cleavage.(Hollenstein
et al., 2009b)

In terms of intermolecular cleavage and true catalytic turnover, the catalytic
efficiency, Kea/Kw, is the value of interest. The maximum value for catalytic efficiency is
set by the diffusion of the substrate to the enzyme and has a value of ~ 10° M sec™.
Recall, Dz10-23 has a Kea/Ky of about 4.5 - 10° M min™". Currently, our best divalent
metal cation-independent DNAzyme, Dz10-66t, has a Ke,/Ky of ~ 6 - 10° M min™!
which is well below the K ./Ky of Dz10-23. Since the binding of the substrates for
Dz10-23 and Dz10-66t is mediated by Watson-Crick base pairing and increasing
substrate affinity by elongating the binding regions will result in slow product release,
improving the K, of our divalent metal cation-independent DNAzymes by optimizing the
functional group-dependent catalytic mechanism is explored in this chapter.

The addition of functional groups has improved DNAzyme catalysis, but the
method of chemical attachment, i.e. position and composition of the linker of the
functional group, has not been thoroughly explored. The positional attachment has varied
from sugar to base with much emphasis focused on the ease of incorporation. While its
incorporation is limited to a specific polymerase, the 8-(4-imidazolyl)aminoethyl-2'-
deoxyadenosine triphosphate has been successfully employed in several
DNAzymes.(Hollenstein et al., 2008; Hollenstein et al., 2009a; Hollenstein et al., 2009b;
Perrin et al., 2001) The 8 position has shown much success and will be retained as a key
attachment point.

The composition of the functional group linker is another variable that must be
explored. The functional group linker is crucial for precise placement of the imidazole.

We hypothesized that by limiting the free movement of the functional group by using a
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rigid or short linker at the 8 position and constraining it into its active conformation
within the active site; we can obtain higher catalytic rate constants. Although one may be
tempted to use the protein analogy of site-directed mutagenesis where one would simply
replace the modified adenosines with modified nucleotides bearing new linkers, doing so
may not accurately validate the short linker as such replacements could cause large
structural changes in the relatively small DNAzyme. Therefore, a new selection utilizing
these constrained modified adenosines must be performed. A modified 2'-
deoxyadenosine triphosphate 3.4 using a rigid unsaturated alkynyl linker at the 8 position
of 2'-deoxyadenosine has been tested for incorporation and was shown to be a poor
substrate for DNA polymerases (Figure 3.2).(Lam et al., 2008) Poor incorporation
immediately eliminates its use in a DNAzyme selection. Modified 2’-deoxyadenosine
triphosphates bearing a short methyl linker 3.2 (dA™™TP) or a longer propyl linker 3.3
(dA™PTP) were also synthesized. The longer propyl linker variant was found to be a
poor substrate for Sequenase V2.0. The short methyl linker consists of an aminomethyl
group, which is one methylene group shorter than the linker found in 8-(2-(4-
imidazolyl))aminoethyl-2'-deoxyadenosine triphosphate, 2.1. The incorporation

efficiency of modified nucleotide 3.2 was found to be adequate for a selection.
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Figure 3.2 Chemical structure of 2.1 (dA™TP), 3.1 (dATP), 3.2 ({A™™TP), 3.3 (dA™TP), 3.4 (alkynyl-
linked imidazole dATP).
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3.2 Objective of this work

The previous work on DNAzymes mentioned above shows the incremental
improvements made to the general selection scheme for DNAzymes that perform
catalysis in specific conditions. In particular, high activity in physiological conditions
(low divalent metal cation concentrations, near neutral pH) is sought. Through the use of
chemical modifications, modified DNAzymes that achieve catalytic rate constants in
these conditions and are orders of magnitude higher than unmodified DNAzymes have
been discovered. Increasing the diversity of chemical functionalities and potentially
enlarging the catalytic motifs by switching from a 20 base degenerate region to a 40 base
degenerate region have beneficial outcomes on the selections of modified DNAzymes. In
this study, the fine tuning of the modifications’ spatial orientation was investigated.

The goal of this chapter is to further our knowledge of modified nucleotides in
selections and through this understanding isolate DNAzymes with enhanced properties.
To acquire this knowledge, we needed to determine whether or not using the chosen 8-(4-
imidazolyl)aminomethyl-2'-deoxyadenosine bearing a constrained linker will lead to a
selected DNAzyme with a catalytic rate constant higher than that of the previously
selected Dz10-66. To determine this, we selected for a catalytically active DNAzyme
that is dependent on the 8-(4-imidazolyl)aminomethyl-2'-deoxyadenosine and compared
its rate constant to that of Dz10-66. The temperature and pH dependence of the isolated

DNAzyme was also assessed.

3.3 Materials and methods

3.3.1 Chemicals and reagents

The nucleoside triphosphates dUSTP, dA™ TP and dA™ were synthesized
according to literature protocol (Hollenstein et al., 2009a; Lam et al., 2008) by Curtis
Lam. The protected dA™ nucleoside was synthesized according to literature protocol
(Lermer, Hobbs et al., 2002; Prakash, Krishna Kumar, & Ganesh, 1993) and further
converted to the triphosphate using the Ludwig and Eckstein method.(Ludwig &
Eckstein, 1989) dC*TP was purchased from Trilink. o-P*?-dGTP was purchased from

Perkin Elmer. Chemicals used were purchased from Sigma. X-Gal and SOC media was
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purchased from Invitrogen. Ampicillin disodium salt was purchased from Sigma. Water

used in all experiments was first diethyl pyrocarbonate (DEPC)-treated and autoclaved.

3.3.2 Cells, plasmids, enzymes, and protein

Sequenase Version 2.0 was purchased from USB Corporation. Lambda
exonuclease, Taq polymerase and Vent (exo-) were purchased from New England
Biolabs. Single-stranded Binding Protein was purchased from Epicentre. SUPERase-In
was purchased from Ambion. RNase A was purchased from Fermentas. pGEM-T Easy
was purchased from Promega. E. coli DH10B Electromax cells, SOC Media, LB Broth
Base (Lennox L Broth Base), and Terrific Broth (TB) were purchased from Invitrogen.

3.3.3 Oligonucleotides

All oligonucleotides were purchased from Integrated DNA Technologies.
Biotinylated primer ODN 3.2 was gel purified. All other oligonucleotides were extracted
using phenol:chloroform:isoamyl alcohol 25:24:1 followed by precipitation with 3 %
LiClOy in acetone. The precipitate was centrifuged and the pellet was washed with
ethanol (500 pl), dried and dissolved in water. The oligonucleotides were then passed
through a G-25 column for desalting. The numbers in bold following the sequence are
the oligonucleotide names used in a previous publication.(Hollenstein et al., 2009b)

The following oligonucleotides were used (5' to 3'):

ODN 3.1 GAGCTCGCGGGGCGTGCN4CTGTTGGTAGGGCCCAACAGACG 1
ODN 3.2 biotin-Tr0(GCGTGCCrCGTCTGTTGGGCCC 2

ODN 3.3 phosphate-CGTCTGTTGGGCCCTACCA 3

ODN 3.4 GAGCTCGCGGGGCGTGC 4

ODN 3.5 phosphate-ACGACACAGAGCGTGCCCGTCTGTTGGGCCCTACCA 5
ODN 3.6 TTTTTTTTTTTTTTTTTTTTGAGCTCGCGGGGCGTGC 6

ODN 3.7
GAGCTCGCGGGGCGTGCAACGACCCACACGACCTGCGAACCACTAGAGAGC
ODN 3.8 ATGACTTGTGGTAGGGCCCAACAGACGGGCACGCTCGTGTTGT 7
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rC indicates a cytidine

3.3.4 Buffers and cocktails

1 (cleavage buffer, no divalent metal cations) 50 mM sodium cacodylate, 200 mM NaCl,
1 mM EDTA, pH 7.4

2 (wash buffer, TEN) 50 mM Tris-HCI, 1 mM EDTA, 200 mM NaCl, pH 7.5

3 (template stripping buffer) 0.1 M NaOH, EDTA 1 mM

4 (NaOH neutralization buffer) 25 mM sodium cacodylate pH 6

5 (elution buffer) 1 % LiClO4 in 10 mM Tris-HCI pH 8

6 (pH variance buffers) mM Tris-HCI, 1 mM EDTA, 200 mM NaCl pH 6.0, 6.5,
7.0,7.5,8.0, 8.5 and 9.0

Cocktail for the First amplification of selection products (5x First Amp Cocktail): 32.6
puM primer ODN 3.3, 39.1 uM primer ODN 3.4, 1.5 mM dNTPs, 5 mM MgSOy, and 5x
Thermopol Buffer

Cocktail for the second amplification for the amplification of gel purified amplicons from
the amplification of the selection products (5x Second Amp Cocktail): 32.6 uM ODN
3.5,43.5 uM ODN 3.6, 1.5 mM dNTPs, 5 mM MgSOs, and 5x Thermopol Buffer.
Formamide loading buffer: 10 ml formamide (Sigma), 0.2 ml 0.5 M EDTA, pH 8.0, 10
mg bromophenol blue (0.1 % w/v), 10 mg xylene cyanol (0.1 % w/v)

3.3.5 Detection of radioactive DNA

Bands of radioactive DNA, resolved on denaturing polyacrylamide gels, were
visualized by first exposing the gels to storage phosphor screens. Low activity gels were
exposed overnight. Imaging of the screen was done using a GE Typhoon 9200
Phosphorimager. For data manipulation, the program Imagequant Version 5.2 was used
to determine the number of counts associated with a particular band by encompassing the

band and representing the counts as a function of image intensity.
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3.3.6 In vitro selection

The first round of selection follows a scheme shown in Figure 3.3. Subsequent
rounds closely follow the same scheme with minor variations to increase stringency.

Details of each step are described in the following paragraphs.

Step 7: Lambda Step 11.
Exonuclease digestion of Elongation
Second Amplification / — \
product .
library
O
Step 6: Second o
Amplification Step 2: Binding and
removal of the
template

' r
Step 5: Lambda \ / Step 3
Exonuclease digestion Selection

of First Amplification

product wf
— T g

Step 4: First
amplification

Legend
r =embedded ribonucleotide
O = biotin

® = biotin: streptavidin complex on a solid support

Figure 3.3 Modified DNAzyme selection scheme.
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Step 1: Elongation

For round 1, template ODN 3.1 (15 pmol) was annealed to ribose embedded
primer ODN 3.2 (15 pmol). The primer was extended using 4.6 U of Sequenase Version
2.0 (0.35 pl of a 13 U/ul stock) in the following conditions: 1x Sequenase buffer, 5 mM
dithiothreitol, Single-stranded Binding Protein (5 U), SUPERase In (5 U), 50 uM
dA™"TP, 10 pM dU*TP, 10uM dGTP, 10uM dC*TP and 5-15 uCi a-P**-dGTP in a
final volume of 20 pl. The reaction was overlaid with mineral oil and incubated (37 °C,
five hours). After incubation, a 0.5 M solution of EDTA (0.5 pl) was added to quench

the reaction.
Step 2: Binding and removal of the template

The elongation reaction mixture was added to prewashed streptavidin magnetic
particles and incubated at room temperature for 30 minutes. The streptavidin magnetic
particles with bound modified DNA were washed with TEN (2 x 50 ul), (0.1M NaOH, 1
mM EDTA) (5 x 50 ul), (25 mM cacodylate, pH 6 buffer) (1 x 100 ul), DEPC H,O (1 x
100 pl).

Step 3: Selection

Cleavage buffer (50 pl) was added to the bound modified single-stranded
oligonucleotides and left to incubate for one hour at room temperature. After one hour of
incubation the beads were magnetized and the supernatant was removed. 5x First Amp
Cocktail (2 pl) and 1 % LiClOy in acetone (1 ml) were added to the supernatant to
precipitate cleaved product. The cleaved products were centrifuged for 15 minutes and
the supernatant was separated from the pellet. The pellet was washed with ethanol (500
ul), agitated and spun in the centrifuge for 15 minutes. The ethanol was decanted and
any residual ethanol was removed in the speedvac. Formamide loading buffer (20 pl)
was added to the pellet. For size controls, water (10 ul) was added to the beads and the
beads were split equally. To one set of beads, RNaseA (1 ul of 10 mg/ml) was added and

incubated at room temperature for 20 minutes. After twenty minutes of incubation, 99:1
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formamide loading buffer:biotin (100 mM in DMF) (200 ul) was added to the beads. To
the other set of bead, 99:1 formamide loading buffer:biotin (100 mM in DMF) (200 pl)
was added directly. Products were resolved by 7 % denaturing PAGE. Polyacrylamide
gels were cast using 42 cm by 32 cm glass plates separated by a 0.4 mm spacer. Power
was applied for 2 hours at 44 watts. In the early rounds of selection, products are not

detectable and gel was excised at the height where the cleaved product control appears

(Figure 3.4).

Full length
uncleaved
DNAzyme
[ Do Excise gel at this

RNase — — !
cleaved :_ ______ 1 elect.r.ophoretic
DNAzyme mobility

1 2 3

Figure 3.4 Schematic representation of a polyacrylamide self-cleaving DNAzyme selection gel. Lane 1:
Full length uncleaved DNAzyme control. Lane 2: RNaseA-cleaved DNAzyme control. Lane 3: Decants
from DNAzyme selections. In early rounds, radioactivity from selected DNAzyme is too faint to be

detected. Gel is excised at the same height as the RNaseA-cleaved DNA control.

Step 4: First amplification

The portion of excised gel was crushed using a flamed sealed pipette tip and the
DNA was eluted by freezing and thawing (2 % 500 ul elution buffer). Elutions were
combined in a single eppendorf tube and dried in a speedvac. The dried sample was
dissolved in water (100 pl) and 5x First Amp Cocktail (2 pl). Ethanol (1 ml) was added
to precipitate the DNA. The sample was agitated briefly on a vortex and centrifuged for
15 minutes. The supernatant was removed and the pellet was dried using a speedvac to
evaporate residual ethanol. After dissolving in water (30 ul) the DNA was desalted using
a short spin column. PCR amplification of the purified products was carried out with the

addition of 5x First Amp Cocktail (8 ul), 3.3-10 uCi a-dGTP and 1.5 ul of 2 U/ul Vent
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(exo-) in a total volume of 40 pl. The reaction was thermocycled 30 x (54/15s, 75/40sec,
95/15s). Amplicons were extracted with phenol:chloroform:isoamyl alcohol 25:24:1 (40
pl) and precipitated with the addition of ethanol (400 ul). After agitating and 15 minutes

of centrifuging the ethanol was decanted and residual amounts were evaporated.
Step 5: Lambda Exonuclease digestion of First Amplification product

The amplicons were dissolved in water (35 ul), 10x Lambda exonuclease buffer
(4 ul) and, added last, SU lambda exonuclease (1 pul). Degradation of the phosphorylated
strand was carried out for 1.5 hours at room temperature. The reaction was extracted
with phenol:chloroform:isoamyl alcohol 25:24:1 (40 ul). To precipitate the single-
stranded DNA, 3 % LiClOy in acetone (300 pl) was added. The sample was agitated and
centrifuged for 15 minutes. The supernatant was decanted and the pellet was washed
using ethanol (400 pl). The sample was again agitated and centrifuged for 15 minutes.
The ethanol was decanted and any residual was evaporated by heating the sample to 65
°C. To load the sample onto a 10 % denaturing polyacrylamide gel, it was first dissolved
in water (15 pl) and formamide loading buffer (15 pul). The single-stranded product was
visualized and excised. The gel slices were crushed, eluted, precipitated and desalted as

before.
Step 6: Second Amplification

A second amplification of the products involved combining 2" Amp Cocktail (40
ul), water (150 ul), Vent (exo-) (9 ul of 2 U/ul) and DNA product (4 ul) obtained in the
First amplification. The second amplification reaction was thermocycled using the same
program as in the First amplification, and subsequently extracted using
phenol:chloroform:isoamyl alcohol 25:24:1 (200 ul). The amplicon product from the
second amplification was precipitated with the addition of ethanol (2 ml), agitated briefly
and centrifuged for 15 minutes. The supernatant was decanted away from the solid pellet
containing the second amplification product and residual liquid was evaporated by

heating the sample to 65°C and allowing the pellet to air dry.
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Step 7: Lambda Exonuclease digestion of Second Amplification product

The pellet containing the second amplification product was dissolved in water (90
ul) and 10x lambda exonuclease buffer (10 ul). The phosphorylated strand was degraded
with the addition of lambda exonuclease (1 pl of 5 U/ul stock). The degradation reaction
was incubated at room temperature overnight. The reaction was extracted using
phenol:chloroform:isoamyl alcohol 25:24:1 (100 ul). The single-stranded DNA was
precipitated with the addition of ethanol (1 ml), agitated briefly and centrifuged for 15
minutes. The supernatant was decanted, and residual liquid was evaporated by heating
the sample to 65 °C and allowing it to air dry. The single-stranded DNA was dissolved
in formamide loading buffer (40 pl) and 1 M NaOH (1 pl) prior to loading on a 10 %
denaturing polyacrylamide gel. The polyacrylamide gel was cast using 17 cm by 16.5 cm
glass plates separated by 1 mm spacers. Power was applied for one hour at 11 watts. The
single-stranded product was visualized by UV-shadowing and excised. The gel slice was
crushed and eluted by freezing and thawing (3 x 500 ul elution buffer). The sample was
dried using a speedvac and dissolved in water (100 ul) and precipitated with the addition
of 3 % LiClOy4 in acetone (300 ul). The sample was agitated briefly and centrifuged for
15 minutes. The supernatant was decanted and the pellet was washed with ethanol (400
ul). The sample was agitated briefly and centrifuged for 15 minutes. The supernatant
was decanted and residual ethanol was evaporated. The single-stranded template was
dissolved in water (50 pl) and desalted using a long G-25 column. The template was

quantified using UV absorption.

The remaining rounds of the selection were carried out as above with round
specific modifications. Synthesis of the modified pools for rounds 2-20 were done on a
30 pmol scale. Decants (supernatant) from each of the incubated selection were collected
and replaced with fresh cleavage buffer at the water wash step or incubation time
indicated in Table 3.1. Decants from the reaction mixture were taken at 60 minutes for
rounds 1 to 3. From rounds 4 to 21, decants were taken at 1 minute, 5 minutes, and 60
minutes with fresh cleavage buffer being added after the 1 minute and 5 minute decants.

From round 9 onwards, the water used to wash the beads before the addition of cleavage
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buffer was also collected and resolved on the selection gels. Products from each
collected decant were resolved by 7 % PAGE (Figure 3.4) and excised. Each gel slice
was processed in the same manner as the 60 minutes decant described above in round 1 to

produce polyacrylamide gel-purified First amplification product.

Table 3.1 Decant (supernatant) collected after the indicated duration of incubation from each round of

selection. Fresh cleavage buffer was added after each collection.

Water wash 1 minute 5 minutes 60 minutes
Round 1-3 X
Round 4-8 X X X
Round 9-21 X X X X

In order to increase the stringency as the rounds progressed, varying volumes of
First amplification product corresponding to different decants were combined and used as
templates to produce the second amplification product as shown in Table 3.2. Rounds 1
to 3 used 4 pl of gel purified First amplification product. Rounds 4 to 7 used the
following amounts of First amplification product: 1 pl of 1 minute, 1 ul of 5 minutes, and
4 ul of 60 minutes. Rounds 8 to 10 used the following amounts of First amplification
product: 1 pl of water wash, 1 ul of 1 minute, 1 pl of 5 minutes, and 1 ul of 60 minutes.
Rounds 11 to 17 used the following amounts of First amplification product: 1 ul of water
wash, 1 pul of I minute and 1 pl of 5 minutes Round 18 to 20 used only 1 pl of First

amplification product from the water wash and 1 minute decant.

Table 3.2 Amount of purified First amplification product added to the second amplification reaction to

increase stringency according to round.

Water wash 1 minute 5 minute 60 minute 60 minute
(1 ul) (1 ul) (1 ul) (1 ul) (4 ul)
Rounds 1-3 X
Rounds 4-7 X X X
Rounds 8-10 X X X X
Rounds 11-17 X X X
Rounds 18-20 X X
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3.3.7 General TA cloning method

The final generation of the selection was cloned using Promega’s pPGEM-T Easy.
This cloning kit uses a technique called TA cloning and does not require the use of
restriction enzymes to create ssSDNA overhangs to facilitate ligation of the insert to the
vector. Instead, inserts have an extra dA added to the 3'-end of dsDNA in a non-
templated fashion by a polymerase conveying extendase activity (Figure 3.5). This non-
templated addition of a dA is also referred to as A-tailing. The cloning vector (pGEM-T
Easy) included with the cloning kit has been prepared by cleaving with a restriction
enzyme that leaves two blunt ends each bearing 5’-phosphates. The vector is further
processed by T-tailing (extending with a dT) the 3’ ends using a polymerase with
extendase activity. Inserts are added in a 3:1 insert to plasmid ratio. With the
overhanging 3'-dT, the linearized vector can pair with the overhanging 3'-dA of the
insert. The 3’-dA of the insert can be ligated to the phosphorylated 5’ end of the cloning
vector. Unless the PCR primers used to produce the PCR product were 5'-

phosphorylated, the end product of the ligation is a double nicked circularized plasmid.

A-3'

Figure 3.5 TA cloning. 1. A target DNA is amplified using PCR. 2. If the PCR did not employ the use of a
polymerase with extendase ability, the PCR product is further extended with a single dA in an untemplated
fashion by a different polymerase with extendase ability. 3. The A-tailed insert is incubated with T-tailed
linearized plasmid. 4. The insert is ligated to a T-tailed plasmid and the newly constructed doubly-nicked
circular plasmid is ready for transfection into the cell. 5'-Phosphate is represented by a P overlaid upon a

red circle.
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3.3.8 Cloning and sequencing of generation 20

Using primers ODN 3.5 and ODN 3.6, generation 20 was amplified with Taq
polymerase 20 x (94 °C /30 seconds, 55 °C/30 seconds, 72 °C/30 seconds) to produce
dsDNA with 3" A overhangs. The amplicon product was purified on 2 % agarose and
extracted using Qiagen’s QIAQuick Gel Extraction kit. The purified amplicon was TA
cloned using Promega’s TA cloning pGEM-T Easy cloning kit. The ligation was
dialyzed on 1 % agarose for at least one hour followed by electroporation using Tritech’s
Bactozapper and Invitrogen’s E. coli DH10B Electromax cells (20 pl). The transfected
cells were added to SOC media (980 pul) and incubated (37 °C) with shaking (225 rpm)
for one hour. Fifty microlitres of the transfected cells in SOC media were spread on LB
agar (100 mg/1 ampicillin, 1 mg X-gal). E. coli containing plasmids without insert DNA
will produce blue colonies. Successful insertion of DNA into the vector disrupts the lacZ
gene and resulting colonies appear white. White colonies were chosen at random and
screened for single inserts of correct size by restriction enzyme digestion using Eco RI.
Plasmids bearing single inserts were sent to UBC’s Nucleic Acids and Protein Services

Unit for sequencing.

3.3.9 Screening of the clones

Single-stranded templates for individual sequences obtained from the sequencing
of the individual clones originating from the final generation were ordered from
Integrated DNA Technologies. To screen the clones for self cleavage activity, 6 pmol of
primer 2 were annealed to 5 pmol of template and extended using dC*TP, dU**TP,
dAimmTP, natural dGTP and o-P*2-dGTP. Extension reactions were halted after 3 hours
with the addition of 0.5 M EDTA (0.7 ul). Streptavidin (10 pl) was washed with water
and magnetized. The water wash was decanted. Extension reactions were incubated with
the prewashed streptavidin for 30 minutes at room temperature. After the 30 minute
incubation, the beads were washed with TEN (2 x 100 ul), (0.1M NaOH, 1 mM EDTA)
(5 x 100 pl), (25 mM cacodylate, pH 6 buffer) (1 x 200 ul), DEPC-treated H,O (1 x 100
pl). Prior to magnetizing the final water wash two aliquots (2 pul) of beads in water were

removed for controls. To one control sample, RNaseA (0.5 pl of 10 mg/ml) was added
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and incubated at room temperature for 20 minutes prior to the addition of 99:1 formamide
loading buffer:biotin (100 mM in DMF) (10 ul). Clones were incubated using the
selection conditions (40 pl cleavage buffer, 24 °C). At time points 1, 5, 30, 60, 120 and
1320 minutes an aliquot (5 pl) was removed and quenched by adding 99:1 formamide:
biotin loading buffer (15 pl). Cleaved and uncleaved oligonucleotides were resolved on a
7 % denaturing polyacrylamide gel, visualized using a phosphorimager (Amersham
Typhoon 9200) and polygons were drawn around the bands corresponding to cleaved and
uncleaved products. The data were fitted to a single-exponential equation (1) using

Sigmaplot 2001 for an initial estimate of the observable rate constant, Kops.

P=P x(1-e") 1
where:
Pt = amount of cleaved product
P,  =total amount of DNAzyme
k = observed rate constant
t = time

3.3.10 Kinetics of native Dz20-49 and modified dA* replacements

For four individual extension reactions, the template for Dz20-49 ODN 3.7 (15 pmol)
was annealed to 5'-biotin-modified ribose imbedded primer ODN 3.2 (15 pmol), and the
primer was extended under the same conditions as the selection rounds described in
section 3.3.6 with the exception of using dNTPs of varying compositions. The
nucleoside triphosphate cocktails used contained dCTP, dGTP, dTTP and one of either
dA™™TP, dATP, dA™TP, or dA™TP. An aliquot (6.67 ul, 5 pmol) of each of the four
extension reaction was bound to streptavidin magnetic beads and washed with TEN (2 x
100 pl), (0.1M NaOH, 1 mM EDTA) (5 x 100 ul), (25 mM cacodylate, pH 6 buffer) (1 x
200 ul), DEPC-treated H,O (1 % 100 pl). Prior to magnetizing the final water wash two
aliquots (2 ul) of beads in water were removed for controls. To one control sample,
RNaseA (0.5 ul of 10 mg/ml) was added and incubated at room temperature for 20
minutes prior to the addition of 99:1 formamide loading buffer:biotin (100 mM in DMF)

79



(10 pl). The beads with the elongated Dz20-49 constructs were incubated in cleavage
buffer (100 pl) at room temperature (24 °C) and aliquots (5 pl) were removed and
quenched at the following time points 5, 20, 40, 60, 90, 120, 180, 240, 300, 366, 420,
540, 1200, 1800, and 5760 minutes. Cleaved and uncleaved oligonucleotides were
resolved on a 7 % denaturing polyacrylamide gel, visualized with a phosphorimager
(Amersham Typhoon 9200) and polygons were drawn around the bands corresponding to
cleaved and uncleaved products. To explore the possibility that more than one folded
states is catalytically active, equation (2) that would account for a folded state A and a

folded state B was used to test for a better fit for the acquired data points.

P=P x(I-e™)+P, x(1-e™*")
where:

Pt = total amount of cleaved product at time t

P,  =total amount of DNAzyme in folded state A

P, = total amount of DNAzyme in folded state B
k = observed rate constant for folded state A

k' = observed rate constant for folded state B

t = time

3.3.11 37 °C kinetics of Dz20-49

The 37 °C kinetics of Dz20-49 were carried out using 5 pmol of the Dz20-49
extension reaction described in section 3.3.10 except that the incubation temperature was
maintained at 37 °C using a VWR temperature-controlled water bath. The cleavage
buffer was warmed to 37 °C prior to its addition to the bead-bound oligonucleotides.
Collection of time point samples, resolution by PAGE and calculation of the rate constant

was performed as described in section 3.3.10.
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3.3.12 pH dependence

The Kops values for Dz20-49 was determined at various pH values ranging from
6.0 to 9.0. Cleavage buffers used were composed of 50 mM Tris-HCI, 1 mM EDTA and
200 uM NaCl. Cleavage buffers pH values used were 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0.
About 1 pmol of extension product was bound to streptavidin beads and washed. After
being washed, the beads were treated with one of the cleavage buffers (40 ul) mentioned
above and incubated at room temperature (24 °C). Aliquots (5 pl) were removed at times
5, 60, 120, 330, 540, 1350 and 1800 minutes followed by quenching with the addition of
99:1 formamide loading buffer: biotin (100 mM in DMF) (15 pl). The data were
processed as above to determine cleavage rates and fitted to equation (3).

(Roychowdhury-Saha & Burke, 2006)

k
max 3

k =
0bs ™ 1 y10PKa-pH) 410(PH-PKa) {10(PKa-PKq )

3.4 Results

3.4.1 Progress of the selection

A selection was performed to determine the effects of making discrete changes to
the linker length of the tether joining an imidazole to the 8 position of adenine. The
protocol used to select for Dz10-66(Hollenstein et al., 2009b) was used in this selection
with the exception of using 8-(4-imidazolyl)aminomethyl)-2’'-deoxyadenosine
triphosphate 3.2 in place of 8-(2-(4-imidazolyl)aminoethyl)-2'-deoxyadenosine
triphosphate 2.1 that was used in the original Dz10-66 selection. As discussed in the
introduction of Chapter 3, the value of the rate constants of the clones resulting from this
selection compared to the value of the rate constant of Dz10-66 will help determine
whether or short linkers are better than longer linkers when selecting functionalized
DNAzymes. The selection described in this chapter did result in the isolation of active
mutants. However, not only was the rate constants of the isolated clones informative, but
the progress of the selection gave us insight on the performance of the clones and the

value of the dA™™ nucleotide in a modified DNAzyme.
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The first sign of activity was detected at round 9. Round 10 clearly showed
activity with a faint band appearing from the 60 minute decant (Figure 3.6). Activity
increased slowly through the subsequent rounds, and while total cleavage after 60
minutes of incubation in cleavage buffer seemed to continue increasing over rounds 10 to
20, it did not go beyond 2 - 3 %. The selection was stopped after 20 rounds to give the
20™ generation, which is also referred to as the final generation. The start of one
additional round (round 21) was used to assess the activity of the 20" generation as
shown using 7 % denaturing PAGE with narrower lanes (Figure 3.7). The products were
not excised for amplification. While the resolution is diminished, the bands are easier to
visualize giving higher contrast and seemingly higher activity (5 % total cleavage) in that
final generation (Figure 3.8). Nevertheless, this low level of activity at this high number
of rounds was a clear indication that it would be more informative to stop the selection
and isolate the available clones rather than to continue a possibly futile attempt at finding

a DNAzyme with a rate constant higher than Dz10-66.

<+<— uncleaved
DNA

<«— cleaved DNA

—
-

-

Figure 3.6 Polyacrylamide gel depicting round 10 self cleaved DNA in the reaction buffer. Lanes 1 and 8:
Full length DNA, lanes 2 and 7: RNAse treated DNA. Lanes 3-6: Decanted product from water wash, 1

min, 5 min, and 60 min.
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Figure 3.7 Polyacrylamide gel depicting round 21 self-cleaved DNA. Lane 1: full length DNA, Lane 2:

RNase treated DNA. Lanes 3-6: Decanted product from water wash, 1 min, 5 min, 60 min.
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Figure 3.8 Bar graph depicting the fraction of self-cleaved DNAzyme clones as a function of generation.

3.4.2 Activity of the clones

The amplified product of the final generation was ligated into the lacZ gene of the
vector pGEM-T Easy. A blue/white screen was used to identify E. coli colonies
containing vectors with lacZ genes disrupted by the insertion of foreign DNA. From the
cloning of the final generation of the selection, sixty-one white colonies were picked at
random and each was used to inoculate TB media (1 ml). The plasmids were harvested

and treated with restriction digest enzyme Eco RI to determine the size the inserted DNA.
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From these sixty-one white colonies, forty-two contained inserted DNA of the correct
size. The other plasmids contained DNA inserts of the incorrect size or no DNA insert at
all. The concentrations of thirty-six of these plasmids were standardized to 50 ng/ul and
the plasmids were sent to UBC NAPS for sequencing. Once the sequences were
obtained, template oligonucleotides for thirty-three unique sequences were synthesized
by Integrated DNA Technologies (IDT). These thirty-three template oligonucleotides
were used to enzymically synthesize individual clones and screen the clones for activity.
A Dz10-66 variant which was enzymically synthesized with dA™ in place of the dA™
of the native DNAzyme was also tested for activity along with the clones from this
selection. Although the Dz10-66 variant was efficiently synthesized to full length with
minimal truncation products, it showed no activity. The majority of the clones showed
very little activity (<5 % total cleavage) even after 22 hours of incubation. The
sequences of the clones, their rate constants referred to as Kops, and the total percentage
cleaved after 22 hours (1320 minutes) is summarized in Table 3.3. Clones with
appreciable observed rate constants, but low yields (<20 %) were not pursued for further
studies. Clone 13 showed a high amount of cleavage after 22 hours, but several
truncation products, which also appeared active, were present and could cause problems
with future kinetic analysis. Other notable clones are clone numbers 7, 44 and 49 with
kous calculated to be 4.73 ‘107 min'l, 3.49 10> min"'and 3.33 -10° min'l, respectively
(Figure 3.9). Clone 7 showed slight smearing. Due to clone 49’s observed rate constant,
high yield, minimal truncation products and minimal smearing, this clone was chosen for

further kinetic analysis.
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Figure 3.9 Screening of clone 7, 13, 44, and 49. Lane 1: Full-length DNAzyme control. Lane 2: RNaseA-
cleaved DNAzyme control. Lanes 3-8: self-cleavage reactions at times 1, 5, 30, 60, 120 and 1320 minutes,

respectively.
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Table 3.3 Generation 20 sequences and K.

Clzne Degenerate Region Sequence (N40) yioéid Truncates (- 10I§3?l;$1in'1)
1 AUGCAUGGUUAUUGUAGCAUGUGCUGUGUAGCAGCAGCGUUU <5 +++ n.d.
2 AUGCAUGGUUAUUGAGUCGAGGCAUGUUAGUGAGUGUGUGCUU <5 ++ n.d.
4 CUGCAUGGUUAUUGAGGCGAGGCAUGUGAGGGAUUGGCUG <5 + n.d.
5 UCAUAGUCUCGGUGGCACGUUCGUAGGUGUGAUUGUGUGU <5 ++ n.d.
6 AGUUAUGCUCUCCAGUGGCUCGCAUGAUGUGUAGUGUGUG 6 + 2.9
* GUAUGAGCAGUGUGGUGGGAGGCGCGCUUGUGCUUGCGUUAGU 64 + 4.7
8 AGUCAUGUAGUCAGUCUGCGGCACGCCGUGGUGAGGGAUGUGC 14 + 7.9
9 AUGCAUGCUUAUUGAGGCGAGGCAUGCGUCGAGUGUGUGUGCGGU <5 + n.d.
10 AGUCAUGUAUUCCGUUGCUAGCGCAGCAUGUGCUGUGUGUUG <5 ++ n.d.
11 GUGUUUGCUCGGCUGUGGUGCGCAGUGUGGUCGAAGUGUGU <5 + n.d.
13 GUAUGAGUGGAGUGGUGGGAGGCAUGCUUGUGGUGAGGUGGCUUU 80 +++ 2.4
14 ACUGUUGAGCACUAGUGAGGUGUGCACGAGUGGUGUCGGUCU <5 ++ n.d.
18 AUGCAUGCUUAUUGAGGCGUGGCACAGUAUGUGUGUGAGU <5 +++ n.d.
19 AUGCAUGGUUAUUGAGGCGUGGCCAGGGUGGCAGUAGUGUU <5 + n.d.
21 AUGCAUGGUUAUUGAGGCGUGGUACGCUUGUGCUUGUAGUGAGU <5 ++ n.d.
22 CUGCAUGGUUAUUGAGUCGAGGCAUGUGAGGGAUUGGCUG <5 - n.d.
24 AUGCAUGGUUAUUGAGUCUAGGCACGUGAUGAGUGUGAGUGCG <5 - n.d.
25 AUGCAUGGUUAUUGAGUCGAGGCUUGUGAGGGAUGGGCUG <5 - n.d.
31 UUGCAUGGUUAUUGAGGCGUGGUCGCAGUGGUAGUGAGU <5 +++ n.d.
35 ACUACCAUGUGGUCUACAAUGGCGGAGCACCAGUUAUGUUU <5 ++++ n.d.
38 UGUCAUGUUCUCCGUGGCUCGUACGCCGUGUGUGUGUGUUA <5 + n.d.
41 UUCGCAUCGUGAGUGAGGCACGGUGGCGACGUGUUGUGGUGCA <5 + n.d.
43 AUGCAUGGUUAUUGAGGUGUGGCCAGGUGGCAGUAGUGUU <5 ++ n.d.
44 AGUCAUGCUCUCCAGUGGUUCGCAUGUAUGUGAGUGGAGUGU 20 + 3.5
45 AGCAGCUCGAGUCAGUUUGCGGCACGCAUGGUGGUUCGCGUGU <5 + n.d
46 AUGCAUGGUUAUUGAGGCGUGGCACAGUAUGGGUGUGAGU <5 + n.d.
48 AUGCAUGGUUAUUGAGUCGAGUGUAGUGUAGCAGCAGCGUUG <5 +++ n.d.
49 AGUCAUGCUCUCUAGUGGUUCGCAGGUCGUGUGGGUCGUU 80 + 3.3
50 AUGCAUGGUUAUUGAGUCGAGUGUAGUGUAGCAGUAGCGUUG <5 +++ n.d.
52 GCAUAGUCUCGGUGGCACACUCGUAGAGGUGGUAGUGUCA <5 ++++ n.d.
54 AGUCAUGUAGUCCGUUGCUAGCGCGCCAUGUGCUGUGUUG <5 ++ n.d.
55 AUGCAUGGUUAUUUAGUCGAGGCAUGUGAGGGAUUGGGUG <5 - n.d.
57 CUGUUUGCUCGACUAUGGCGCGCAGUGUGGUCUUAGUGUUU <5 ++ n.d.

For reference: Dz10-66 constructed using dA™ TP

10-66 CUAGCAGCGCAAGUGAGGCGCGCUAUGAGUGUGGUGCGUGUAU <5 - n.d.

n.d. = none detected

- = no significant truncates

+ = slight truncates

++ = truncates

+++ = significant truncates

++++ = almost no fully extended products

* = slight smearing
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3.4.3 Predicted secondary structure of Dz20-49

The sequence of the self-cleaving species 20-49, here on refered to as Dz20-49,
was input into mFOLD(SantaLucia, 1998; Zuker, 2003) along with the following
parameters: forced base pairs 1 to 6, 200 mM NaCl and 24 °C (Figure 3.10). As
calculated by mFOLD, the secondary contains three stem loops — one engineered (I) and

two arising from the degenerate region (II and III).

TZO
N\ GCGTGCCrCGTCTGTTGG GC C I
CUCGAGCGCCCCGCACG ACAACC C
U A AT
cGUcg U
o
1 Gu GCyg ©
GU G A
A-U
C-G
cG-C
U Y C
UG éJ I
Gygal
A = NH, N7 C = NH, ot — o /’tz
N? NH, N
e NKNI \)—N/H_(\_N e )\NI oj\)Nj/\/\H N
0-P-0— o 0-P-0— o ;{0_3_0
o o & \ﬁ
O}; O}; O?f

Figure 3.10 Predicted secondary structure according to mFOLD(Santalucia, 1998; Zuker, 2003) with the
parameters 200 mM NacCl and 24 °C. Engineered stem loop is indicated by a I. Indicated loops II and IIT
were predicted by mFOLD. Modified bases are indicated by boldface A,C, and U. Embedded

ribonucleotide is indicated by an rC.
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3.4.4 Dz20-49 kinetics

3.4.4.1 Room temperature (24 °C) kinetics

The rate of self cleavage of Dz20-49 at room temperature (24 °C) was determined
by sampling the reaction at several points over the course of 96 hours (Figure 3.11) using
a stop-quench kinetic assay. A notable feature of the data set when fitted to either a
single-exponential and double-exponential equations is that the pre-exponential term,
which represents the fraction of DNAzymes cleaved at time equal to infinity has an
apparent value that is significantly lower than unity. This indicated that a significant
fraction of the DNAzyme is inactive, which may be due to misfolding although
misincorporation of a non-cognate base cannot be entirely excluded. Correction for these
inactive DNAzymes increases the amplitude of the graph and raises the value of the pre-
exponential term to a value of one. However, changing the amplitude does not affect the
value of the calculated rate constant. Rate constants were calculated using either a single-
or double-exponential equation without correcting for the inactive DNAzymes. While
the data appears to fit a double-exponential equation, the calculated values of the fast
phase and the slow phase rate constants are subject to debate. The majority of the active
DNAzymes (~88%) are slow-cleaving species. The small contribution of the fast-
cleaving species and the low number of data points leads to a calculated rate constant for
the fast phase with an unacceptably high associated error; when the data were fit to the
double-exponential equation (2), the high error (= ~ 50 %) associated with the second
exponential term, a minor contributor (of <13%) that appeared to be a fast-cleaving
species, could not be accurately measured with these sets of data points. Calculation of
the second minor term could be accomplished with more thorough kinetic data.(Ting,
Thomas, & Perrin, 2007) However, studying biphasic kinetics of the Dz20-49 constructs
is not the goal of this chapter. Comparing the magnitude of the rate constant of the
DNAzyme that composes the majority of the population to the magnitude of the rate
constant of Dz10-66 is the goal. Calculated rate constants from the single-exponential
equation were found to be close in value to the rate constants of the slow-cleaving phase
derived from the double-exponential equation and are good approximations for our

purposes. Therefore, all calculated rate constants reported were determined using a
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single-exponential equation. Three separate trials gave P, and K,ps values of 0.75 £+ 0.03
and3.2+03 - 107 min™', 0.68 £ 0.02 and 3.4 £ 0.3 - 102 min”', and 0.69 + 0.02 and 3.4
+0.3 - 10” min”' respectively. The calculated average rate constant, Kave, of Dz20-49 at

24°Cis3.5+0.4 - 10° min" averaged from the three separate trials.

-———————l Time (5-5760 minutes)
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Figure 3.11 Top: Autoradiograph of the time-dependent self-cleavage of Dz20-49. Lane 1: Full-length
DNAzyme. Lane 2: RNaseA-cleaved DNAzyme. Lanes 3-17: Time-dependent self-cleavage reaction
sampled at times 5, 20, 40, 60, 90, 120, 180, 240, 300, 366, 420, 540, 1200, 1800, and 5760 minutes,
respectively. Bottom: The fraction of DNAzyme cleaved was graphed as a function of time. These data

point were fitted to a single exponential equation. The self-cleaving rate was determined to be 3.1-10~ min”

! for this particular run.
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3.4.4.2 Modified dA requirement

To determine whether or not the imidazole function was playing a critical role in
the DNAzyme, a Dz20-49 variant was synthesized by replacing dA™"TP with dATP in
the enzymic synthesis reaction. The resulting construct contains only the guanidinium
and aminoallyl functionalities. The ablation of the imidazole functionality assesses its
importance in either direct catalysis or indirectly in terms of folding of a catalytically
competent structure. The imidazole ablated construct was unable to perform any
significant self-cleavage (Figure 3.12). Although the exact role of any one imidazole
cannot be ascertained without a more systematic knockout of individual imidazoles, this

study does show that the imidazole functionality is absolutely critical for self-cleavage.
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Figure 3.12 Autoradiograph showing the lack of activity from a Dz20-49 variant bearing no imidazoles.
Lane 1: Full-length DNAzyme analog. Lane 2: RNaseA-cleaved DNAzyme analog. Lanes 3-17: Time-
dependant self-cleavage reaction sampled at times 5, 20, 40, 60, 90, 120, 180, 240, 300, 366, 420, 540,
1200, 1800, and 5760 minutes, respectively.

3.4.4.3 Aminoethyl and aminopropyl replacement

As further proof of the importance of the imidazole in this construct, Dz20-49 was
constructed using dA™TP. This construct showed significant self-cleavage matching the
native construct. Although the Dz20-49’s active site was putatively optimized for the
dA™ modification, the Dz20-49 variant displays significant self-cleavage activity

showing that the catalytic potential of dA™ compensates for the dA™ -optimized
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environment of the active site of Dz20-49 (Figure 3.13). The averaged Kops from three
different trials performed at 24 °C is 4.1 £ 0.5 - 10° min™'. In a subsequent experiment,
the dA™™ modification of Dz20-49 was replaced using dA™. This construct was only

able to perform a trace amount of self-cleavage (Figure 3.14).
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Figure 3.13 Self-cleavage kinetics of the aminoethyl linker analog of Dz20-49. Top: Autoradiograph of
the self-cleavage reaction. Lane 1: Full-length DNAzyme analog. Lane 2: RNaseA-cleaved DNAzyme
analog. Lanes 3-17: Time-dependent self-cleavage reaction sampled at times 5, 20, 40, 60, 90, 120, 180,
240, 300, 366, 420, 540, 1200, 1800, and 5760 minutes, respectively. Bottom: Graph showing the fraction
of DNAzyme cleaved as a function of time. The rate constant was calculated to be 3.2 - 10” min™ for this

particular run.
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Figure 3.14 Autoradiograph of the self-cleavage kinetics of the aminopropyl linked analog of Dz20-49.
Lane 1: Full-length DNAzyme analog. Lane 2: RNaseA-cleaved DNAzyme analog. Lanes 3-17: Time-
dependant self-cleavage reaction sampled at times 5, 20, 40, 60, 90, 120, 180, 240, 300, 366, 420, 540,

1200, 1800, and 5760 minutes, respectively.

3.4.4.4 37 °C kinetics

The divalent metal cation-independent DNAzymes DzG3 and Dz9,s-11 were both
found to have optimal operating temperature at the temperatures that they were selected
at room temperature, ~24 °C. The Ko values of these two DNAzymes were lowered at
the physiologically relevant 37 °C. The Kqps values for Dz9-86 and Dz-10-66 increased
when self-cleavage is performed at 37 °C indicating that the catalytic rate enhancement
of the elevated temperature outweighs any distortion of the active structure or that the
active structure has minimal, if any, distortion. To probe which trend Dz20-49 follows,
kinetic experiments were performed at 37 °C.

Dz20-49 was tested for increased catalysis at an elevated temperature. The
temperature 37 °C was chosen as it is a physiologically relevant temperature and
previously selected DNAzyme showed a rate maximum around this temperature. Unlike
the previously selected DNAzymes, however, raising the temperature for self-cleavage to
37 °C was found to be detrimental to Dz20-49 (Figure 3.15). Lack of a sigmoidal curve
in the graph suggests that there is no step involving a competitive folding step resulting in
an active conformation. To determine if the graph is monophasic or biphasic, the data

points were fitted to both a single-exponential equation and a double-exponential
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equation, and they appear to fit the single-exponential equation the best. The average Kobs
of three individual trials was determined to be 2.0 £ 0.5 - 10~ min”'. This drop in Kgps

suggests that the Dz20-49 has a less stable three-dimensional structure compared to the

closely related Dz9-86 and Dz10-66.
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Figure 3.15 Kinetics of Dz20-49 at 37 °C. Temperature was maintained using a water bath at 37°C. The

self-cleaving rate constant was determined to be 1.61 - 107 min™' for this particular experiment.

3.4.4.5 pH rate profile

The pH dependence of the DNAzyme will give insight into the mechanism of
catalysis and what roles the imidazoles play in that mechanism. Two possible outcomes
are that the pH rate profile appears log-linear or bell-shaped with respect to pH. Two
nucleic acid enzymes that show a log-linear profile are the hammerhead ribozyme and
DzG3. The log-linearity indicates that the rate limiting step for these two nucleic acid
enzymes is a single proton transfer. The second possibility is that the pH rate profile is
bell-shaped. This is an indication that the mechanism undergoes a two-step general
acid/general base mechanism. Imidazole-dependent Dz9,s-11, Dz9-86, and Dz10-66 all
show a bell-shaped pH rate profile.
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Dz20-49’s cleavage rate constants were determined at the following pH values:
6.0,6.5,7.0,7.5, 8.0, 8.5, and 9.0. Using the computer program SigmaPlot 2001, the rate
constants were fitted into equation 1 to obtain the graph shown in Figure 3.16. The value
of the rate constants diminishes at high and low pH. This observation is characteristic of
a general acid / general base mechanism. The rate maximum appeared to be between 7.0

and 7.5. The pK, and pKy were determined to be 6.1 and 8.1, respectively.
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Figure 3.16 pH profile of Dz20-49. Rates were determined at the following pH: 6.0, 6.5, 7.0, 7.5, 8.0, 8.5
and 9.0.

3.5 Discussion

3.5.1 General discussion

In the past, the quest for higher catalytic rate constants for functionalized
DNAzymes has been achieved by adding additional functional groups and increasing the
size of the degenerate region.(Hollenstein et al., 2009a; Hollenstein et al., 2009b) In this
chapter, the selection of a DNAzyme with a higher rate of cleavage than Dz10-66
produced an active DNAzyme, Dz20-49. Unfortunately, the overall goal of attaining a
higher catalytic rate constant than the rate constant of Dz10-66 was not achieved.

Despite Dz20-49 being heavily functionalized, Dz20-49’s catalytic rate constant was
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nearly three orders of magnitude lower than Dz10-66. Post selection analysis involving
replacement studies determined if the imidazoles are critical to the function of the
DNAzyme. Determining temperature and pH dependence was also used to help elucidate

the roles of the imidazoles.

3.5.2 Selection for ribophosphodiester bond cleaving activity

Progress of the selection described in this chapter was sluggish compared to the
selection of Dz10-66. In the selection of Dz10-66, the activity was so high by the third
round, over 30 % of the total pool was self-cleaved in one hour.(Hollenstein et al.,
2009b) The rapid progress of the Dz10-66 selection is an indicator of the presence of
DNAzymes with high rate constants or a high content of sequences capable of self-
cleavage in the gene pool. In this selection, activity remained undetected until faint
activity appeared in round nine. In contrast to the Dz10-66 selection, this absence of
activity until such a late round suggested the absence of DNAzymes with high rate
constants. In attempts to enrich the pool in fast cleaving DNAzymes once the activity
was detectable, the stringency was increased by amplifying the DNA in the 0 (water
wash), 1, and 5 minute decants instead of only the 60 minute decant. By round 18 only
the 0 and 1 minute decants were used.

The overall percent yield of the generations after 20 rounds failed to go above 2 %
after 60 minutes. The selection was called to a halt at Round 20. In this chapter, the end
product of round 20 is the gene pool referred to as generation 20 or the final generation.
Although no further rounds were done, the activity of generation 20 was examined. The
polyacrylamide gel used to observe activity of round 20 was cast with narrower lanes,
which produced clearer bands and made the overall % cleavage appear much higher (~5
%) than that of the immediately previous rounds (~2 %). Regardless of a possibly
misleading gel showing high activity, the performance of the final generation of this
selection is far below the performance of the very early generations (generation 2, 30 %
yield) of the Dz10-66 selection. This observation, the lack of high activity, established
the primary goal of this current selection, the evaluation of the performance of the methyl

linker vs. the ethyl linker. Therefore, no further rounds were performed.
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The low activity of the generations makes competing reactions a threat to the
success of the selection. One known competing reaction, spontaneous hydrolysis, is a
concern only in the early rounds. Preferential amplifiability due to the modifications is
another possible competing reaction. The modifications in previous selections were
known to be important (but not of them critical) for catalysis.(Thomas et al., 2009) If the
dA™™ is critical for catalysis then it would be present, perhaps in high number, in the
active clones. The benefits of the modification are assumed to be enhanced acid/base
catalysis, but the negative impacts of the dA™™ modification are still unknown. In the
later rounds, a competing reaction involving the preferential amplifiablity of certain
clones, due to the modifications and regardless of their activities, becomes a concern.
Preferred amplifiability will be further discussed in Chapter 4. The purpose of this
current chapter is the identification and characterization of the most superior dA™"-

dependent DNAzyme and comparing it to Dz10-66.

3.5.3 Dz20-49’s secondary structure

DNAzyme Dz20-49 contains three stem loop structures according to mFOLD
(Figure 3.10).(SantalLucia, 1998; Zuker, 2003) Loop I is engineered to position the N40
region close to the ribophosphodiester bond. Loop II and Loop III are part of the N40
region and constitute the active site motif. That said, however, the program mFOLD
does not take into account the effects of the modifications and one would expect that the
sheer number of the modifications would have a great influence on the three-dimensional
structure. Therefore, while a predicted structure is presented, the actual structure is
possibly very different and will not be known until an NMR or X-ray crystal structure is
elucidated. The structure predicted by mFOLD doesn’t take into account many structural
features of our modified DNAzyme and is most likely inaccurate, but it does provide a

starting point for a possible three-dimensional structure.

3.5.4 dA* replacement studies
By replacing dATP for dA™ TP in the synthesis of Dz20-49, we effectively
produced the DNAzyme construct without the 8-(4-imidazolyl)aminomethyl side chain
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modification. The other two modifications, the allylamino and guanidinium, were not
systematically replaced in this study as those substitutions were thoroughly covered in the
literature for other DNAzymes (Hollenstein et al., 2009a; Thomas et al., 2009) and the
focus of this chapter was the tolerance of the imidazole functionality to discrete changes
in linker length. Consistent with the characterization of Dz9-86 and Dz10-66, the
construct with the ablated imidazole functional group was inactive. Much more
interesting, however, is that the DNAzyme constructed using dA™TP in place of
dA™™TP was active with a catalytic rate nearly identical to the native Dz20-49. This
interesting finding shows us that the imidazole functionalities are not necessarily finely
tuned into position and in this case the DNAzyme activity is not diminished by increasing
the entropy of the imidazoles groups by using a longer linker. This finding is contrary to
what was first hypothesized. Indeed, the catalytic value of the dA™ has been proven in
many preceding selections and again showed its value here by matching the catalytic rate
constant of Dz20-49 in a DNAzyme scaffold that was not optimized for its use. Any
detrimental effects on the catalytic rate due to using a scaffold not optimized for the
functional group of dA™ is compensated by its superior rate enhancing ability.

To examine the potential of extending the linker, dJA™TP 3.3 (Figure 3.2) was
used in place of dA™™TP to create the Dz20-49 construct with the imidazole linker
extended by two additional methylene groups. The construct showed only trace activity
(Figure 3.14). Caution should be used in the interpretation of this finding. This finding
does not indicate that the aminopropyl linker is unsuitable for selection, only that the
scaffold produced by the primer extension using the Dz20-49 template, may be optimized
for shorter linkers. Also, as mentioned in the discussion about the three-dimensional
structural changes in this chapter’s introduction, these chemical changes must have a
large effect on the overall scaffold structure. Indeed, dA™ TP still has much potential to
construct active DNAzyme catalysts even though no selection using this particular

nucleoside triphosphate has been performed.

3.5.5 Temperature dependence
The room temperature rate constants of Dz20-49 and Dz10-66 were compared.

At room temperature (24 °C), Dz20-49 has a Kops 0f 3.5 £ 0.4 - 10 min™. This self-
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cleavage rate constant is lower than the self-cleavage rate constants of Dz10-66 (Kobs of
0.50 + 0.05 min™', 24 °C). This is strong evidence of the catalytic inferiority of the dA™
used by Dz20-49 vs. the JA™ used by Dz10-66 and other DNAzymes.(Hollenstein et al.,
2008; Hollenstein et al., 2009a; Hollenstein et al., 2009b; Perrin et al., 2001) The
reasons for the lack of catalytic rate enhancement by the dA™ are unknown. It was
hypothesized that shortening the linker by one methylene group would not drastically
change the pK, of the imidazole group. However, we did not verify this with a titration
prior to the selection. If the pK, has been shifted away from near neutrality, the
DNAzyme does not benefit from the imidazole functional group any more than it would a
pKa-perturbed nucleobase like G12 of the hammerhead ribozyme.(Doherty & Doudna,
2001) It was also hypothesized that the shorter linker would help produce a well-defined
active site. The reduced degrees of freedom of the imidazole were introduced so that the
putative catalytic imidazoles would be better positioned into their active conformation.
Imidazoles are also thought to play a role in folding. Once again, it was hypothesized
that constraining the imidazoles would promote proper folding of a well-defined three-
dimensional structure. The lack of thermostability suggests that the constrained
imidazoles do not stabilize three-dimensional structure the same way that the imidazoles
do in Dz10-66. This lack of stabilization of the three-dimensional structure may persist
at room temperature. The aminoethyl linker could possibly have the minimum linker
length to promote imidazole-mediated interactions between neighbouring DNA strands.
These are the proposed reasons for the lack of catalytic rate enhancement.

The self-cleavage rate constant was also determined at physiologically relevant
temperature of 37 °C. The change in rate could follow one of two possibilities: 1) the
rate could increase like Dz9-86 and Dz10-66 or 2) the rate could decrease like DzG3. In
the first situation, the rate does increase, is indicative of the effects of a temperature-
dependent rate constant dominating the reaction over any negative disruption of the
active structure at a given temperature. On the other hand, if the rate decreases, this
indicates that the possible disruption to the three-dimensional structure of the DNAzyme
is the dominant factor. We have hypothesized that the thermostability of Dz9-86 and
Dz10-66 is attributable to the guanidinium groups. However, Dz20-49 also has

numerous (fourteen) guanidinium groups and yet does not show the same thermostability
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as Dz9-86 and Dz10-66. The imidazole is hypothesized to play a role in the folding of
the three-dimensional structure. This role may have been undermined in the
characterization of Dz9-86 and Dz10-66 as the increased thermostability was
immediately credited to the guanidinium functionality. In fact, it could be that the
contribution of the guanidinium to the thermostability is enhanced in the presence of the
dA™ modification. This brings to the forefront the possibility that the dA™, perhaps in
concert with the dU®?, aids in the stabilization of the three-dimensional structure whereas
the dA'™™ does not. Since the results of the 37 °C kinetics show a drop in Kops (2.0 £ 0.5 -
10~ min™), this indicates that the DNAzyme has less thermostability than Dz10-66 even

though it bears more dU** modifications.

3.5.6 pH dependence of Dz20-49

Although the bell-shape of the pH rate profile implies a two-step deprotonation
and protonation event, it is difficult to assign the calculated pK, values to the general acid
or general base as assigning the values to either would both give a bell-shaped curve.
Dz20-49 has a maximum rate between 7.0 and 7.5 and the calculated pK, and pKy' were
determined to be 6.1 and 8.1, respectively. For Dz10-66, the maximum rate was found to
be about pH 7. The pKj and pKj' values were determined to be 6.6 and 7.5, respectively.
Dz20-49’s rate constant is in the same order of magnitude as non-modified DzG3.(Geyer
& Sen, 1997) DzG3 performs catalysis without the use of an imidazole group. This
implies that the functional groups present in Dz20-49 offer no rate enhancement over
those non-modified DNAzyme, which are not dependent on imidazoles for deprotonation
and/or protonation of the substrate. DzG3 did not show significant pH dependence
between pH 5-9 and the authors suggest that the rate-limiting step is not a proton transfer,
but perhaps a conformational change. Dz20-49’s bell-shaped pH rate profile may suggest
a two-step proton transfer mechanism mediated by the imidazoles, and the replacement
studies discussed in section 5.3.5 do show that the imidazoles are critical for catalysis.
However, the roles of the imidazoles in the catalytic mechanism have not been defined as
they have been with 9,5-11.(Thomas et al., 2009) Indeed, the imidazoles may play a

large role in the folding of the active structure, and their pH-sensitive nature may cause
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the rapid disruption of the active structure at high and low pH values. Disruption of the
active structure due to the protonation or deprotonation of imidazoles at low and high pH
values, respectively, would also cause a drop in Kyps at high and low pH values. This
could possibly appear as a bell-shaped curve if the rate-limiting step depends on a well-
defined conformation at high and low pH values. Although not part of this study,
unambiguous identification of the general acid and general base of a modified DNAzyme
is possible through the use of solvent kinetic isotope effects, tagging, and rescue

studies.(Thomas et al., 2009)
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Chapter 4: Enzymic Recognition of Modified DNA
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4.1 Introduction

As seen in Chapter 3, the synthesis of modified DNA and its use in a selection can
lead to the isolation of a functional DNAzyme. Modifications to DNA can have other
effects besides bestowing catalytic function. Enzymic manipulation of the functional or
non-functional modified DNA should be characterized as this could play an important
role in selections. The manipulation of single-stranded modified DNA in the context of
PCR, the production of doubly-modified DNA, and the resistance of doubly-modified

DNA to digestion by restriction endonuclease will be explored.

4.1.1 Modified DNA as a template

Spearheaded by Dr. Marcel Hollenstein and inspired by the works of Dr. David
Perrin, several selections successfully resulted in the isolation of functionalized
DNAzymes. The final generation of each selection was cloned and sequenced to identify
the most efficient individual clone in the pool. Amongst the selected DNAzymes are
ones that sense mercury (Dz10-33),(Hollenstein et al., 2008) cleave a short section of
RNA (Dz12-57), increase the diversity of functional groups (Dz9-86)(Hollenstein et al.,
2009a) and combine both increased modification diversity and increased sequence space
(Dz10-66).(Hollenstein et al., 2009b) The imidazoles of these modified DNAzymes
appear to be critical to the catalytic phenotype of the DNAzyme. Research done on the
role of the functional groups in Dz9,s-11 has shown us that a minimal number of critical
imidazoles are necessary for acid/base catalysis while the rest appear to be needed for
folding.(Thomas et al., 2009) Since this is the primary desired trait for the
ribophosphodiester bond-cleaving DNAzymes, selection schemes have been designed to
optimize this one particular self-cleaving task.(Hobartner & Silverman, 2007; S.K.
Silverman, 2005) Catalysis is the end activity desired from the DNAzyme and is the
selection pressure purposefully introduced in a selection, but is only one of the traits that
affect the success of the selection.

The design of the nucleotide JA™ TP used in Chapter 3 was meant to test the

effects of varying linker arm length with the hope of enhancing acid/base catalysis.
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Previous incorporation studies showed that modified dA™"TP is accepted as a substrate
in primer extensions only slightly less efficiently than dA™TP.(Lam et al., 2008) While
the incorporation and polymerizability of modified nucleotides were considered and
addressed, efficiency of read-through of modified DNA and its repercussions in the
context of a selection has not been explored. More specifically, the efficiency of the
interaction of the polymerase and the modified nucleotide present in a modified DNA
template strand, such as Dz20-49, imposes another selection pressure that may not have
been accounted for, and could result in the elimination of active clones regardless of their
catalytic activity (Figure 4.1). One example of the selection of amplifiability of a
molecule comes from the first ever in vitro evolution involved in the selective
amplification of RNA, and this experiment gave us an insight on one of the major factors
to be considered as a selection pressure.(Mills et al., 1967) Amplifiability of a modified

or unmodified nucleic acid is the determining factor that governs the survival of a species

through a round of selection; as such this property cannot be undermined or

compromised.
Modified Nucleotide O—r_ —
Incorporation N20
Read Through and
Amplification Self-pleavage
Activity
—— r

-

Figure 4.1 DNAzyme selection processes that affect fitness of a sequence in a self-cleaving DNAzyme

selection include both incorporatability and read-through for amplification.
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Efficient read-through of 8-substituted adenosines is critical for unbiased
amplification. In this chapter, we noticed a subtle trend of low 8-modified dA content in
the final generations from different selections provided by Dr. Marcel Hollenstein’s five
selections (mercury sensor Dz10-13 selection, RNA-cleaving Dz10-91 selection, Dz10-
96 selection, Dz10-66 selection and the two modifications, N40 selection). Mr. Curtis
Lam provided the final generations for an ATP sensor selection and a stachyose sensor
selection. These two selections used DNA bearing the phenol functional group that was
introduced by elongating the DNAzymes using the modified nucleotide 5-(para-
hydroxybenzamido)methyl-2’-deoxyuridine-5'- triphosphate (dUP"TP) (Figure 4.2
center). The stachyose sensor selection resulted in the isolation of a modification-
dependent DNAzyme, DzSTA17, which was found to operate independently of
stachyose. The biased nucleotide content seen in Dr. Hollenstein’s selections did was not
observed in the dT content of the clones of Curtis Lam’s two selections. In Mr. Lam’s
ATP sensor and stachyose sensor DNAzyme selections, the lone modified nucleoside
triphosphate used was the dUP"TP, which is well tolerated by Vent (exo-) polymerase.
Although Mr. Lam’s selections did not successfully isolate DNAzymes activated by
binding either ATP or stachyose, the isolated DNAzymes were active Mg”'/Zn*'-
dependent self-cleaving DNAzymes that also depend on the phenol modification.

NH
/gz o) o) o e
HN NH; HN N HN NH3
P 2 1 H ]
o] N 0N OH 0N
"bf@ﬁ -409PSOX§ '409P30\§
OH OH

Figure 4.2 Modified dUTP derivatives dUSTP (left), dUP"TP (center) and dU™TP (right) used in PCR,

restriction digests and transfection.

To begin analyzing this low 8-modified dA sequence content phenomenon, the
number of clones is analyzed according to their 8-modified dA sequence content for Dr.

Hollenstein’s selection and the Dz20-49 selection described in Chapter 3 or their 5-
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modified dU sequence content for Curtis Lam’s selections. Analyzing this relation
provides insight into the inherent pressure by the unnatural nucleotides that are
orthogonal to the beneficial catalytic rate enhancement. This relationship is further
explored by comparing the amounts of amplicon produced by amplification using a
modified template containing dA, dA™, dA™, or dA™. The relative quantities of
amplicons produced helps explain why certain sequences encoding for fewer dA™"
appear in the final round of the selection described in Chapter 3. Our findings show that
the native DNAzyme construct Dz20-49 is very poorly amplified compared to the fully
unmodified version of the DNAzyme and even the d me version, referred to as Dz20-
49H, or the dA™ version. In terms of amplifiability as well as overall fitness, sequences
that contain dA™ bear disadvantages in an in vitro selection and this modification

should be avoided in future selections.

4.1.2 Restriction enzyme digestion of modified DNA

Although not a part of our DNAzyme selection scheme, resistance to enzymic
degradation is an important characteristic of modified and unmodified DNAzymes, both
of which for potential clinical applications should exhibit higher stability and resistance
to degradation than RNA. If the modifications somehow bestow additional stability
against nucleases, this would be beneficial for future selections and therapeutic
applications. An endonuclease of interest to us is the type Il restriction enzyme. Type II
restriction enzymes are dimeric and cleave double-stranded DNA (dsDNA) at
palindromic sites 4-8 bases in length. Therefore, when evaluating the efficiency of
cleavage of modified dSDNA by type II restriction enzymes, both strands of dsSDNA
should be modified.

For this chapter, three modified versions of dUTP will be used to produce doubly-
modified dsDNA (Figure 4.2). These are the 5-guanidiniumallyl-2'-deoxyuridine-5'-
triphosphate (dU*'TP), the 5-(para-hydroxybenzamido)methyl-2’'-deoxyuridine-5'-
triphosphate (dU"TP) and the 5-aminoallyl-2’-deoxyuridine-5'- triphosphate (dU*TP).
All three have been successfully used in DNAzyme selections and are amenable to PCR

using customized conditions. Once the PCR products have been produced, they can be
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subjected to treatment with restriction enzymes. One must be careful assigning resistance
to digestion to the modifications when testing PCR amplicon(s). The potentially
mutagenic nature of base modifications in PCR may cause the amplicon(s) to contain
mutations that change the sequence of the restriction site. To ensure that no mutagenesis
has occurred, the amplicon can be cloned and sequenced. To facilitate the cloning
process, the modified amplicons can be amplified into unmodified dsSDNA the same
method that was done for the modified DNAzyme selections. However, in addition to the
learning about the potentially mutagenic nature of the modified bases, the direct cloning
of doubly-modified dsDNA and the introduction into the cell is an opportunity to observe
how the cell processes a plasmid bearing these modifications.

Production of doubly-modified dsDNA was used to investigate the resistance to
restriction digest as well as the ability to introduce modifications into the cell using
electroporation. The modified dsSDNA was subjected to restriction endonuclease
treatment to examine the susceptibility and the resistance to degradation bestowed upon
the dsDNA. Subsequent sequencing of the plasmid produced indicates the cell’s ability
to either read through the modifications or excise the modified base through proofreading
mechanisms and replace it with an unmodified analog such that the transfected DNA can

be replicated without loss of sequence information.

4.2 Obijective of this work

The goal of this chapter is to assess the enzymic recognition of modified DNA
and how it affects certain reactions or processes both in a selection context and outside of
a selection context. Specifically, the final generations of the seven selections from Dr.
Marcel Hollenstein and Curtis Lam were cloned and sequenced. The final generations of
five different selections, all of which used dA™ TP, were obtained from Dr. Marcel
Hollenstein. The final generations of two different selections both of which used
dUP"TP, were obtained from Curtis Lam. Selections using 8-modified dAs have shown a
slight bias against its representation in the clones of the final sequence. The origins of
this bias lie in both the read-through of DNA bearing 8-modified dA as well as the

incorporation of 8-modified dA to produce modified DNA. The number of sequences
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encoding for the crucial 8-modified dA from Dr. Marcel Hollenstein’s selection as well
as the selection described in Chapter 3 will be determined and graphed according to their
dA content. The number of sequences encoding for the well-tolerated dU" from Curtis
Lam’s selections will be determined and graphed according to dT content as well. The
amplifiability of DNA bearing the dA™™ modification used in Chapter 3 will be assessed
by performing a PCR against DNA templates of the Dz20-49 sequence, but bearing
slightly longer linker arms at the dA modifications.

Well-tolerated modified nucleoside triphosphates dU¥*TP, dU"TP, and dU*TP,
all of which have been successfully utilized in DNAzyme selections, will be used in PCR
to produce doubly-modified dsDNA. With doubly-modified dsDNA in hand, the
resistance to restriction enzyme digestions will be assessed. To ensure that resistance is
not due to mutation as the mutation potential of dU** and dUP" has not yet been
determined, the doubly modified dsSDNA will be ligated directed into a plasmid and
transfected into E. coli. Depending on the sequence attained from the harvested plasmid,
we will be able to determine if there was any change to the sequence, specifically the
restriction sites, stemming from mutation in the PCR or processing within the cell. This
will be the first experiment using DNAzyme-relevant nucleotides dU%* and dUP" within a

living system.

4.3 Materials and methods

4.3.1 Chemicals and reagents

Modified nucleoside triphosphates 5-guanidiniumallyl-2'-deoxyuridine-5'-
triphosphate (dU*'TP) and 5-(para-hydroxybenzamido)methyl-2'-deoxyuridine-5'-
triphosphate (dUP"TP) were synthesized by Curtis Lam. Modified nucleoside
triphosphate 5-aminoallyl-2'-deoxyuridine-5'- triphosphate (dU*TP) was purchased from

Trilink. Plasmid pUC18 was purchased from Fermentas.

4.3.2 Enzymes

All restriction enzymes were purchased from Invitrogen.
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4.3.3 Oligonucleotides

The following oligonucleotides are mentioned in this chapter (5'-3'):

ODN 4.1 TAATACGACTCACTATAGGGTAACGCCAGGGTTTTCC (Mod PCR-F)
ODN 4.2 GCTAGTTATTGCTCAGCGGGGAATTGTGAGCGGATAACA
(Mod PCR-R)

Oligonucleotides ODN 4.1 and ODN 4.2 were synthesized at and purchased from the
Integrated DNA Technologies (IDT). Oligonucleotide names used in notebooks follow

the sequence in parentheses.

4.3.3 TA cloning and sequencing of the final DNAzyme generations

The mercury sensor Dz10-13 selection (two modifications, N40 selection), Dz9-
86 selection (3 modifications, N20 selection), Dz10-66 selection (3 modifications, N40
selection), and Dz12-91 selection (12 nt RNA primer, 3 modifications, N20 selection)
were carried out by Dr. Marcel Hollenstein. The ATP sensor selection and stachyose
sensor DzSTA-17 selection were carried out by Curtis Lam. The Dz20-49 selection (3
modifications, one being dA™™ N40) was carried out by the author and was described in
Chapter 3.

Dr. Marcel Hollenstein and Curtis Lam provided Tag-amplified dsDNA of each
of the final generation from each of their respective selections. Purification of the PCR
product was done using Qiagen’s PCR Clean-up kit. Once purified, the DNA was TA
cloned using Promega’s pGEM-T Easy kit following the kit protocol. Ligation reactions
were incubated at 4°C overnight. An aliquot (5 pL) was dialyzed by placing the sample
on 1 % agarose for 1 hour. The dialyzed ligation (0.5 uL) was added to of E. coli
DH10B ElectroMax cells (20 ul, Invitrogen) and incubated on ice for 2 minutes. The
cells were electroporated using Tritech’s Bactozapper. White colonies were used to
inoculate TB (1 ml) containing 100 mg/ml ampicillin. After incubating overnight at 37

°C with shaking at 255 rpm, plasmids were isolated using Invitrogen’s Purelink Plasmid
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Purification Kit. Eluted plasmids (9 ul) were treated with 1x Invitrogen Buffer 3 (1 ul)
and 1 U Eco RI (0.1 pl of a 10 U/pl stock). The concentration of plasmids containing
cloned insert of correct size were determined by UV spectroscopy and an aliquot from
each was standardized to 50 ng/ul. Standardized plasmids were submitted to UBC’s

Nucleic Acid Protein Services Unit for sequencing using primer SP6.

4.3.4 Modified template synthesis for PCR, purification and standardization

Modified templates, Dz20-49 and variants, were synthesized on a 15 pmol scale
according to protocol described in Chapter 3. Nucleosides triphosphates used for
extensions were one of the following cocktails: 1) natural dNTPs, 2) dGTP, dC*TP,
dU®TP and dA™™TP, 3) dGTP, dC*TP, dU*TP and dA™TP and 4) dGTP, dC*TP,
dU®TP and dA™TP. Synthesized templates were bound on streptavidin, washed TEN (2
% 50 pl), (0.1IM NaOH, 1 mM EDTA) (5 x 50 ul), (25 mM cacodylate, pH 6 buffer) (1 x
100 ul), DEPC H,O (1 x 100 pl), and resuspended in DEPC H,O (20 pl). The beads
were split into two equal portions. To one portion, RNaseA (1 pl of a 10 mg/ml stock
solution) was added and the sample was left to incubate at room temperature for 20
minutes. Uncleaved DNA was used as a control to ensure full extension. 99:1
formamide loading buffer:biotin (100 mM in DMF) (10 pl) was added to each sample.
The samples were heated at 95 °C for 5 minutes and resolved using 7 % PAGE. Bands
corresponding to RNaseA-cleaved material were excised. The gels containing cleaved
products were crushed and the DNA was eluted by freezing and thawing (2 % 500 pl
elution buffer). Templates were dried in a speedvac. Pellets were dissolved in H>O (100
ul), 5x First Amp buffer (1 pl) and ethanol (1 ml). Samples were agitated on a vortexer
briefly and centrifuged for 15 minutes. The supernatant was decanted and the pellet was
air dried on a 65 °C heat block. The pellet was dissolved in DEPC H,O (50 pl) and
desalted by passing the sample through a G25 spin column.

A calibration curve relating the radioactivity to the dilution of unlabeled dGTP in
a solution was produced. A solution containing the same amount of radiation that was

obtained from the same stock of dGTPa**P was produced. Radioactivity was measured
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using Imagequant will be quantitatively described in terms of autoradiographic “volume.”
Dilutions used were 30 x, 90 %, 900 x, 1800 %, 18000 x. The natural log of the volumes
were plotted against the natural log of the dilution and fitted to the equation (3):

where:

X = In (dilution factor)
y = In (volume)
a=slope

b = intercept

The calibration curve provides a relation between the radioactivity and dilution
factor. Using the calibration curve, one can calculate a dilution factor, X, for each of the
modified templates. Purified DNA templates were spotted along with the calibration
standards in 1 pl and 10 pl volumes. The radioactive volumes for the 10 pl samples were
used for determination of template concentration. The dilution factor, X, of
deoxyguanosines can then used to determine the concentration of the DNA based on the
19 deoxyguanosines that get incorporated during the enzymic synthesis of Dz20-49 and
Dz20-49 dA* variants according to the equation (4):

[dGTP]x0.1

X

[template] =
Oxe 4

where:
X = In (dilution factor)

[dGTP] = the concentration used in the extension = 10 uM

The factor of 19 corrects for the 19 deoxyguanosines and the factor of 0.1 corrects for the

10 pul sample volume.
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4.3.5 PCR using modified templates

Once the templates concentrations were determined, templates were standardized
to 10 fM and used in PCR. PCR reactions contained 1 x Thermopol buffer (10 mM KCI,
10 mM (NH4)2SOy4, 2 mM MgSOy, 0.1 % Triton X-100, 20 mM Tris-HCI pH 8.8), 200
uM dNTPs, 1 fM DNA template, 1 uM of each primers ODN 3.5 and ODN3.6 and 5 U
Vent (exo-) or 5 U Taq polymerase in final volume of 50 pl.

The Vent (exo-) polymerase catalyzed reactions were thermocycled 45 times (94
°C/30 sec, 57 °C/ 30 sec, 72 °C/ 30 sec). Ten microlitre aliquots were removed after
cycles 37, 39, 41, 43 and 45. The Taq polymerase catalyzed reactions were thermocycled
35 times (94 °C/30 sec, 57 °C/ 30 sec, 72 °C/ 30 sec). Ten microlitre aliquots were
removed after cycles 27, 29, 31, 33 and 35. For comparison, the Vent (exo-)-produced
amplicons from an aliquot of the 43™ cycle of the PCR (2 ul) were resolved on 2 %
agarose gel. Amplicons produced from the 33" cycle of the Taq PCR were likewise

resolved.

4.3.6 Production of doubly-modified dsDNA

The multiple cloning site of pUC18 was amplified using modified dU*TPs to
produce doubly modified dsSDNA. Three separate PCRs contained 1 x Thermopol Buffer
(10 mM KCI, 10 mM (NH4),SO4, 2 mM MgSOy, 0.1 % Triton X-100, 20 mM Tris-HCI
pH 8.8), 1 uM primer ODN 4.1 (5'-
TAATACGACTCACTATAGGGTAACGCCAGGGTTTTCC-3"), 1 uM primer ODN 4.2
(5'- GCTAGTTATTGCTCAGCGGGGAATTGTGAGCGGATAACA
-3"), 200 uM dNTPs (dATP, dCTP, dGTP, and one of dU¥*TP, dUP"TP or dU*TP), 250
ng pUCI18, 5 U Vent (exo-), 5 mM MgSO, and DEPC treated water to a total of volume
50 ul. Non-hybridizing regions composed of sequences foreign to pUC18 are shown in
italics. These three reactions were thermocycled 20 x (94 °C/1 min, 55 °C/1 min, 72
°C/5 minutes) with a final extension 72 °C/5 minutes.

For an unmodified control product reaction, the following reaction mixture was made:
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1 x Thermopol Buffer (10 mM KCI, 10 mM (NH4)>SO4, 2 mM MgSOy, 0.1 % Triton X-
100, 20 mM Tris-HCI pH 8.8), 1 uM primer ODN 4.1 (5'-
TAATACGACTCACTATAGGGTAACGCCAGGGTTTTCC-3"), 1 uM primer ODN 4.2
(5'- GCTAGTTATTGCTCAGCGGGGAATTGTGAGCGGATAACA

-3"), 200 uM dNTPs, 50 pg pUC18, 2 U Vent (exo-), 5 mM MgSO, and DEPC treated
water to a total of volume 50 pl. Non-hybridizing regions composed of sequences
foreign to pUC18 are shown in italics. Sequence foreign to the template plasmid is
indicated in italics. The reaction was thermocycled 15 x (94 °C/20 sec, 55 °C/20 sec, 72
°C/20 sec). PCR products were purified using QTAGEN’s PCR Purification Kit. Product
DNA was eluted from the spin column using 30 pl of elution buffer. One microlitre of

purified product was run on a 2 % agarose gel.

4.3.7 Restriction digests of doubly-modified dsDNA
To 50 ng of modified or unmodified amplicon (5 pl from a 10 ng/ul stock) and
water (3 pl), one of the following combination of 10x buffers and 10 U enzymes was

added with the restriction enzyme was added last:

1) React 2 buffer (1 ul), Hind I (1ul from a 10 U/ul stock)
2) React 10 buffer (1 pl), Sal I (1l from a 10 U/pl stock)
3) React 2 buffer (1 ul), Xba I (1ul from a 10 U/ul stock)
4) React 3 buffer (1 ul), Bam HI (1pl from a 10 U/pl stock)
5) React 3 buffer (1 ul), Eco RI (1pul from a 10 U/ul stock)
6) React 4 buffer (1 pl), Sma I (1pl from a 10 U/ul stock)
7) React 8 buffer (1 ul), Kpn I (1ul from a 10 U/ul stock)

DNA substrates were digested for 2 hours at 37 °C. After 2 hours of incubation, 5 pl of

each reaction was loaded on 2 % agarose gels.
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4.3.8 Transfection of doubly-modified dsDNA

Doubly-modified dsDNA amplicons were A-tailed using reactions containing 1 x
Thermopol Buffer (10 mM KCI, 10 mM (NH4),SO4, 2 mM MgSQOy, 0.1 % Triton X-100,
20 mM Tris-HCI pH 8.8), 200 uM dATP, 50 ng doubly-modified dsDNA, 5 U Taq (1 pl
from a 5 U/ul stock) in a 10 ul final volume. The reactions were incubated at 72 °C for
20 minutes. TA cloning was performed using reactions containing an aliquot of the A-
tailing reaction (2 pl). Ligations were incubated at 4 °C overnight and subsequently
dialyzed on 1 % agarose for 1 hour. Electroporation, plating, harvesting and sequencing

were carried according to protocol out as described in section 4.3.3.

4.4 Results

4.4.1 Sequences of the final DNAzyme generations

Sequences were obtained for the final generations of Dr. Hollenstein’s selections
(mercury sensor Dz10-13 selection, RNA-cleaving Dz10-91 selection, Dz10-96 selection,
Dz10-66 selection and the two modification, N40 selection) and Curtis Lam’s selections
(ATP sensor selection and stachyose sensor selection) mentioned in this chapter and the
Dz20-49 selection mentioned in Chapter 3. Sequences were obtained according to the
protocol outlined in section 3.4.2 and are summarized in Table 4.1-4.8. All selections
contained notable self-cleaving DNAzymes which, except for the ATP selection, are
indicated by an asterisk. These clones were further studied with the exception of clone
N40-12 (Table 4.1) which contained the sequence for Dz9,s-11.

An interesting similarity between the most active clone of the mercury selection,
Dz10-13, and the most active clone of the dA™"-dependent selection of Chapter 3 is that
there are only four modified dA in the approximately forty base sequences. This
represents a non-random ten representation of a base that affords critical and catalysis-
enhancing properties. This observation prompted closer examination of the individual
sequences of the final gene pools. The number of sequences is graphed according to the
indicated modified base content in Figure 4.3-4.10. The gene pool of the mercury sensor
selection showed an average dA content of about 12.5 % (5 out of ~40). While the

content of the other 8-modified dA selections are not nearly as striking, they all show a
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dA content lower than the statistical average content of 25 %. For the purposes of
selection, a bias against dA content in the sequences is a concern to investigators who
seek to expand the chemical space of DNAzyme, but not at the cost of sequence space.
More concerning is the process by which this bias comes about. In a DNAzyme selection
where expected reactions result in the exponential amplification of a desired sequence,
unexpected reactions and side reactions may also result in exponential amplifications of
undesired sequences. The result could be the failure to enrich the gene pool in the

desired clones ultimately causing the entire selection to fail.
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Table 4.1 Individual clone sequences from the two modifications, N40 selection.

Clone Sequence #ot A Activity
N40-2 GTGAGTGTACCGTGGTGGGTTGTCGCGCTGACCATCCTG 5 n.d.
N40-12* GTTCTCATCCGTAGTGAAGGCACGGAGCCACCCTCCCGC 5 n.d.
N40-17 AGCCAACCAGCGGTAGTGAGGCATGCTCTCCTCCCCTCGT 7 n.d.
N40-19 GTTGTTGAGTGGCGATGACTCTTTCCCCTTGCAATGGTCGT 5 n.d.
N40-21 GCCTGCACCCTAGCTTGACGATGGAACCGCAGCCTCGGCCC 7 n.d.
N40-33 GCGCAGAGCTAGTGAGTGCACGCACGCCGGTGCGCGTCA 7 n.d.
N40-50 GGTGTCCTTTCGACCGTGTCTAGCTGTCCGGTCTGTGTGCT 2 n.d.
n.d. = notdetermined or data not available

* = indicates that this sequence bears the Dz9,s-11 catalytic sequence and most likely has similar

activity

numberof sequences
N

0 1 2 3 4 5 6 7 8 9 10 11 12
numberof dAin the sequence

Figure 4.3 Bar graph depicting the number of sequences as a function of the number of dA™ modifications

present in the N40 region, which after the base deletions and additions during the selection consists of a

range of 39 - 41 bases, for a selection for a divalent metal cation-independent DNAzyme modified with

dA™ and dU™.
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Table 4.2 Individual clone sequences from the Dz10-13 (mercury sensor) selection.

Clone Sequence #of A Activity
3 CACAGTGTGTGAGGCACTGTACGGTGAGTGGTGCTT 6 n.d.
5 TTCTCATCCGTAGTGAGGGACGCGGCGCTCCCCCGTT 4 n.d.
8 CATAGTGCGTGAGGCCCGCCCACTCCCCGTCGTGGTA 5 n.d.
9 TTCTCATCCGTAGTGAGGGACGCGGCGCTCCCCCGTT 4 n.d.
10 GCACAGTGTGTGAGGCATGTGCGAGTGTGCTGTCTCG 5 n.d.
13* CACACGTGTGTGACGGCCTCGCGCGCCCGCCCTGCCGTA 4 ++
17 CATAGTGCGTGAGGCGCGTCTGCAGCGTGGTGGGTTT 4 n.d.
21 CACAGTTGTGTGATGGCTGGGCAGCCAGCGGTGGTCA 6 n.d.
23 CACACGTGTGTGATGGCTCTGCTTCCCACCGGTCCTCA 5 n.d.
24 CATAGTGCGTGAGGCTTGCGCTGTCAGTCAGCGGTCG 5 n.d.
31 CACAGTTGTGTGAGGCGCGTGTACAGTGCGGCGGGTCT 5 n.d.
34 CACAGTTGTGTGATGGCTGGCTCTGCAGCCCGCTGGGT 4 n.d.
40 ACGTGTGTGAGGCATGCGCTCACTGCCGTGGGTCT 4 n.d.
41 CACAGTGTGTGAGGTTCGCCTCTGCCTCCCTGCTACA 5 n.d.
42 CATAGTGCGTGAGGCACGGTTACCGCCGTGGTGTGT 5 n.d.
49 CACAGTGTGTGAGGCGTGCGCGAGTGGTTAGTGTCCTG 5 n.d.
n.d. = notdetermined or data not available

* = indicates the sequence most characterized

numberof sequences
o = N w £ o [e)} ~N (0] [(e}
1
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numberof dAin the sequence
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Figure 4.4 Bar graph depicting the number of sequences as a function of the number of dA™ modifications

present in a N40 region, which after the base deletions during the selection consists of a range of 35 - 39

bases, for a selection for a mercury sensor DNAzyme modified with dA™ and dU* (Hollenstein et al.,

2008)
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Table 4.3 Individual clone sequences from the Dz9-86 (3modifications, N20) selection.

Clone Sequence #of A Activity
3 CTGCGTGTGTCTTGTGTGCG 0 n.d
4 CTAGCAGCGCCAGTGAGGCTCGCGTT 4 ++
5 GAGAGTGTACTGTGGGTGTA 4 +
9 TTGTTGCATCGCATGTGATG 3 n.d.
11 GGTGAGTGTGGACGGTGTTT 2 n.d.
12 CCGTGTGTGTGTCGTGTGTA 1 n.d.
13 GAGAGTGTATCGTGGTGGGTC 3 +
17 GAGAGTGTACCATGTGTGTA 5 ++
18 ATGGAGCGCTAGTGATGTTTC 4 n.d.
28 TTGCCAGCGGTAGTGTCGCTCGCT 2 +
29 TTGCCAGCGGCAGTGAGGCTTC 3 ++
33 TCGCCAGCGGCAGTGAGGTTCGCA 4 ++
36 TTCCCAGCGGGAGTGTCGCC 2 ++
40 GGATTGCAGTAGGTTGTGCCG 3 n.d.
43 GTGTTTGCTTGGCTATGGCTC 1 +
52 CCATACAGCGCTAGTGTC 4 n.d.
53 ACGCATCGTTAGTGAGGGTGC 4 n.d.
54 TGGTGTGTCTGGGTGGGGTGT 0 n.d.
55 GGCACAGGGGGAGTGGTGTTG 3 n.d.
56 TTGCCAGCGGCAGTGAGTGCAC 3 n.d.
57 TGTGCACAGTGGTTCGGTG 2 -
58 TTGCCAGCGGTAGTGATG 3 n.d.
59 AAGCAGCGTTAGTGAGGCGC 5 ++
60 GCCTACTAGCGGGAGTGAG 3 n.d.
61 GAGAGTGTTTGATGGGTGTG 2 +
63 GAGAGTGTTTTATGGGTGTC 2 -
64 TTAGCAGCGCATGTGGTGGCTTG 3 +
67 CAGTGTGTCACAGCGGTGTA 3 n.d.
7 CTGGAGTGGACTATGTGGGTA 4 n.d.
81 TGTCGCGTACGGTTGGTGTTG 1 n.d.
82 TGAGAGCTTCGTACGGGAGGT 4 n.d.
83 GCACGTATCGGGTTTTGTT 2 +
86 GTGTTTGCTCGGCTATGGTTC 1 n.d.
87* TCATGCAGCGCGTAGTGTC 3 +++
88 CCANGTATCGGGTTTTGTT 2 n.d.
90 GTGTTTGCTTGGCTATGGCTC 1 n.d.
91 GCACGTATCGGGTTTTGTT 2 n.d.
92 TTAGCAGTGCATGTGATGGCTGC 4 n.d.
98 CCGTACGTGTGTTGTGCGTT 1 n.d.
n.d. = notdetermined or data not available

* = indicates the sequence most characterized. Clone #87 was

renamed Dz9-86
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Figure 4.5 Bar graph depicting the number of sequences as a function of the number of dA™ modifications
present in a N20 region, which after the base deletions and additions during the selection consists of a range
of 18 - 23 bases, for a selection for a divalent metal cation-independent DNAzyme modified with dA™,

dU* and dC*.(Hollenstein et al., 2009a)
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Table 4.4 Individual clone sequences from the all RNA-cleaving Dz12-91(3 modifications, N20)

selection.

Clone Sequence #of A Acivity
9 TGCAGCGCTAGTGTGTGGTATGCGT 3 n.d.
19 CTCAGCGCTAGTGTGAGGCTCGCTT 3 n.d.
24 GGCAGCTCGGTCCCGTTTGCG 1 n.d.
33 CGTCATGGTGGTGTTGTGGTT 1 n.d.
34 TGCAGCGCTAGTGTGAGGCATT 3 n.d.
40 TACCGCAGGGTGATTAGTGTC 4 n.d.
42 TACCGCAGCGTGATTAGTGTG 4 n.d.
44 TTAGCAGTGTACTATGTAGTGCC 4 n.d.
45 TTGAGTGTACAGTGGGTGTA 4 n.d.
47 CGCAGCGCTAGTGTGAGGCTTC 3 +

47b CGCAGCGGTAGTGTGAGGCTTC 3 n.d.
51 TGCAGCGCTAGTGTGAGGCATGTGT 4 +

53 GCACGCACCAGGTTTTTGT 4 n.d.
55 CATGCAGCCCTAGTGTGTGGCATT 3 n.d.
57* ATGATGCAGCGCATGTGTC 4 ++
58 TGCAGCGCTAGTGTGGGCTCGTT 2 +

59 TGCAGCGCTAGTGTGCGGCACGCGC 3 +

74 TGCAGCGCTAGTGTGGGTCGTA 3 +

79 AATTTGCAGCGCGTAGTGTC 4 n.d.
80 AGTTACAGTGGTAGCGGTTG 4 +

85 TCTTATGTAGCGCCAGTGTC 3 n.d.
86 TGCAGCGCTAGTGTGAGGCATTGT 4 +

87 AATGTCACAGAGGTCCGGTG 5 n.d.
R2 TGCAGCGTTAGTGTGGGTACGCGT 4 -

R10 AGTTATAGTGGTAAGCGGTTG 5 ++
R11 GCACGTACCGGGTTTTTGT 2 ++
R11b TTGATGCAGCGCATGTGTC 3 ++
R12 GCTAAGTTCGCCATTTGGTGG 3

R12b AGTTACAGTGGTAGCGGTG 4 +

R13 ATGCCAGCGGCAGTGTCGCTCGCTT 3 -

R13b GTTACAGTGGTAGCGGTTG 3 +

R14 TACCGCACCGTGATTAGTGTC 4 n.d.
R17 TAGCCAGTGGTAGTGTCGCTCGCTTT 3 n.d.
R18 TGCAGGACTAGTGTGAGGCTCGTCT 4 n.d.
R3 TGCAGCGCTAGTGTGAGGCATGCTT 4 ++
n.d. = notdetermined or data not available

* = indicates the sequence most characterized
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Table 4.4 Individual clone sequences from the all RNA-cleaving Dz12-91(3 modifications, N20)

selection continued.

Clone Sequence #of A Acivity
R22 CTCCAGCTGTAGTGTGAGGCTCGCTT 3 n.d.
R23 TACCGCAGCGTGATTAGTGTC 4 +
R24 TACCGCAGCGTGATTAGTGTC 4 +
R26 GGCAGCTCGGCCCCGTTTGCG 1 +
R26b TATGCACAGAGGTTCGGGT 3 n.d
R28 TGCAGCACTAGTGTCTGGCATGTTG 4 -
R30 CTGAGGGAGTGGTTGGTCTT 2 .d.
R32 TACAGCGCTAGTGTGAGGCATT 5 n.d.
R33 GGTTTGCAGCGCGTAGTGTC 2 +
R34 TCATGTAGTACGTAGTGTCGCC 4
R34b GCTAAGTTTGCGTGTGGGTTC 2 -
R4 TACCGCAGCGTGATTAGTGTC 4 n.d.
R5 TGCAGCGCTAATGTGTGGCTCGTTT 3 n.d.
R6 GCTAAGTCCGCCGATTGGTGG 3 +
R6b CTCCAGCGGTAATGTGAGGCTCGCTA 5 n.d.
R8 TACCGCAGCGTGATTAGTGTC 4 n.d.
R9 TGCAGCGCTAGTGTGAGGCATT 4 n.d.
R37 TGCAGCGCTAGTGTGAGGCATT 4 n.d.
R44 AGTTATAGTGGTAGCGGTTG 4 ++
R45 TGCAGCGCTAGTGTGAGGCACGTGT 4 ++
n.d. = notdetermined or data not available

30
o 25 A
O
c
g 20 -
o
7,
215 -
)
—
2
c 10
S
c

5 -
L m B I
1 2

0 3

4 5 6 7

numberof dAin the sequence

Figure 4.6 Bar graph depicting the number of sequences as a function of the number of dA™ modifications

present in a N20 region, which after the base deletions and additions during the selection consists of a range

of 19 - 26 bases, for a selection for a divalent metal cation-independent DNAzyme modified with dA™,

dU* and dC™ capable of cleaving at a region composed of twelve ribonucleotides.
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Table 4.5 Individual clone sequences from the stachyose sensor selection.

Clone Sequence #of T Activity
1 GAAACGAGCTCGAACGAAGGCACGATGGCCAATCACCTATTG 6 +++
4 GAAATTAGTTGACGCAGGCATTGCACTGTGAATGGTGTTA 12 -
17* GAAACTAGTTGACGAAGGCACTGCTGACTATCGAGTGCAAA 8 ++++
22 GATACTAGTTGACGCAGGCACGATTGAGTATCCCCTTCACAA 10 +++
46 GATACTAGTTGACGCAGGCACTAATGACCATCCCGTGCATA 9 +++
48 GATACGAGCCGTACGAAGGCACGATGCGCAATCGCCTATTG 7 ++
53 TCACATGAGTGTGAGACACGCAGTGGTCCGGATTGGGCAA 8 -
54 GAACTGAGCTCAGACGCAGGCTAAACGCTGAAATAGCGCTA 6 ++
107 GATACTAGTTGACGAAGACACTAATGACTATCTAGTGCATA 11 -
109 GATACTAGTTGATGATGGCACTCCCTAGCAGTCTACTACT 12 -
112 GCATCCTGCTCGCTGTGGAGGCCACCAAATCGCTATGGAAT 9 -
113 GAAACTAGTTGACGGAGGCACTTCTGAGGATCGTGTCCACA 9 +++
120 GATACTAGTTGACGAAGGCACTATCGCGTTTTACGTGCAAA 11 +++
124 GAAACTAGTTGACGCAGGCACTTCTGAGCATCTCCTTCACAA 10 +++
* = indicates the sequence most characterized
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Figure 4.7 Bar graph depicting the number of sequences as a function of the number of dUP modifications

present in a N40 region, which after the base additions during the selection consists of a range of 40 - 42

bases, for a selection for a stachyose sensor DNAzyme modified with dU™ only.
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Table 4.6 Individual clone sequences from the ATP sensor selection.

Clone Sequence #of T Activity
2 GAAACTAGTTGACGGAGGCACTGCATGGTGAGTGCTGTTC 10 +++
3 GATACCAGCCCGTACGCAGGCACGTTACCCTACAAGCAAAA 5 -
13 GAAACTAGTTGACGACGACACGCCAACGCCCTGTCGTGTATA 8 +
14 GAAACTAGTTGACGGAGGTACGGTCATGAGGCGGTGTGGTCTA 10 +++
16 GATAGTAGTTCACGGAGGCACTACTAAGTATGGTGTGCAAA 10 ++
18 GAAGCTAGTTGACGCAGGCACGGAGTGGGTGAGCGTGGTTA 8 +++
20 GAAACTAGTTGACGCAGGTACCCCTACACAGTGTAAACATA 8 -
22 GATACTAGTTGACGAGGGCATGCCCTCCCTCCCGTAGTGTA 10 -
37 GAAACTAGTTGACGGGGGCATAGGTCAGTATGCTTTGTTT 13 -
47 GAAACAAGCTGCACGAAGGCACGCACGGTCCGTATCGGCCTA 5 +
101 AACTGCCATATTACCTACAATGGCGGAGTGCGCCCTATGATC 10 -
102 GATAGCAGCGTCTACGAAGGCACCATGGTCCTAGCATGTTA 9 +
105 GAAGCAAGCTACACGAAGGCACGCACACTGGTGCCTGGTTA 6 -
108 GAAACTAGTTGACGCAGACACTGCTAAGTATCGTGAGCAAG 8 -
110 GAACTGAGCCCAGACGCCGGCTAAAAGTCGAAATGGTGTTA 7 -
114 GATATCAGCCGATACGAAGGCAAACAATATGCCTTTCATTG 10 -
115 GAAACTAGTTGACGCAGGCATTATGCAGTATCTCATAGAAA 10 +
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Figure 4.8 Bar graph depicting the number of sequences as a function of the number of dU modifications

present in a N40 region, which after the base additions during the selection consists of a range of 40 - 43

bases, for a selection for a ATP sensor DNAzyme modified with dUP" only.
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Table 4.7 Individual clone sequences from the Dz10-66 (3modifications, N40) selection.

Clone

Sequence

#of A Activity

N2
NS
N8
N12
N16
N17
N20
N22
N23
N26
N30
N32
N33
N37
N38
N40
N41
N43
N46
N66*

TTAGCAGCATGAGTGAGAGCGCGCACTGTGAGTGGCGTTT
TTCGCAGCGTGAGTGAGGTGCGCTCTGTAGGGTGAGTGGTGCT
TTAGCAGCGCAATGAGGTGCGCATGTGAGTGTGTGCTA
CTAGCAGCGCATGTGAGGCATGCATGGTTGAGTGTGGCC
TCCGCAGCGTGAGTGAGGTGCGCGTGAGTGGGATTGCTGTT
CTAGCAGCGCATGTGAGTGGACGCATTGAGGCGAGGGTTA
TTCGCAGCGTGAGTGTCGCTCGCTTTAGTCTTGTTCGCT
TTGTTGCAGCGCTAGTGACGCACGCATGCAGTGATGTGGT
TTAGCAACGCCAGTGCCGCATGCGTGAGTGAGCTGTTCTT
CTAGCAGCGCATGTGTCGCTCGCATGCGAGTTCGTGCAT
TTCGCAGCGTGAGTGAGTGCATGCATGAGTGGGAGTGGTGTA
CTAGCAGCGCACGTGATGGCTCAGCATGTGAGGGGGGTGC
TGTTGCAGCGCTAGTGAGGCGCGTACGAGTGGTCGATGTCTT
TTAGCAGCGCATGTGAGGCATACACGAGAGGGTGTGTTGTA
TTAGCAGCCCCAGTGAGGCACAGTAATGTGAGCGTTTCGTT
GTTGCAGCCCTAGTGATGGTGCGCCATGCTGGCTGTGGTGGA
GTTGCAGCGCATGTGATGGTCTCGCATGCTTGTGTGTGAGT
TTAGCAGCGCATGTGATGGCATGCGCACGGGGGTTCGGCTG
TTCGCAGCGTGAGTGAGAGCATGCATGGAGTGGGTGCGTGT
CTAGCAGCGCAAGTGAGGCGCGCTATGAGTGTGCGTGCGTGTAT
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Figure 4.9 Bar graph depicting the number of sequences as a function of the number of dA™ modifications

present in a N40 region, which after the base deletions and additions during the selection consists of a range

of 38 - 43 bases, for a selection for a divalent metal cation-independent DNAzyme modified with dA™,

dU® and dC*.(Hollenstein et al., 2009b)
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Table 4.8 Individual clone sequences from the Dz20-49 (3 modifications, N40) selection.

Clone Sequence of A Activity

1 AUSCAUGGUUAUUGUAGCAUGUGCUGUGUAGCAGCAGCGUUU 8 -
2 AUGCAUGGUUAUUGAGUCGAGGCAUGUUAGUGAGUGUGUGCUU 8 -
4 CUGCAUGGUUAUUGAGGCGAGGCAUGUGAGGGAUUGGCUG 7 -
5 UCAUAGUCUCGGUGGCACGUUCGUAGGUGUGAUUGUGUGU 5 -
6 AGUUAUGCUCUCCAGUGGCUCGCAUGAUGUGUAGUGUGUG 6 +
7 GUAUGAGCAGUGUGGUGGGAGGCGCGCUUGUGCUUGCGUUAGU 5

8 AGUCAUGUAGUCAGUCUGCGGCACGCCGUGGUGAGGGAUGUGC 7

9 AUGCAUGCUUAUUGAGGCGAGGCAUGCGUCGAGUGUGUGUGCGGU 7 -
10 AGUCAUGUAUUCCGUUGCUAGCGCAGCAUGUGCUGUGUGUUG 6 -
11 GUGUUUGCUCGGCUGUGGUGCGCAGUGUGGUCGAAGUGUGU 3 -
13 GUAUGAGUGGAGUGGUGGGAGGCAUGCUUGUGGUGAGGUGGCUUU 6 +
14 ACUGUUGAGCACUAGUGAGGUGUGCACGAGUGGUGUCGGUCU 7 -
18 AUGCAUGCUUAUUGAGGCGUGGCACAGUAUGUGUGUGAGU 8 -
19 AUGCAUGGUUAUUGAGGCGUGGCCAGGGUGGCAGUAGUGUU 7 -
21 AUGCAUGGUUAUUGAGGCGUGGUACGCUUGUGCUUGUAGUGAGU 7 -
22 CUGCAUGGUUAUUGAGUCGAGGCAUGUGAGGGAUUGGCUG 7 -
24 AUGCAUGGUUAUUGAGUCUAGGCACGUGAUGAGUGUGAGUGCG 9 -
25 AUGCAUGGUUAUUGAGUCGAGGCUUGUGAGGGAUGGGCUG 7 -
31 UUGCAUGGUUAUUGAGGCGUGGUCGCAGUGGUAGUGAGU 6 -
35 ACUACCAUGUGGUCUACAAUGGCGGAGCACCAGUUAUGUUU 10 -
38 UGUCAUGUUCUCCGUGGCUCGUACGCCGUGUGUGUGUGUUA 3 -
41 UUCGCAUCGUGAGUGAGGCACGGUGGCGACGUGUUGUGGUGCA 6 -
43 AUGCAUGGUUAUUGAGGUGUGGCCAGGUGGCAGUAGUGUU 7 -
44 AGUCAUGCUCUCCAGUGGUUCGCAUGUAUGUGAGUGGAGUGU 7 +
45 AGCAGCUCGAGUCAGUUUGCGGCACGCAUGGUGGUUCGCGUGU 6 -
46 AUGCAUGGUUAUUGAGGCGUGGCACAGUAUGGGUGUGAGU 8 -
48 AUGCAUGGUUAUUGAGUCGAGUGUAGUGUAGCAGCAGCGUUG 9 -
49*% AGUCAUGCUCUCUAGUGGUUCGCAGGUCGUGUGGGUCGUU 4 +
50 AUGCAUGGUUAUUGAGUCGAGUGUAGUGUAGCAGUAGCGUUG 9 -
52 GCAUAGUCUCGGUGGCACACUCGUAGAGGUGGUAGUGUCA 8 -
54 AGUCAUGUAGUCCGUUGCUAGCGCGCCAUGUGCUGUGUUG 5 -
55 AUGCAUGGUUAUUUAGUCGAGGCAUGUGAGGGAUUGGGUG 8 -
57 CUGUUUGCUCGACUAUGGCGCGCAGUGUGGUCUUAGUGUUU 4 -

* = indicates the sequence most characterized
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Figure 4.10 Bar graph depicting the number of sequences as a function of the number of dA™"
modifications present in a N40 region, which after the base deletions and additions during the selection
consists of a range of 39 — 45 bases, for a selection for a divalent metal cation-independent DNAzyme

modified with dA™™, dU# and dC*.
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4.4.2 Quantification of various dA-modified templates based on Dz20-49

As the efficiency of modified DNA template read-through was suspected to be
lower than that of unmodified DNA templates, modified templates were synthesized,
RNaseA-cleaved, and gel purified. These modified DNA templates were used to
compare the efficiency of read-through by comparing the amounts of amplicon produced
from PCR. Quantification of the modified DNA templates was done using a calibration
curve (Figure 4.11). A sample calculation using equations (3) and (4) is shown on page
123. A standard stock solution was made by adding the same volume (0.75 pl) of the
same radioactive stock solution as the volume and stock solution used in the original
primer extension reactions to water to a final volume (20 ul) that matches the extension
reactions. The solution used to produce the calibration curve was made from the same
stock solution of dGTPa*?P used to produce the templates to ensure the concentration of
radioactivity source was consistent. The actual radioactivity of the stock solution does
not need to be known exactly as the radioactivity to dG ratio changes with time due to the
dGTPo’?P constantly decaying. However, it is imperative that the calibration standard be
made from the same stock solution so that both calibration standard and templates will
have decayed by the same amount at any given time.

Because the concentration of dG is related to the radioactivity, the concentration
of dG in a sample containing purified template can be calculated by the radiation emitted.
First, the calibration curve was produced by loading various dilutions (1 pl) on a glass-
backed silica gel plate and relating the natural log of the radioactivity to the natural log of
the dilution factor. Second, the radioactivity for a given volume of template solution is
quantified and a value for the “dilution factor” for that particular template is calculated
using equation (3). Third, the template’s “dilution factor” can be used to calculate the
concentration of template by accounting for the nineteen dGs in the Dz20-49 sequence by
dividing by nineteen as shown in equation (4). Templates were diluted to make 10 fM

stock solutions for PCR.
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Figure 4.11 Calibration curve used to determine modified DNA concentration. A Exposed screen showing
the radioactive intensity of calibration standards at various dilutions and 1 pl and 10 pl of synthesized
modified and unmodified templates. B Calibration curve produced by autoradiography for determining

modified template concentration. Graph fitted to equation y=-0.9344 x + 20.5035, R>>0.99.
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Example calculation of dA™"-modified template concentration:

Using the acquired data points (Figure 4.11), to produce the calibration curve gives:

X :y—_b

a
a=-0.9344
b =20.50

Calculating associated DF = “dilution factor:”

InDF = Involume —b
a
6
In DF = In1.34x10° —20.50
-0.9344
In DF =6.84

Calculating dA™"-modified template concentration:

[dGTP]x0.1
template] = ————
[ p ] 19Xe]nDF

[10°]x0.1
1 late]=————
[template] 19xe"™

[template] = 5.61 pM
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4.4.3 Amplicons from modified template PCR

To simulate and examine the relative amplifiability of the trace amounts of
modified DNA recovered from selection, the modified templates whose sequences are
based on Dz20-49 and contain various combinations of relevant modifications were
amplified using PCR. In this case, the main determinant of amplifiability is the initial
read-through of the template strand into unmodified DNA. Once the first strand of
unmodified DNA is produced, the PCR will proceed normally using the newly
synthesized unmodified DNA. Using conditions similar to those found in the selection of
Chapter 3 (trace amount of template, use of Vent (exo-)), we see that given the same
conditions and number of cycles the dA™"-modified template is amplified with reduced
efficiency compared to dA™-modified or dA™-modified templates. Note that in Figures
4.12 and 4.14 the ethidium bromide appears in greater quantity on the right sides of the
gels as seen in the background fluorescence. Therefore, side-by-side comparisons of
amplicons produced using different templates, but that same polymerase and number of
cycles were done (Figure 4.13 and Figure 4.15).

For PCRs using Vent (exo-), the dA™ and dA™ templates are amplified with
almost the same efficiency (Figure 4.12). The dA™ -modified template is amplified far
less efficiently than the other two dA*-modified templates. All dA*-modified templates
produce less amplicon than the fully unmodified template (Figure 4.13). For PCRs using
Taq polymerase, some mispriming is also seen as suggested by the appearance of artifacts
(Figure 4.14). A trace amount of amplification artifact can be seen in the unmodified
template control. The amount of artifact produced in the modified template PCR is much
more pronounced. In the PCR containing the dA™-modified template, the major
product is artifact. The relative ratio of the amounts of amplicon, both product and

artifact combined, is similar to what is seen for Vent (exo’) (Figure 4.15).
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Figure 4.12 Amplification of Dz20-49 templates with varying modifications using Vent (exo-) polymerase.
A Lanes 1 and 7: NEB Low Molecular Weight Ladder, Lanes 2-6: 37, 39, 41, 43, 45 cycles of PCR,
respectively, using unmodified template. Lanes 8-12: 37, 39, 41, 43, 45 cycles of PCR, respectively, using
dU®, dC* and dA™ -modified template. B Lanes 1 and 7: NEB Low Molecular Weight Ladder, Lanes 2-
6:37, 39, 41, 43, 45 cycles of PCR, respectively, using dU%, dC* and dA™-modified template. Lanes 8-
12: 37, 39, 41, 43, 45 cycles of PCR, respectively, using dU*, dC* and dA™-modified template.

200 bp —>

Expected product
75 bp —

Primers

Figure 4.13 Comparison of the amplicons produced by Vent (exo-) using modified templates. Lanes 1 + 6:
NEB Low Molecular Weight Ladder. Lane 2: Amplicon produced after 43 cycles of PCR using template
containing no modifications. Lanes 3-5: Amplicons produced after 43 cycles of PCR using templates

containing modified dC, modified dU and one of dA™™, dA™, dA™, respectively.
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Figure 4.14 Amplification of Dz20-49 templates with varying modifications using Taq polymerase. A
Lanes 1 and 7: NEB Low Molecular Weight Ladder, Lanes 2-6: 27, 29, 31, 33, 35 cycles of PCR,
respectively, using unmodified template. Lanes 8-12: 27, 29, 31, 33, 35 cycles of PCR, respectively, using
dU®, dC* and dA™ -modified template. B Lanes 1 and 7: NEB Low Molecular Weight Ladder, Lanes 2-
6:27,29, 31, 33, 35 cycles of PCR, respectively, using dU%, dC* and dA™-modified template. Lanes 8-
12: 27, 29, 31, 33, 35 cycles of PCR, respectively, using dU%", dC** and dA™-modified template.

<«— Expected product
<+— Artifacts

Figure 4.15 Comparison of the amplicons produced by Taq using modified templates. Lanes 1 + 6: NEB
Low Molecular Weight Ladder. Lane 2: Amplicon produced after 33 cycles of PCR using template
containing no modifications. Lanes 3-5: Amplicons produced after 33 cycles of PCR using templates

containing modified dC, modified dU and one of dA™™, dA™, dA™, respectively.
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4.4.4 Production of doubly-modified dsDNA

The advantages of ssDNA with a high density chemical functionalization were
described in section 1.2.5. It would then be of interest to study the properties of doubly-
modified double-stranded DNA as our folded DNAzyme could have many double-
stranded motifs. Doubly-modified dsDNA was produced by performing PCR using
modified nucleoside triphosphates dU**TP, dUP"TP or dU“TP. Amplicons were

produced cleanly and were agarose gel purified (Figure 4.16).
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A Target amplicon sequence

5 -TAATACGACTCACTATAgggtaacgccagggttttccCAGTCACGACGTTGTAAAACG
3'-ATTATGCTGAGTGTTATcccattgcggtcccaaaaggGTCAGTGCTGCAACATTTTGC

Hindll1 Sall Xbal BamHl Kpnl

ACGGCCAGTGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGA“GGATCCICCGIGGTACCIGAGC
TGCCGGTCACGGTTCGAACGTACGGACGTCCAGCTGAGATCTCCTAGGGGCCCATGGCTCG
Smal
Eco RI

TCGAATTCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATtgttatccgctcacaattc
AGCTTAAGCATTAGTACCAGTATCGACAAAGGACACACTTTAacaataggcgagtgttaag

CCCGCTGAGCAATAACTAGC- 3’
9GGCGACTCGTTATTGATCG- 5’

200 bp —* el J<— Expected products

200 bp — <«— Purified products

Figure 4.16 Amplicon sequence and modified PCR products. A Amplicon sequence showing foreign
sequence introduced by PCR primers in italics, primer binding regions in lowercase, and restriction digest
sites shown in boldface. B Lane 1: NEB Low Molecular Weight DNA Marker. Lanes 2-5: dU*-modified
amplicon, dUP™-modified amplicon, dU**-modified amplicon and unmodified amplicon, respectively. C
Gel purified PCR products. Lane 1 and 6: NEB Low Molecular Weight DNA Marker. Lanes 2-5: dU*-
modified amplicon, dU™-modified amplicon, dU*-modified amplicon and unmodified amplicon,

respectively.
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4.4.5 Restriction digests of doubly-modified dsDNA

Section 4.4.3 describes reduced activity between densely functionalized DNA
templates and two commercial polymerases. Another type of commercial enzyme
commonly used in molecular biology and in selections is the restriction enzyme or
restriction endonuclease. Determination of efficiency of restriction enzyme digestion of
densely functionalized dsDNA would be of interest. Doubly-modified dsSDNA amplicons
were also subjected to restriction digestion. For size control, unmodified DNA was
produced and subjected to digestion for the same duration of time. The dUP"-modified
and dU**-modified amplicons showed resistance to cleavage by Hind III, Bam HI, Kpn I,
Eco RI, Sal I and Xba I (Figure 4.17). With the exception of Sma I, all restriction
enzymes cleave at a site containing a dT (Table 4.9). Compared to the cleavage of
unmodified amplicon, the modifications provide no resistance to cleavage against Sma I.
The dU*-modified amplicon showed resistance to cleavage by all of the tested restriction

enzymes. Percent cleavage by the various restriction enzymes is summarized in Table

4.9.
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Figure 4.17 Restriction digests of modified dssDNA. A Lanes 1, 6 + 11: NEB Low Molecular Weight
DNA Marker. Lanes 2 -5: Untreated dU%-, dUP-, dU*-modified DNA and unmodified DNA, respectively.
Lanes 7 -10: Kpn I treated dU¥"-, dUP"-, dU**-modified DNA and unmodified DNA, respectively. B Lanes
1,6, 11+ 16: NEB Low Molecular Weight DNA Marker. Lanes 2 — 5: Hind Ill-treated dU®-, dUP"-, dU™-
modified DNA and unmodified DNA, respectively. Lanes 7 — 10: Sal I-treated dU%-, dU™"-, dU*-modified
DNA and unmodified DNA, respectively. Lanes 12 — 15: Xba I-treated dU¥-, dU™-, dU**-modified DNA
and unmodified DNA, respectively. C Lane 1, 6, 11 + 16: NEB Low Molecular Weight DNA Marker.
Lanes 2 — 5: Bam Hl-treated dU%-, dU™-, dU*-modified DNA and unmodified DNA, respectively. Lanes
7 — 10: Eco Rl-treated dU¥-, dU™-, dU*-modified DNA and unmodified DNA, respectively. Lanes 12 —
15: Sma I-treated dU%-, dUP-, dU*-modified DNA and unmodified DNA, respectively.
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Table 4.9 Summary of the percentage of dU-modified dsSDNA cleaved by the indicated restriction enzyme

after two hours of incubation at 37 °C.

Restriction site

Pt a h aa
restriction enzyme shown 5' to 3' dT du? du™ du
Sal | GTCGAC 80 <5 <5 <5
Xbal TCTAGA 81 <5 <5 <5
Bam HI GGATCC 86 <5 <5 <5
Eco RI GAATTC 81 <5 <5 <5
Sma l CCCGGG 75 74 86 43
Kpn | GGTACC 87 <5 <5 <5
Hind 1l AAGCTT 79 <5 <5 <5

4.4.6 Sequences originating from doubly-modified dsDNA

The possibility of a modified nucleotide causing detrimental mutations could
greatly affect the outcome of a DNAzyme selection. The mutagenic potential of the
modified dU described in this chapter was examined by the introduction of doubly-
modified dsDNA into bacterial cells followed by the sequencing of the bacteria-produced
plasmids. Sequences were obtained from plasmids originating from dU”-modified and
dU®*-modified plasmids (Figure 4.18). Few white colonies were obtained possibly as a
result of inefficient production of ligated product. A transformation efficiency of only ~
2 x 10° cfu/ug was attained. This could be due to inefficient A-tailing by Taq. The few
sequences of the multiple cloning sites obtained were virtually identical to the original
multiple cloning site sequence. One sequence, however, did have a T to A mutation in
the Bam HI site. Transfection using the dU*-modified plasmid failed to yield plasmids

containing correctly sized inserts.
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Bam HI Kpn|

pUC 18 cloning site sequence 5"-AAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTC-3"

L ) L L ) L )

Hind Il Sal | Xba | Smal Eco RI
dur-modified amplicon-1 5’- AAGCTTGCATGCCTGCAGGTCGACTCTAGAGGAACCCCGGGTACCGAGCTCGAATTC-3"
durh-modified amplicon-2 5- AAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTC-3"
du9a-modified amplicon-1 5- AAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTC-3"

Figure 4.18 Multiple cloning site sequences obtained from plasmids originating from dU*-modified or

dU"-modified DNA. The dT to dA base mutation is indicated with an underlined A.

4.5 Discussion

Arising from an observation that active DNAzymes Dz10-13 and Dz20-49 only
contain four modified dA’s in their N40 regions, the possible origin for such a low
percentage of these critical modified nucleotides was explored. Gathering more
information from other similar selections led us to suspect the possibility of polymerase-
mediated bias. Other enzymic interactions, resistance to restriction enzyme digestion and

the processing of a plasmid bearing modified DNA by E. coli, were assayed.

4.5.1 General analysis of the sequences of the final DNAzyme generations

The concept of fitness involves the survival of a certain species from one
generation to another. While catalytic cleavage plays a large role in this, one of several
selection pressures is unintentionally applied even before the catalyst is produced. The
incorporation of modified nucleotides depends on the efficiency of incorporation and the
ability to incorporate multiple modifications sequentially. After self-cleavage, the clones
undergo another selection pressure. This pressure also involves the interaction of
polymerases and the modified DNA catalyst during the transcription of modified DNA to
unmodified DNA.

The numbers of clones were graphed according to their dA content or their dT
content as these bases were modified and in the case of dA, this base was found to be the

most refractory to incorporation and yet the most integral to M*'-independent activity.
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Clones from 8 different selections were graphed relating population to modification
content for a particular modification. Two selections used a library with a 20 base
degenerate region. Statistically, the average number of dA’s in any given sequence of the
selections using twenty degenerate positions should be five (20 positions/ 4 possible
bases). For the library with a forty degenerate positions, the average number of dAs in a
given sequence should be ten (40 positions/ 4 bases). Deviation from this average
number could be indicative of a biased incorporation of modified dA or it could also
indicate a biased replication of the modified DNA catalyst to unmodified DNA. From the
data, one cannot determine whether the bias was caused by poor incorporation or if it was
caused by poor read-through. For the 8-modified dA, poor incorporation has already
been established (Lam et al., 2008) and likely eliminates sequences containing a high
percentage of dA’s or sequential dA’s in early rounds.

The average number of modified dAs in all of the selections is lower than the
expected statistical average. The selection containing the greatest shift in distribution is
the mercury sensor Dz10-13 selection (Figure 4.11). Graphical representation of the
distribution of modified dA shows that there is a bias against sequences containing a
large number of dA. This bias can come from two components of fitness which are the
low efficiency of incorporation of the modified nucleotide in the primer extension
synthesis of the modified catalyst or the low amplifiability of a sequence derived from a
modified strand of DNA. In the case of the mercury sensor Dz10-13 selection, however,
it can be hypothesized that the selection promotes species to jettison all non-essential
imidazole modifications to avoid non-essential mercury cation binding. The selection,
perhaps, favors clones with a minimal number of critical imidazoles. This is not
unexpected as one can assume that imidazoles facilitate the binding of unnecessary
mercury cations, which could be detrimental in general acid/general base
chemistry.(Thomas et al., 2004)

Another effect that incorporation and read-through bias can have on the fitness of
a sequence is on the replication of sequences with sequential modified dA’s.
Interestingly, clone #66 (also known as Dz10-66) from the Dz10-66 selection is one of
the very few sequenced and highly active clones that possess two sequential dAs. If there

is a bias against sequential 8-modified dA, not only are we reducing the total number of
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available sequences using a defined number of positions, also referred to as sequence
space, but more importantly we are losing chemical space, which is contrary to our
overall goal of enriching functional DNA selections. Perhaps the second imidazole
provides some structural stabilization or perhaps the sequential modifications are not
critical and the ablation of one of those modifications may have a minimal effect on
catalysis. Assessing the need for these two sequential dA would require a systematic
knockout of each followed by a kinetic analysis.

The average number of A’s (~7) in the sequences of Dz20-49 selection may be a
little surprising at first. While it fits the shift to a lower-than-expected number of
modified A’s, one would expect that there would be a definitive shift similar to that of the
mercury selection due to the difficulty in the amplification of the dA™™ as seen in section
4.4.3. That is, if the 8-(2-(4-imidazolyl))aminomethyl functional group is critical for
catalysis, but highly detrimental to amplification, we would expect a mean distribution
around four modifications so that only the critical imidazoles are present. Instead, the
mean appears to be around 6 to 7. This was probably because the pool of the 20"
generation had not reached convergence and sequences originating from uncatalyzed
transphosphorylation represent a significant percentage of the gene pool as indicated by
the high percentage of inactive clones.

Upon closer examination of the sequences of the inactive clones, a recurring short
sequence UUAUU stands out amongst many of the clones. Interestingly, this UUAUU is
absent in the sequences of the active clones in the final generation suggesting that it does
not enhance the catalytic trait of the clones, but enhances some other trait that allows
sequences containing UUAUU to be enriched. The noticeable UUAUU appears to be at
the center of a larger sequence AUGCAUGGUUAUUGAGUCUAGG. There are slight
variations amongst the sequences, but there is a striking homology between inactive
clones possibly due to this larger recurring sequence. We hypothesize that there exists
sequences which allow for preferential amplification of modified DNA bearing dA™™,
Such contextual amplification was elegantly described by Kimoto et al. who identified
certain nearest-neighbor sequences that preferentially co-amplify with an unnatural base
pair 7-(2-thienyl)-imidazo[4,5-b]pyridine (Ds) and 2-nitro-4-propynylpyrole

(Px).(Kimoto et al., 2009) While our modifications do not reflect an unnatural base
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pairing motif, it is conceivable that the nearest-neighbour sequences that dG, dU*, and

imm

dC™ may greatly influence the amplifiablity of the dA™" similar to the unnatural
nucleosides of the Ds:Px system. Evidence of this effect is suggested by the sequences of
the final generation of our selection; the core sequence
AUGCAUGGUUAUUGAGUCUAGG and slight variations thereof appear in ~ 30 % of
the clones, none of which is active. Notably this sequence is absent in all of the active
clones and this observation supports our hypothesis that an over-represented sequence
does appear for reasons other than its contribution to catalytic activity.

Ideally, where a selection demands only catalytic activity, one would expect that
inactive sequences would be eliminated from the gene pool, rather than overpopulate it.
Yet in this case, motifs that are barely active are over-represented, even though some
contain a greater percentage of modified dA’s than Dz20-49. When certain sequences are
minimally active but preferentially amplified, these too will likely prevail because such a
selection selects for both catalytic activity and amplifiability. Although sequence
dependent amplifiability has not yet been observed in selections of unmodified
catalysts,(Schlosser et al., 2009) it is well known that unmodified DNA sequences e.g.
triplet repeats are poorly amplified in a PCR, and thus subtle amplification differences
may also determine the outcome of unmodified selections, only to a lesser extent.
Tyranny of the small motif, whereby certain small catalytic sequences are found
embedded in larger libraries, may indeed reflect such preferences.(Joyce, 2004)

Curtis Lam’s ATP sensor and stachyose sensor selections did not show the same
bias in amplification as the aforementioned modified dA-dependent selections. In the
ATP sensor and stachyose sensor selections, the only modified nucleoside triphosphate
used was dUP"TP. The distribution of the clones does lie with a mean around the average
of ten modifications per clone. The modifications used in the ATP and stachyose
selections are very well tolerated and do not show any detrimental effects to the fitness
on the selected clones. That is, the mean number of modifications was not shifted lower
than the expected ten. This is an ideal system of a selection using a modified nucleotide.
These observations are by no means replacements for proper exhaustive analysis of the
populations and sequence-dependent amplifiablity. However, as we strive to expand the

chemical space of DNAzymes, we should be vigilant and make note of all decreases in
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the sequence space. Observations like these are important to better understand selections
where the smallest side reaction can be exponentially amplified and be highly detrimental

to the selection.

4.5.2 Evaluation of modified DNA as a template in PCR

The efficiency of amplification of the active modified DNAzymes is extremely
important in a DNAzyme selection as it is an aspect of fitness of a DNAzyme bearing
modifications. The fitness of a DNAzyme determines its continuation of its genetic
information onto the final generation. In our amplification tests, conditions were made to
simulate the first amplification condition of our DNAzyme selections. Therefore, the
tests included low template concentration conditions and high number of cycles of PCR.
The trace amount of template was meant to represent the few active clones in the large
starting library. The primers and the use of Vent (exo-) were also meant to simulate our
first amplification conditions. Of the modified templates described in sections 4.3.4,
4.4.2, and 4.4.3, the native Dz20-49 construct that contains dA™" appeared to be the
most difficult template to amplify as the least amount of amplicon was produced in PCRs
using this template. Amplification of Dz20-49 constructed with dA™ and dA™ in place
of dA™™ served as better templates resulting in higher amounts of amplicon. The dA™
and dA™ constructs amplified roughly the same, but both produced less amplicon than
the fully unmodified control as expected.

PCR amplification of the modified templates using Taq clearly indicates that the
polymerase is having difficulty with read-through. The product ratios were similar to the
ratios of the amplicon amounts produced by Vent (exo-). Amplification of the three
modified templates by Taq resulted in decreased amounts of amplicon compared to that
of the unmodified template and all three produced an artifact. In the amplification of
Dz20-49, artifacts dominated the PCR and very low amounts of amplicon of the correct
size was actually being produced. The appearance of artifact in the PCR using Taq is
strong justification for our choice of Vent (exo-) for the first amplification in our
selections. Now knowing that the dA™ modification causes difficulty in amplification

and, more importantly, in selection, one can make the assumption that read-through bias
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as well as incorporation bias plays a role in the selection of Dz20-49. If one were to
continue researching the origins of bias, one experiment would be to see if there is a
sequence bias between templates heavily modified with dA™ versus templates
containing very few dA™". The extension times used in the amplification tests were also
meant to simulate conditions used in the amplification of the in vitro selection product
described in Chapter 3. A follow up experiment that could be done is to see if the large
difference in amplicon production due to differing modifications can be reduced by
lengthening the extension time of the cycles to promote production of full-length
unmodified strand of DNA. If found to be beneficial i.e. increased production of

imm

amplicon from the d -modified template, lengthening extension time be implemented

in any future in vitro DNAzyme selections using difficult-to-amplify templates.

4.5.3 Production of doubly-modified dsDNA

The production of doubly-modified dsDNA is one of the final tests to demonstrate
the fitness of a system made up of a thermophilic polymerase and a set of nucleoside
triphosphates where at least one nucleoside triphosphate is modified. Most noteworthy
successes have been done by Famulok and coworkers who produced PCR product with
modifications on every nucleobase.(Jdger & Famulok, 2004; Jager et al., 2005) Other
groups have also made contributions, but the most applicable studies have come from
Sawai and coworkers who have done exceptional research on 5-modified pyrimidines and
the thermophilic polymerases that accept them as substrates.(M. Kuwahara, Nagashima et
al., 2006; Sawai et al., 2007) Through Famulok’s and Sawai’s work, we get a better
grasp on the best method of linkage of functional groups and the polymerases to use
according to their family. Famulok’s method of attaching functional groups through the
use of alkynyl groups has probably found the most success for immediate incorporation
with a commercial polymerase. Both Famulok and Sawai have both found that the
Family B polymerases are exceptional for the incorporation of 5-modified pyrimidines.
In particular, KOD Dash is ideal for an acetamide linkage and Vent (exo-) and Pfu excel
in the incorporation of nucleotides bearing an alkynyl linkage. Vent (exo-) appears to be

the best Family B polymerase for general use for the 5-modified pyrimidines and was an
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obvious choice for the generation of doubly-modified dsSDNA using our DNAzyme-
relevant nucleotides.

Since the incorporation efficiency of the two modified nucleoside triphosphates
dU®TP and dUP"TP had not yet been determined, extension times for the construction of
the two modified dsDNA during PCR were increased to compensate for any poor
incorporation. Also, these modifications can be detrimental to the read-through
component of PCR. From the successful selections of modification-dependent
DNAzymes, we know that modified ssDNA containing one of these two modifications
can be amplified into unmodified dsSDNA. However, the efficiency of that initial read-
through is unknown. In the case of using modified nucleoside triphosphates in a PCR to
produce modified dsDNA, the polymerase would necessarily have to use the modified
extension products from the previous round as templates. In addition to this, the
polymerase would be producing a modified strand while using a modified strand as a
template. If the polymerase is unable to use modified template to synthesize modified
DNA, the polymerase would only be able to utilize the original unmodified template for
synthesis and produce, at maximum, one copy of modified DNA for each of the original
unmodified strands of DNA per cycle. This type of amplification is referred to as linear
amplification and while it is not nearly as efficient as exponential amplification, the
amplicon products from either type of amplification will be doubly-modified dsDNA.
Since exponential amplification of doubly-modified dsSDNA is not required to produce
doubly-modified dsDNA as linear amplification will suffice, a high amount of
unmodified template was used to facilitate and maximize linear amplification to
complement exponential amplification in the production of doubly-modified dsDNA.
For the PCR, 250 ng of template was used in the reaction. While it is presumed that
linear amplification contributes greatly to the production of amplicon, we know that from
our in vitro selections, Vent (exo-) can read-through DNA modified with the dU*
nucleotides discussed in this chapter. However, only about 300 ng of doubly-modified
dsDNA was recovered per modified nucleotide PCR, which is consistent with 20 cycles
of linear amplification, and indicates that any modified DNA produced from exponential
amplification (i.e. modified nucleotides incorporated across a modified DNA strand) does

not contribute significantly to the overall total. Since the template is a plasmid, it greatly
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differs in size from the 200 bp target and can be easily removed by gel purification. The
amplicons of expected size were produced with little to no artifacts. Subsequent gel
purification gave a pure product by agarose gel. These products were suitable for

restriction enzyme digestion tests.

4.5.4 Restriction digest of modified dsDNA

For the restriction digest analysis, all three doubly-modified dSDNA were tested
with seven different restriction enzymes. Six of the seven restriction enzymes used
recognize 6 bp palindromic sites that contain dT. The remaining restriction enzyme Sma
I recognizes the palindromic sequence CCCGGG, which contains no dT.

The first observation is that, in general, all of the doubly-modified dsDNA
resisted restriction enzyme digestion from the six restriction enzymes containing dT in
their respective restriction sites. The interesting observation is the cleavage by Sma I.
Consistent to what has been mentioned in the literature before,(Perrin et al., 1999) dU*-
modified dsDNA, where the labeled strand is modified, is resistant to cleavage at a site
not containing dT, but is flanked by dT. It was suggested that the cation helps neutralize
the phosphate backbone which in turn causes distortions in the DNA. These distortions
then impair the function of the restriction enzyme even though the modification is not
within the actual restriction site. One would imagine the same trend would follow for the
dU#, but interestingly dU%-modified and dU-modified dsSDNA was cleaved at roughly
the same efficiency as unmodified DNA. Caution should be taken as the mutational
properties of the modified nucleotides are not known at this point and that resistance to
restriction enzyme digestion can arise from mutations in the restriction site of the target
dsDNA.

In general, resistance to cleavage by restriction enzyme digestion can easily find
its way in to modified DNAzyme selections. In our modified nucleotide selections, we
want to ensure that the DNAzymes are dependent on the modifications. If the
modifications have been removed intentionally or unintentionally, being able to identify

the occurrence through the simple treatment of a restriction enzyme would be useful.
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Also, the use of the restriction enzymes can be used to help remove unmodified

constructs that may have arisen from contaminating amounts of unmodified nucleotides.

4.5.5 Processing of dUP" and dU® in vivo

Sakthival and Barbas showed that dU*TP is a very poor substrate for PCR
(Sakthivel & Barbas, 1998) whereas Lee et al. managed to produce substantial amounts
of amplicon when amplifying short target sequence (<98 nt).(Lee et al., 2001) Despite
the low amount of amplification product, Sakthival and Barbas managed to ligate their
doubly-modified dsDNA product, transfect the modified plasmid and harvest replicated
plasmid from the host cells. They found that fidelity of the original sequence was retained
throughout the PCR and cloning process.In our study, plasmids from a few white
colonies for the dU*—modified and dUP"-modified plasmid transfections were obtained.
To facilitate detection of the amplicon product in the isolated plasmids, the primers used
in the amplification contained sequences foreign to the template plasmid. This way the
amplicon sequence can easily be detected using a second set of primers in PCR where the
isolated plasmids are used as template. Doing so ensures that the multiple cloning site
sequence originates from an amplicon and not from the original template, pUC18.

The sequencing of the plasmids revealed one mutation at the Bam HI restriction
site of one of the dUP™-modified DNA sequences. However, since the resistance to
cleavage of the dUP-modified amplicon is practically complete for all restriction
enzymes, we hypothesize that the resistance to restriction enzyme digestion of the dU"-
modified amplicon is due to the modifications located in the restriction sites. Any
mutation to the restriction sites will, of course, contribute to the appearance of resistance,
but the primary cause of the resistance is credited to the inability of the restriction
enzyme to recognize the dUP" nucleotide. Sakthival and Barbas also attributed the
resistance to restriction enzyme digestion to their 5-modifications on dU, and their
subsequent cloning confirmed the fidelity of the replication of the restriction sites. In our
experiments, the frequency of mutation required to cause mutations at six out of six dT-
containing restriction sites would have to be extremely high to produce the pattern of

resistance that was observed in Figure 4.17. If one would wish to pursue characterizing
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the mutational properties of the modified dU nucleotides, a more thorough assay using
the DNA mismatch binding protein, MutS, would be more appropriate.(Stanislawska-
Sachadyn & Sachadyn, 2005)

A potential use for our polyguanidinium DNA is enhanced delivery; the
polyanionic nature of oligonucleotides makes delivery through the cell membrane
difficult. One class of cationic biopolymers that is internalized readily into the cell
through yet undefined mechanisms is the cell penetrating peptide (CPP). The mechanism
of internalization of polyarginine CPPs is currently under investigation.(Schmidt, Mishra,
Lai, & Wong, 2010) Investigators have attached these polycationic peptides to
oligonucleotides for increased cellular uptake. As the theme of this thesis is empowering
the catalytic and/or binding potential of oligonucleotides through the use of chemical
conjugation of amino acid side chains, it is imperative to mention that through the use of
guanidinium-modified nucleotides, researchers hope to replicate the internalization using
oligonucleotides as the biopolymer. After showing that the guanidinium group promotes
uptake more than that of the amino group, Sawai and coworkers used guanidinium-
coupled DNA to translocate dye-conjugated DNA into HeLa cells.(Ohmichi et al., 2005)
By modifying the oligonucleotides with positively charged functional groups,
investigators hope to activate the mechanism that facilitates internalization of CPPs
through recognition of the polycationic oligonucleotide biopolymer.

The finding that our modifications are replicated with fidelity leads us to the
possibility of using modified DNA to facilitate transfection followed by replication into
unmodified DNA. The process would produce a “traceless” piece of DNA with no
evidence of prior modification. One possible use for highly charged DNA is in site-
directed mutagenesis. Mutations are introduced using complementary primers that bear
the desired mutation. After priming the template plasmid, a polymerase is used to
replicate the entire plasmid. If this replication process is used to introduce a high number
of cationic nucleotides, the resulting polycationic plasmid product may have cell
penetrating properties. Since the product will also be resistant to cleavage by a variety of
restriction enzymes, they can be added in place or to complement Dpn I in the destruction
of unmodified template DNA. Once the polycationic plasmid enters the cell, the cell’s
mechanism can replicate the plasmid into unmodified DNA with fidelity. This method
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could remove the limitations of library size set by the transfection efficiency of the host
cell. This is an ambitious goal, but not unreasonable considering our ability to create
doubly-modified dsDNA with relative ease and pending a full assessment of the potential

mutational properties of the dU** nucleotide.
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Chapter 5: Towards the Evolution of Thermus aquaticus DNA Polymerase |

148



5.1 Introduction

As discussed in the previous chapters, we have focused efforts on engineering
modified nucleobases towards enhanced function in a DNAzyme selection rather than on
efficient incorporation. These efforts, however, may not produce the desired results due
to poor incorporation by polymerases. For example, our imidazole modification of 2'-
deoxyadenosine triphosphate tethered at the 8 position using relatively short linkers
severely limits our choices of polymerases that we can use in a selection, and yet,
generally speaking, it is this type of modification that has led to very successful
DNAzyme selections.(Hollenstein et al., 2008; Hollenstein et al., 2009a; Hollenstein et
al., 2009b; Lermer, Roupioz et al., 2002; Perrin et al., 2001) Sidorov et al. have also
introduced the imidazole functionality into a DNAzyme in the form of a 5-modified 2'-
deoxyuracil.(Sidorov et al., 2004) Not only was the imidazole attached to a position that
oriented the modification towards the major groove, a long linker was also used. These
two structural features facilitated incorporation by polymerase. While Sidorov’s
modified DNAzyme was found to be active, the unmodified variant of Sidorov’s
DNAzyme still retained 7 % activity causing the necessity of the modification to be
subject to debate. In the end, it should be the function of the modified dXTP (and its
appended function) within the modified nucleic acid enzyme that dictates the value of the
modified dXTP, and not its ease or efficiency of polymerization in the process of finding
a functional nucleic acid enzyme. Notwithstanding the need for high incorporation
efficiency, however, we recognize that poor incorporation may in some cases afford
reasonably good activity while in other cases it may be very detrimental to the selection
process. Curtis Lam synthesized dA™TP linker variants that were meant to improve
upon enhanced catalytic function and improved incorporation.(Lam et al., 2008) The
crucial elements retained in the variants’ design were the imidazole attachment through
the 8 position of 2'-deoxyadenosine and use of a short linker. Unfortunately, closely
related analogs of dA™TP proved to be inferior to the original dA™TP in terms of either
enhanced catalysis, incorporation, or both as discussed in Chapter 3. While our
endeavors to improve modified nucleotide properties through chemical synthesis
continue, other non-chemical methods were also be explored and described in this

chapter.
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Valuable modified nucleotides are not limited to nucleobase modifications. An
unnatural sugar-modified nucleotide that has shown promise in the field of the gene
silencing is the 2'-deoxy-2’-fluoroarabinonucleotide, which Damha and coworkers refer
to as the FANA monomer.(Dowler, 2006 #464} The structure of 1-(2-deoxy-2-fluoro-f3-
D-arabinofuranosyl)thymine 5'-triphosphate (2'F-araTTP) is shown in Figure 5.1. While
the FANA monomers are not base-modified nucleotides, these modified nucleotides are
important for the overall goal of specific gene silencing and could potentially be used in
modified DNAzyme selections as well. The current value of FANA monomers is their
use in RNA interference (RNAi)(Aigner, 2007; Fire et al., 1998) a process used to down
regulate protein synthesis at the mRNA level, which is also known as post-transcriptional
gene-silencing. When compared to small interfering RNA (siRNA), FANA-modified
RNA was found to be four times more potent and had a half-life of 6 hours versus RNA’s

half-life of <15 minutes in serum.(Dowler et al., 2006)

OH
Figure 5.1 Structure of 1-(2-deoxy-2-fluoro-p-D-arabinofuranosyl)thymine triphosphate (2'F-araTTP).

DNA:RNA hybrids are also capable of inducing RNaseH activity. When the
phosphate group of the DNA backbone is replaced with a phosphorothioate group where
the sulfur is introduced in place of one of the non-bridging oxygen atoms, DNA is
bestowed with increased nuclease resistance. This phosphorothioate DNA (PS-DNA)
can be combined with phosphorothioate FANA monomers. Much like FANA-modified
siRNA, phosphorothioate FANA-DNA (PS-FANA-DNA) can induce RNaseH activity
and raises the melting temperature, Ty, of the PS-FANA-DNA: mRNA
heteroduplex.(Kalota et al., 2006) One benefit of PS-DNA-FANA hybrids over PS-DNA
is that it has been shown to be more potent, requiring only 20 % of the dose to get the

same effect as PS-DNA. Also, PS-FANA-DNA is more persistent as 70 % remained in
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the cell after 96 hours and none of the PS-DNA could be detected. Unfortunately,
enzymic synthesis of FANA-DNA hybrids is limited by the low number or polymerases
that efficiently incorporate or read-through the FANA monomer.(Peng & Damha, 2007)
Similar to our nucleobase-modified nucleotides, the versatility and value of the FANA
monomer would vastly increase if incorporation and read-through by polymerase were
improved.

Instead of relying on solving the problem of poor incorporation through
systematic modified nucleotide synthesis and testing incorporation, we sought to improve
upon the incorporation of the modified nucleotides by modifying the polymerase used for
incorporation. The aforementioned 8-modified 2'-deoxyadenosine triphosphates and 2'F-
araNTPs are normally poorly recognized by most polymerases, but to date have provided
for extraordinary function. We attribute the extraordinary function of our modified
nucleotide to key structure design features such as functional group attachment to the 8
position of 2’-deoxyadenosine via a short linker. To retain key elements of our
nucleotide design and improve incorporation by polymerases, directed evolution of DNA
polymerases will be used to improve nucleotide incorporation. A variation on short patch
compartmentalized self-replication (spCSR) was used to attempt to evolve Taq
polymerase’s ability to incorporate modified nucleotides. The goal of the directed
evolution was the improved incorporation of two nucleobase-modified nucleotides that
were successfully used in a DNAzyme selection described in Chapter 3, dC** and dA™™.
To probe the versatility of spCSR for the directed evolution of polymerase, we also
included 2'F-araTTP as a substrate in spCSR to improve the incorporation of the FANA
monomer.

At the onset of this undertaking, Taq was considered the best candidate for
directed evolution. From the work seen in previous chapters, one may ask, “Why use one
of the least competent polymerases for the incorporation of functionalized nucleotides for
evolution?” A polymerase used extensively throughout the work in this dissertation due
to its compatibility with many modified nucleotides is Vent (exo-). It is true that Vent
(exo-) immediately shows its aptitude for incorporating modified nucleotides as seen in
Chapter 4. Not only is Vent (exo-) capable of incorporating many of the modifications

used in our lab, but also shows high efficiency for 5-modified dUTP and 5-modified
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dCTP in general.(Sawai et al., 2007) Recall from Chapter 1 that Vent (exo-) is a Family
B polymerase and many of the other Family B polymerases also follow this trend of
efficient 5-modified dUTP and 5-modified dCTP incorporation.(Sawai et al., 2007) Taq
is a Family A polymerase. That said, Family A and Family B operate using similar
structural motifs and mechanisms.(Patel & Loeb, 2001) It is feasible that a Family A
polymerase like Taq can be evolved to possess some characteristics of the Family B
polymerases.

There are two main reasons for choosing Taq for directed evolution. First, Taq is
a commonly used and well-studied enzyme. Studies show that Taq is highly mutable and
activities can be altered with agreement to the crystal structure.(Suzuki et al., 1996)
From a researcher’s point of view, this facilitates engineering of the enzyme both on
paper and in practice. Second, one of the major themes of this thesis is the expansion of
the utility of 8-modified dA. The primary polymerase used for incorporation in
DNAzyme selections in our lab is Sequenase Version 2.0. Sequenase Version 2.0 is a
variant of Family A polymerase T7.(Tabor & Richardson, 1989) Taq is also a Family A
polymerase and most likely evolved from the same ancestral gene as T7
polymerase.(Braithwaite & Ito, 1993) It would make sense to attempt to evolve the
pliable Taq for our 8-modified dA nucleotides and other unnatural nucleotides as well.

Taq’s recognition of nucleobase uses a very dynamic and complex process.(Patel
& Loeb, 2001) The nucleobases, paired or unpaired, interact with the thumb, palm and
finger subdomains of Taq and a conceived selection would most likely require mutations
in multiple regions in the Taq gene. Altering this very precise process is a daunting task.
Aside from incorporation of modified bases, two labs succeeded in evolving Taq to
accept ribose-modified substrates.(Ong et al., 2006; Xia et al., 2002) Our lab focuses on
nucleobase modifications; however, improving polymerase function to include
incorporation of sugar-modified nucleotides, like the FANA monomer, would also be a
sensible goal due to the simplicity of the recognition of the 2’ substituent, which seems to
be the responsibility of a single amino acid, E615.(Ong et al., 2006; Xia et al., 2002)
Both groups recognize that a single polypeptide and in particular residue E615 seems
responsible for Taq’s ability to discriminate 2'-deoxyribose from ribose. Loeb and

coworkers identified 23 mutant polymerases, isolated from a previous non-related
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selection, that have the ability to synthesize RNA.(Patel & Loeb, 2000b) The most
common mutation seems to be E615D, which appears in ten of the twenty three clones
and is the only mutation appearing at that position. Romesberg and coworkers evolved
the Stoffel Fragment into an RNA polymerase and found four of their best mutants
contained mutations only at positions 614 and 615, which are located in Motif A of the
active site.(Xia et al., 2002) They claim that while creating space with the E615G or
E615A mutation allows for ribose to be accepted, a mutation at 614 usually occurs to
compensate for the loss of any secondary function the glutamate carboxylic acid might
have. Holliger and coworkers used a modified version of compartmentalized self-
replication (CSR) called short patch CSR or spCSR.(Ong et al., 2006) This technique
focuses on the incorporation of multiple ribonucleotides and attenuates the stringency by
making the CSR target amplicon a small portion of the gene that encodes a short
polypeptide as opposed to the whole gene that encodes the entire polymerase. This
selection required the stringency to be as low as possible because the mutant DNA
polymerases were required to incorporate multiple ribonucleotides. In this selection,
every successful clone had the E615G mutation. Since Loeb’s selection was not designed
specifically for the incorporation of ribonucleotides, it was not surprising that the E615G
mutation is absent and the conservative mutation E615D is present. The findings of these
investigators lay the groundwork for the evolution of polymerases for the incorporation

of sugar-modified nucleotides.

5.2 Objective of this work

As seen in the previous chapters, the biggest setback in the selection of
nucleobase-modified DNAzymes has been polymerase recognition of modified
nucleoside triphosphates. With regards to the synthesis of modified DNA through the
incorporation of modified nucleotides, inefficient polymerization affects the synthesis of
the DNAzyme libraries by favoring sequences bearing fewer 8-modified dA. Post-
selection processing of the successful clones is also affected by polymerases due to
inefficient read-through. In Chapter 4, we noted that the sequences of the final

generations of 8-modified dA-dependent DNAzymes on average have low dA content
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and this hints at preferential amplification of sequences of sequences lacking the crucial
8-modified nucleotide. Therefore, to avoid sacrificing our key structural elements of
modified nucleotide design such as functional group attachment to the 8 position of 2'-
deoxyadenosine using short linkers, a polymerase will be evolved to accommodate our 8-
modified dATPs and other modified nucleotides for both incorporation and for read-
through. Taq is the prime candidate for directed evolution using a customized version of
spCSR. (Ong et al., 2006) Our in vitro selection technique described in this chapter is a
derivation of the spCSR protocol used by Ong et al. where a modified nucleoside
triphosphate was used in place of its natural counterpart in spCSR. The two base-
modified unnatural nucleoside triphosphates chosen, dC**TP and dA™"TP, have found
utility in DNAzyme selections. The last unnatural nucleoside triphosphate used is 1-(2-
deoxy-2-fluoro-p-D-arabinofuranosyl)thymine 5'-triphosphate (2'F-araTTP) (Figure 5.1).
Once incorporated into DNA, the FANA monomer bestows upon DNA increased duplex
stability with an RNA target and initiates RNase H activity. This spCSR technique of
evolving Taq polymerase could be used as a universal method of introducing other
unnatural nucleotides into DNA and, ultimately, into selections.

The goal of the work presented in this chapter is to isolate polymerase mutants
capable of incorporating, elongating and amplifying modified DNA. However, this goal
must be preceded by several smaller goals. First, we needed to show that in our hands,
stable reverse micelle compartments can be produced and that cross reactions between
compartments is minimized. Second, we needed to express a library of Taq mutants and
show that they are functional in the compartments. Third, without the high selection
pressure of incorporating the modified nucleotides, we needed to show that enrichment is
possible using spCSR with a very low selection pressure i.e. mutants capable of simple
self-replication using natural nucleotides. After these goals have been achieved,
unnatural nucleoside triphosphates dA™ TP, dC**TP and 2'F-araTTP was used in a

selection for the directed evolution of Taq.
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5.3 Materials and methods

5.3.1 Chemicals and reagents

1-(2-Deoxy-2-fluoro-B-D-arabinofuranosyl)thymine 5'-triphosphate (2'F-araTTP)
was kindly donated by Dr. Masad Damha. CSR oil phase reagent Span 80 was purchased
from Fluka. Tween 80, Triton-X 100 and mineral oil were purchased from Sigma. CSR
oil phase is a combination of Span 80 (4.5 % v/v), Tween 80 (0.4 %, v/v) and Triton-X
100 (0.05 %, v/v) all in mineral oil. Bacteriological agar was purchased from Marine
BioProducts. Pfx polymerase, LB Broth Base (Lennox L Broth Base), and Terrific Broth
(TB) were purchased from Invitrogen. Bst polymerase (large fragment) was purchased

from New England Biolabs.

5.3.2 Oligonucleotides
The following oligonucleotides were synthesized and purchased from Integrated
DNA Technologies (IDT). Oligonucleotides are shown in the 5’-3" direction.

Oligonucleotide names used in the notebooks are shown in parentheses.

ODN 5.1 Biotin-r-ATGACCATGATTACGAATTCGG (CH067D)

ODN 5.2 AGAAGATCTATCACTCCTTGGCGGAGAGCCA (CH001C)

ODN 5.3 ACGAATTCGCCCAAGGCCCTGGAGGAGGCC-3") (CH001B)

ODN 5.4 GTCGACTCTAGAAGATCTATCA (CH067B)

ODN 5.5 GGACTATAGCCAGATAGGGCTCAGGGTGCTGGCC (E615G-A)

ODN 5.6 GGCCAGCACCCTGAGCCCTATCTGGCTATAGTCC (E615G-B)

ODN 5.7
GCTAGTTATTGCTCAGCGGTTCGGCGTCCCGCGGGAGGCCCTCCAGCCCCT
(CHO91A-T7)

ODN 5.8 GCTAGTTATTGCTCAGCGGTAAGGGATGGCTAGCTCCTGGGA
(CH092D-T7)

ODN 5.9 TAATACGACTCACTATAGGGCGCAAACCGCCTCTCCCCGCGCGTTGG
(DKO51A-T7pro)

ODN 5.10 GCTAGTTATTGCTCAGCGGAGAACATCCCCGTACGCAC (CH192A-
T7)
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ODN 5.11 GCTAGTTATTGCTACGCGGGTCGACTCTAGAAGATCTATCA
(CHO067B-T7)

ODN 5.12 GCTAGTTATTGCTACGCGGCGCAAACCGCCTCTCCCCGCGCGTTGG
(DKO51A-T7)

ODN 5.13 CGCAAACCGCCTCTCCCCGCGCGTTGG (DKO051A)

ODN 5.14 GCTAGTTATTGCTCAGCGGAGATCTATCACTCCTTGGC (CH-6-163B)
ODN 5.15
GCCGAGGAGGGGTGGctattggtggecctggactatagecagatagagetcaggGTGCTGGCCCACC
TCTC (CHO81B)

lowercase letters represent the wild-type base and the level of mutation is 88 % wild-
type, 4 % each of the other 3 bases

ODN 5.16
ATCCAGCTGGCGGTCTCCGTGTGGATGTCCCGCCCCTCCTGGAAGACCCGGA
TCAGGTTCTCGTCGCCGGAGAGGTGGGCCAGCAC (CH145C)

ODN 5.17
GAACATCCCCGTACGCACCCCGCTTGGGCAGAGGATCCGCCGGGCCTTCATC
GCCGAGGAGGGGTGG (CHI145A)

ODN5.18
GGGGTCCACGGCCTCCCGCGGGACGCCGAACATCCAGCTGGCGGTC
(CH145D)

ODN 5.19 CGCAAACCGCCTCTCCCCGCGCGTTGG (DKO051A)

ODN 5.20 TAATACGACTCACTATAGGG (T7pro)

ODN 5.21 GCTAGTTATTGCTCAGCGG (T7term)

ODN 5.22
CGGGAGGCCGTGGACCCCCTGATGcegecgggcgeggaagaccatcaacttcggggtectctacGGC
ATGTCGGCCCACCG (CH091B)

lowercase letters represent wild-type base and the level of mutation is 91 % wild-type , 3
% each of the other 3 bases

ODN 5.23 (5'-TGGCTAGCTCCTGGGAGAGGCGGTGGGCCGACATGCC-3")
(CHO091C)

ODN 5.24 (5'-GTAAGGGATGGCTAGCTCCTGGGA-3") (CH091D)
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5.3.3 Recombinant Taq

Plasmid pTaqtacsac was kindly donated by Dr. Lawrence Loeb. The Taq gene
was amplified out of the plasmid pTaqtacsac using primers ODN 5.1 (5'-Biotin-
ATGACCATGATTACGAATTCGG-3") and ODN 5.2 (5'-
AGAAGATCTATCACTCCTTGGCGGAGAGCCA -3"). The amplicon containing the
gene was purified using QTAGEN’s Nucleotide Clean-Up Kit. The gene was then
digested using Eco RI and Bgl II (indicated in boldface) and cloned into the Eco RI and
Bam HI sites of pUC 18 (Fermentas). The resulting plasmid is referred to as pTagq.

5.3.4 Stoffel Fragment

Stoffel Fragment was amplified out of the plasmid pTaqtagsac using the primers
ODN 5.3 (5'-ACGAATTCGCCCAAGGCCCTGGAGGAGGCC-3") and ODN 5.4 (5'-
GTCGACTCTAGAAGATCTATCA-3"). Restriction sites Eco RI and Bgl II are shown
in boldface. The Stoffel Fragment gene was digested with Eco RI and Bgl II and ligated
into the Eco RI and Bgl II sites of the expression vector pUC18. The resulting plasmid

was named pStoff.

5.3.5 E615G site-directed mutagenesis

Site directed mutagenesis to obtain the E615G single point mutant using the
following reaction 1 x Pfu Ultra Buffer (composition not disclosed by Invitrogen), 200
uM dNTP, 2.5 ng / ul pTaq plasmid, 1 uM primer ODN 5.5 (5'-
GGACTATAGCCAGATAGGGCTCAGGGTGCTGGCC-3"), 1 uM primer ODN 5.6
(5'-GGCCAGCACCCTGAGCCCTATCTGGCTATAGTCC-3"), and 2.5 U of Pfu Ultra
in a total volume of 50 pul. The mismatch bases that introduce the E615G mutation are
underlined. The reaction was thermocycled 20 x (94 °C/30 sec, 57 °C/30 sec, 72 °C/5
min). After thermocycling, 10 pl of the reaction was treated with 4 U of Dpn I for 1 hour
at 37 °C to digest template plasmid. After digestion, an aliquot of the reaction (5 pl) was

dialyzed on 1 % agarose for 1 hour. An aliquot of dialyzed reaction (0.5 pl) was used to
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transform Invitrogen E. coli DH10B Electromax cells (20 ul). Colonies were chosen at
random and sequenced for the identification of successful mutagenesis. Expression was

carried out for 12 hours without the use of an inducer.

5.3.6 Expression

Expression of all polymerases including libraries was carried out based on the
protocol described by Desai and Pfaffle.(Desai & Pfaftle, 1995) Plasmids pTaq, pStoff,
and ligated libraries were dialyzed on 1 % agarose for one hour to reduce the salt contents
of the preceding ligation reaction mixture prior to electroporation. Plasmids were
electroporated into Invitrogen E. coli DH10B Electromax cells (20 pl). After one hour
incubation at 37 °C with shaking, the transformed E. coli (0.5 ul) was spread on LB
(Invitrogen ) Agar (Marine BioProducts) 100 mg / | ampicillin and the remainder was
added to 100 ml of Terrific Broth (Invitrogen). Incubation was carried out at 37 °C with
shaking @ 225 rpm overnight. Proteins were visualized on a 12 % sodium dodecyl

sulphate polyacrylamide gel and stained with Coomassie Brilliant Blue (Bio-Rad).

5.3.7 Control experiments

5.3.7.1 Visualization of single cell encapsulation

pEGFP (Clontech) was used to transform DH5a E. coli cells (Invitrogen) and the
cells were plated out. Cells from brightly fluorescing colonies were picked and added to
water (200ul). The suspension was briefly agitated using a vortexer to separate the
individual cells. A CSR oil phase was contained in a Corning Cryovial (2051) and
rapidly stirred on a VWR stir plate turned on to setting number 10. The suspension of
cells was added in portions (40 pl) every 30 seconds and the mixture was allowed to
continue stirring for an additional 18 minutes after the addition of the aqueous phase. A
glass pipette was used to smear a small amount of the emulsion through mineral oil
located at the center of a microscope slide to dilute to reverse micelles. Dilution of the
highly concentrated reverse micelles allows for single droplet visualization. The reverse
micelles disperse upon placement on the cover slip. Visualization was done using an

Olympus IX70 microscope. Cells were first visualized using UV light. Once the cells
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were in focus, white light provided by the microscope was slowly added in until the
border surrounding the cell could be distinctly seen. Images were capture using the

program Image Pro Express.

5.3.7.2 Chemical detection of cross-reaction

Two separate PCRs named Reaction A and Reaction B were prepared. Reaction
A contains a pair of primers that, when thermocycled, results in the amplification of a
160 bp target amplicon. Reaction A contains 1x Thermopol Buffer (10 mM KCI, 10 mM
(NH4)2S04, 2 mM MgSOy, 0.1 % Triton X-100, 20 mM Tris-HCI pH 8.8), 200 uM
dNTPs, primers ODN 5.7 (5'-
GCTAGTTATTGCTCAGCGGTTCGGCGTCCCGCGGGAGGCCCTCCAGCCCCT-3")
and ODN 5.8 (5'-
GCTAGTTATTGCTCAGCGGTAAGGGATGGCTAGCTCCTGGGA-3'), and pStoff
plasmid and 5 U of Taq polymerase (NEB) in a total volume of 600 ul. Reaction B
contains a pair of primers that, when thermocycled, produce a 0.8 kb target amplicon.
This 0.8 kb amplicon also contains the target sequence for Reaction A. Reaction B
contains 1x Thermopol Buffer (10 mM KCI, 10 mM (NH4),SO4, 2 mM MgSOs, 0.1 %
Triton X-100, 20 mM Tris-HCI pH 8.8), 200 uM dNTPs, primers ODN 5.9 (5'-
TAATACGACTCACTATAGGGCGCAAACCGCCTCTCCCCGCGCGTTGG-3") and
ODN 5.4 (5'-GTCGACTCTAGAAGATCTATCA-3"), and 50 pg pStoff plasmid and 5 U
of Taq polymerase (NEB) in a total volume of 600 pl. Solution phase controls were
produced using Reaction A, Reaction B and a mixture of Reaction A and Reaction B.
Volumes of each reaction used are shown in Table 5.1. Briefly, emulsified Reaction A
(100 pl) and Reaction B (100 ul) were each placed into their own PCR tubes. Fifty
microlitres of each of the solution phase Reaction A and Reaction B were mixed and

placed into a PCR tube.
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Table 5.1 Solution phase cross reaction controls.

Mixture of solution

Reaction A Reaction B phases
Reaction A (ul) 100 0 50
Reaction B (ul) 0 100 50
Total volume (ul) 100 100 100

An aliquot of each Reaction A (300 pl) and Reaction B (300 ul) was emulsified
with CSR oil phase (600 ul). Total volume for each emulsion is 900 ul. Emulsified
Reaction A (300 pl) was thoroughly mixed with emulsified Reaction B (300 pl).
Emulsion PCRs of Reaction A, Reaction B and the mixture of emulsions are summarized
in Table 5.2. The mixture of the two reactions (600 ul) was split amongst 6 PCR tubes.
The remainders of each of the emulsified Reaction A (600ul) and emulsified Reaction B
(600 pl) were each split amongst 6 PCR tubes.

Table 5.2 Emulsion phase cross reaction controls

Mixture of emulsion

Reaction A Reaction B
phases
Emulsified Reaction A (ul) 600 0 300
Emulsified Reaction B (ul) 0 600 300
Total volume ( ul) 600 600 600

All reaction mixtures listed in Tables 5.1 and 5.2 were thermocycled 20 x (94
°C/30 seconds, 55 °C/30 seconds, 72 °C/30 seconds). After thermocycling, PCRs with
emulsions were centrifuged for 15 minutes and the oil phase was decanted off leaving the
concentrated reverse micelles. The emulsion was broken down with an extraction using
water-saturated diethyl ether (1 ml). The aqueous phase was washed with one additional
volume of water-saturated diethyl ether. The diethyl ether was removed and the aqueous
layer was incubated without a lid in a 65 °C heat block until the diethyl ethyl stopped
boiling off. The remaining aqueous phase was purified using Qiagen's Nucleotide
Removal Kit. Products from the solution phase PCRs and the emulsion phase PCRs were

analyzed on a 2 % agarose gel.
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5.3.7.3 Chemical evidence of whole cell isolation

E. coli expressing Taq and E. coli expressing Stoffel Fragment were both
incubated for 12 hours at 37 °C with 225 rpm shaking. The cell cultures were then
cooled on ice. One milliliter from each culture was removed. The cells were spun down
in a centrifuge (13000 rpm, 1 minute), and the media decanted. The cell pellets were
resuspended in water (500 pl) and standardized to ODgop = 1.0. An aliquot of each cell
suspension (100 ul) was removed, placed in its own Eppendorf tube and spun in a
centrifuge (13 000 rpm, 1 minute). The supernatant was removed. For expression
controls, each pellet of Tag-expressing cells or Stoffel Fragment-expressing cells was
resuspended using a PCR mixture containing 1 x Thermopol (10 mM KCI, 10 mM
(NH4)2S04, 2 mM MgSOy, 0.1 % Triton X-100, 20 mM Tris-HCI pH 8.8), 200 uM
dNTP, 1 uM primers ODN 5.10 (5'-
GCTAGTTATTGCTCAGCGGAGAACATCCCCGTACGCAC-3") and ODN 5.11 (5'-
GCTAGTTATTGCTACGCGGGTCGACTCTAGAAGATCTATCA-3') in a final
volume of 100 pl.

Table 5.3 Taq and Stoffel Fragment expression control reactions.

Stoffel Fragment Taq
Stoffel Fragment 100 0
Taq 0 100
Total volume 100 100

For the actual test for whole cell isolation by emulsion, six hundred microlitres of
each suspension of cells in water were centrifuged and the supernatant was removed.
Each pellet of Tag-expressing cells or Stoffel Fragment-expressing cells was resuspended
using a PCR mixture containing 1 x Thermopol (10 mM KCI, 10 mM (NH4),SO4, 2 mM
MgSOs, 0.1 % Triton X-100, 20 mM Tris-HCI pH 8.8), 200 uM dNTP, 1 uM primer
ODN 5.12(5'-
GCTAGTTATTGCTACGCGGCGCAAACCGCCTCTCCCCGCGCGTTGG-3") and 1
puM primer ODN 5.11 (5'-
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GCTAGTTATTGCTACGCGGGTCGACTCTAGAAGATCTATCA -3') in a final
volume of 600 pl. These above mentioned whole cell PCR mixtures were named
Solution Phase Stoffel Fragment (SP Stoffel) and Solution Phase Taq (SP Taq). For
controls of each solution phase reaction, an aliquot of each SP Stoffel (100 pl) and SP
Taq (100 pl) were each placed in their own PCR tube. A mixture of the two solution
phases was made by thoroughly mixing SP Stoffel (100 pl) and SP Taq (100 ul). The
mixture of the two cell types (200 ul) was divided equally into two PCR tubes. Table 5.4

summarizes the solution phase whole cell controls.

Table 5.4 Solution phase whole cell PCR controls.

Mixture of cells
Stoffel Fragment Taq expressing Taq or
Stoffel Fragment

SP Stoffel (ul) 100 0 100
SP Taq (ul) 0 100 100
Total volume 100 100 200

SP Stoffel (200 pl) and SP Taq (200 ul) were individually emulsified by making
five additions (40 pl each) to CSR oil phase (400 ul) over 2 minutes followed by an
additional 18 minutes of stirring following the protocol described in section 3.5.7.1. To
produce a reaction mixture that tests the efficiency of whole cell isolation, one hundred
microlitres from each SP Stoffel and SP Taq mixture was thoroughly mixed together.
The intimate mixture of the two solution phases was added in 40 pl aliquots into stirring
CSR oil phase over 2 minutes. Stirring was allowed to continue for another 18 minutes.

The compositions of the emulsion reactions are shown in Table 5.5.
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Table 5.5 Compositions of the emulsion phase whole cell isolation controls.

Mixture of cells
Stoffel Fragment Taq expressing Taq or
Stoffel Fragment

SP Stoffel (ul) 200 0 100

SP Taq (ul) 0 200 100

CSR oil phase (ul) 400 400 400
Total emulsion (ul) 600 600 600

All PCR mixtures listed in Tables 5.3 — 5.4 were thermocycled 20 x (94 °C/30
seconds, 55 °C/30 seconds, 72 °C/45 seconds). Amplicons from the emulsions were
isolated and purified using the same method of breaking down the emulsion described in

5.3.7.2. Products were analyzed on a 2 % agarose gel.

5.3.8 Shuffled Taq library

Plasmid pTaq was used for shuffling. Five individual digestion reactions
contained Invitrogen’s 1x PCR Buffer minus Mg*" (20 mM Tris-HCI (pH 8.4), 50 mM
KCI), 10 mM MnCl, (USB) and ~4 ug plasmid pTaq in a total volume of 50 pl. The
mixture was cooled to 15 °C in a water bath and 0.23 U of DNase | was added. Aliqouts
of digestion reaction (10 pl) were stopped after 1, 2, 3, 4, and 5 minutes with the addition
of 0.5 uM EDTA (1 pl). The reaction progress was visualized on a 2 % agarose gel
stained with ethidium bromide. From the 5 minute reaction, the fragments were run on a
2 % agarose gel and fragments under 100 bp were excised and purified using Qiagen’s
Gel Purification kit. Fragments were eluted from the spin column of the kit using 50 pl
of the included EB solution. The reassembly reaction contained 1x Pfx polymerase
Buffer (composition was not released by Invitrogen), 200 uM dNTPs, plasmid fragments
(10 ul), and 2.5 U Pfx polymerase in a total volume of 20 pl. The reassembly was
thermocycled using the program: 94 °C/ 3 minutes, 20 x (94 °C/ 1 minute, 55 °C/ 1
minute, 72 °C/ 1 minute), 72 °C/ 10 minutes. The Pfx-mediated reassembly reaction was

used to provide a template for the amplification of the shuffled Taq gene. The

163



amplification reaction of the reassembly product contains 1x Thermopol Buffer (10 mM
KCI, 10 mM (NH4),SOy4, 2 mM MgSOQOy, 0.1 % Triton X-100, 20 mM Tris-HCI pH 8.8),
200 uM dNTPs, Pfx reassembly reaction (1ul), 1 uM primer ODN 5.13 (5'-
CGCAAACCGCCTCTCCCCGCGCGTTGG-3"), 1 uM primer ODN 5.14 (5'-
GCTAGTTATTGCTCAGCGGAGATCTATCACTCCTTGGC-3") and 5 U Taq in a final
volume of 50 ul. The reassembly was thermocycled using the program: 94 °C/ 3
minutes, 20 x (94 °C/ 1 minute, 55 °C/ 1 minute, 72 °C/ 1 minute), 72 °C/ 10 minutes.
The shuffled gene product was digested with EcoRI and Bgl II. The digested gene was
then ligated to the pUC18 vector.

5.3.9 Construction of the Taq library via cassette mutagenesis

The active site of Taq contains a single polypeptide region referred to as Motif A
(Figure 1.14). (Patel, Kawate et al., 2001; Patel & Loeb, 2000a) The amino acids at
positions 605-617 were chosen for mutagenesis. The active site library was constructed
according to protocol.(Patel & Loeb, 2000a) Briefly, oligonucleotide ODN 5.15 was
chemically synthesized with the bases encoding for residues 605-617 partially
mutagenized using cassette mutagenesis. Active site library was constructed by
annealing 50 pmol ODN 5.15 (5'-
GCCGAGGAGGGGTGGctattggtggecctggactatagecagatagagetcaggGTGCTGGCCCACC
TCTC-3") (where lowercase letters represent the wild-type base and the level of mutation
is 88 % wild-type, 4 % each of the other 3 bases) which contains a partially degenerate
region encoding for the active site of the polymerase to 50 pmol ODN 5.16 (5'-
ATCCAGCTGGCGGTCTCCGTGTGGATGTCCCGCCCCTCCTGGAAGACCCGGA
TCAGGTTCTCGTCGCCGGAGAGGTGGGCCAGCAC-3'"). The last 17 bases at the 3’
ends of the two oligonucleotides are complementary. Oligonucleotides ODN 5.15 and
ODN 5.16 were added to a reaction mixture containing 1x Thermopol (10 mM KCI, 10
mM (NH4)2SO4, 2 mM MgSOy, 0.1 % Triton X-100, 20 mM Tris-HCI pH 8.8), 200 uM
dNTPs, and 2.5 U Taq in a final volume of 100 pl and thermocycled 5 x (94 °C/30
seconds, 55 °C/30 seconds, 72 °C/30 seconds) to extend each strand and produce dsDNA.
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Ten microlitres of the extension reaction was then PCR amplified using 1x Thermopol
Buffer (10 mM KCI, 10 mM (NH4)>SO4, 2 mM MgSOy, 0.1 % Triton X-100, 20 mM
Tris-HCI pH 8.8), 200 uM dNTPs, 1 uM primers ODN 5.17 (5'-
GAACATCCCCGTACGCACCCCGCTTGGGCAGAGGATCCGCCGGGCCTTCATC
GCCGAGGAGGGGTGG-3") and ODN 5.18 (5'-
GGGGTCCACGGCCTCCCGCGGGACGCCGAACATCCAGCTGGCGGTC-3")ina
total volume of 100 pl to introduce restriction sites Bam HI and Sac II (shown
underlined). This product was digested using Bam HI and Sac II and cloned into the
Bam HI and Sac II of pTaq. The library was introduced into E. coli cells in preparation

for expression following the protocol described in section 5.3.6.

5.3.10 Active site library preselection using unmodified nucleoside triphosphates

After 12 hours of incubation at 37 °C with shaking at 225 rpm, the cells were
spun down (13 000 rpm, 1 minute), the media decanted and cell pellet resuspended in
water. After resuspension in water, the ODgop was measured and the suspension of cells
was diluted using water to 1.0 OD. Two hundred microlitres of this diluted suspension
was centrifuged and the supernatant was decanted. At a average density of 10 cells for
every 1 ml of a 0.1 OD suspension, 200 pl of a 1.0 OD suspension will contain 2 x 10°
cells. Limitations from cloning limit library sizes to a maximum of 10°. Therefore, each
clone should be represented at least a hundred times. The cell pellet containing the
library of mutant polymerases was resuspended in a PCR mixture containing 1x
Thermopol Buffer (10 mM KCI, 10 mM (NH4),SO4, 2 mM MgSOQOy, 0.1 % Triton X-100,
20 mM Tris-HCI pH 8.8) 1 uM ODN 5.19 (5'-
CGCAAACCGCCTCTCCCCGCGCGTTGG-3"), 1 uM ODN 5.4 (5'-
GTCGACTCTAGAAGATCTATCA-3"), 200 uM dNTPs, RNaseA (5 ng) and water to a
total volume of 200 ul to afford the CSR reaction mixture. Oligonucleotides ODN 5.19
and ODN 5.4 hybridize to regions on the polymerase gene that flank the mutagenized
region.

CSR oil phase (4.5 % v/v Span 80 (Fluka), 0.4 % Tween 80 v/v (Sigma), 0.05 %
v/v Triton X-100 (Sigma) in light mineral oil (Sigma)) (400 ul) was added to a 5 ml
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Corning Cryogenic Vial (2051) along with an 8 x 3 mm stir bar with a pivot ring. The oil
phase was stirred on a VWR stir plate at the maximum setting (speed setting 10) and the
CSR reaction mixture was added in 40 ul aliquots every 30 seconds. After the last
addition, the emulsion was allowed to stir for an additional 18 minutes. The emulsion
(600 ul) was equally divided into six thin-walled PCR tubes (Axygen). The emulsions
were subjected to thermocycling 30 x (94 °C/30 seconds, 55 °C/30 seconds, 72 °C/30
seconds).

After thermocycling, the six tubes were centrifuged (13 000 rpm, 15 minutes) to
concentrate the droplets. The clear oil phase was decanted and the remaining
concentrated droplets were combined into one Eppendorf tube using water-saturated
diethyl ethyl (1 ml) to break the emulsion and facilitate the transfer. The aqueous layer
was washed with another portion of water-saturated diethyl ether (1 ml). The extraction
was centrifuged for 2 minutes and the organic layer was decanted. The aqueous layer
was incubated on a 65 °C heat block to evaporate the residual diethyl ether. The aqueous
layer was split into two equal portions and the DNA was precipitated with the addition of
ethanol (1 ml) to each portion. The two samples were agitated on a vortexer briefly and
centrifuged for 15 minutes. The ethanol was decanted leaving behind a solid pellet. Any
residual liquid was evaporated by incubating the pellet in a 65 °C heat block until the
pellet appeared dry. The DNA was recombined by dissolving both pellets in water (50 ul
total volume). Qiagen’s Nucleotide Removal Kit was used according to instruction to

remove impurities from the DNA.

5.3.11 First amplification of preselection library products

Degradation of the selection primers was critical. To do this ExoSAP-IT (USB)
was used. ExoSAP-IT is a combination of Exonuclease I and Shrimp Alkaline
Phosphatase that degrades both single-stranded linear DNA (primers) and excess dNTPs.
The byproducts of the degradation are nucleosides and phosphate. A reaction mixture
was setup with the following components: 4.5 pl of CSR product, 0.5 pl of 5x Thermopol
Buffer and 2 pl of ExoSAP-IT. The reaction was incubated in the thermocycler 1 x (37
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°C/ 15 minutes, 80 °C/ 15 minutes). After allowing the reaction to cool to room
temperature, 0.5 pl of 5x Thermopol Buffer (100 mM KCI, 100 mM (NH4),SO4, 20 mM
MgSOy, 0.1 % Triton X-100, 200 mM Tris-HCI pH 8.8), 0.1 ul ANTPs, primer ODN 5.20
(5'- TAATACGACTCACTATAGGG -3') and primer ODN 5.21 (5'-
GCTAGTTATTGCTCAGCGG-3'), and of 0.4 ul Vent (exo-) (0.8 U) was added.
Oligonucleotides ODN 5.20 and ODN 5.21 hybridize to regions containing sequences
exclusive to the selection product so that only selection product and not plasmid DNA
will be amplified. The reaction was thermocycled 30 x (94 °C/30 seconds, 55 °C/30
seconds, 72 °C/30 seconds). The amplified preselection product was cloned into the Bam

HI and Sac II site of pTagq.

5.3.12 Preselected library activity

The plasmids containing the preselected library resulting from the ligation
described at the end of section 5.3.10 were dialyzed on 1 % agarose for at least one hour
followed by electroporation using Tritech’s Bactozapper and Invitrogen’s E. coli DH10B
Electromax cells (20 pl). The transfected cells were added to SOC media (980 pl) and
incubated (37 °C) with shaking (225 rpm) for one hour. Fifty microlitres of the
transfected cells in SOC media were spread on LB agar (100 mg/l ampicillin). The agar
plate was incubated overnight at 37 °C. Ten colonies, each putatively containing a
unique mutant polymerase, were picked at random and used to inoculate TB media (2
ml). Cells were grown at 37 °C overnight (12 hours) with shaking @ 225 rpm. Each of
the cell cultures (50 pl) was centrifuged for 1 minute (13 000rpm) and the media was
decanted. The cell pellets were resuspended in the following reaction mixture: 1x
Thermopol, 5 mM MgSO,, 1 uM ODN 5.10 (5'-
GCTAGTTATTGCTCAGCGGAGAACATCCCCGTACGCAC-3'), 1 uM ODN 5.8 (5'-
GCTAGTTATTGCTCAGCGGTAAGGGATGGCTAGCTCCTGGGA-3"), 200 uM
dNTPs, RNaseA (5 ng). The reaction mixtures were thermocycled 20 x (94 °C/30
seconds, 55 °C/30 seconds, 72 °C/30 seconds). All PCR products from the activity test

of the ten mutant polymerases were visualized on a 2 % agarose gel.
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5.3.13 O-helix library construction

The O-helix library was constructed on a protocol based on Suzuki et al.(Suzuki
etal., 1996) The O-helix library was constructed by first annealing primer 50 pmol of
ODN 5.22 (5'-
CGGGAGGCCGTGGACCCCCTGATGegeegggegeggaagaccatcaacttcggggtectectacGGC
ATGTCGGCCCACCG-3') (where lowercase letters represent wild-type base and the
level of mutation is 91 % wild-type , 3 % each of the other 3 bases) to 50 pmol of primer
ODN 5.23 (5'-TGGCTAGCTCCTGGGAGAGGCGGTGGGCCGACATGCC-3")in a
reaction mixture that contained 1x Thermopol (10 mM KCI, 10 mM (NH4),SO4, 2 mM
MgSOy, 0.1 % Triton X-100, 20 mM Tris-HCI pH 8.8), 200 uM dNTPs, and 2.5 U Taq in
a final volume of 100 pl and thermocycled 5 x (94 °C/30 seconds, 55 °C/30 seconds, 72
°C/30 seconds). A portion (10 ul) of this reaction mixture was then used to provide a
template for an additional amplification using 1 uM ODN 2.5 (5'-
TTCGGCGTCCCGCGGGAGGCGGTGCACCCCCT-3") and 1 uM ODN 5.24 (5'-
GTAAGGGATGGCTAGCTCCTGGGA-3"), 1x Thermopol (10 mM KCI, 10 mM
(NH4)2S04, 2 mM MgSOy, 0.1 % Triton X-100, 20 mM Tris-HCI pH 8.8), 200 uM
dNTPs, and 2.5 U Taq in a final volume of 100 pl and thermocycled. The PCR product
was purified using Qiagen’s PCR Purification Kit. The product was restriction enzyme
digested using Sac II and Nhe I and cloned into the plasmids containing the preselected

active site library.

5.3.14 CSR with modified nucleoside triphosphates

The preselected active site library combined with the O-helix library (OApre) was
expressed for 12 hours and cooled on ice. An aliquot of cells (1 ml) was centrifuged at
13000 rpm for 1 minute and the media was decanted. The cells were resuspended in 500
ul water. The ODg of the suspension was measure and the suspension was diluted to an
ODggp of 1.0. Five aliquots (200 ul) were each placed in a fresh tube, centrifuged at
13000 rpm for 1 minute and the water was decanted. PCR mixtures that contained
modified nucleotides and primers that hybridize to the regions that flank the section of

DNA that encodes for the combined active site and O-helix regions were prepared. Each
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of the pellets was resuspended using one of the following CSR reactions: 1x Thermopol
Buffer (10 mM KCI1, 10 mM (NH4),SO4, 2 mM MgSQy, 0.1 % Triton X-100, 20 mM
Tris-HCI pH 8.8), 5 mM MgSQOy4, 1 uM ODN 5.10 (5'-
GCTAGTTATTGCTCAGCGGAGAACATCCCCGTACGCAC -3'), 1 uM ODN 5.8 (5'-
GCTAGTTATTGCTCAGCGGTAAGGGATGGCTAGCTCCTGGGA-3"), RNaseA (5
ng), and one of the following deoxyribonucleoside triphosphate combinations:

(1) Negative control: no nucleoside triphosphates

(2) FANA monomer: 200uM dATP, dCTP, dGTP, and 2'F-araTTP

(3) dC*TP: 200 uM dATP, dGTP. dTTP and dC*TP

(4) dA™™TP: 200 uM dTTP, dGTP. dCTP and dA™ TP

(5) Positive control: 200 uM dNTPs
and water added up to a final volume of 200 pl.

The CSR reactions were emulsified individually by adding each of the five CSR
reaction mixtures in five equal aliquots (40 ul) into of rapidly stirring CSR oil phase (400
ul) every 30 second according to the protocol described in section 5.3.7.1. After the final
additions, the emulsions were allowed to continue stirring for 18 minutes. Each of the
CSR emulsions (600 pl) was divided into aliquots (100 ul) in six PCR tubes. The
reactions were thermocycled 94 °C/5 minutes, 30 x (94 °C/1 minute, 55 °C/1 minute, 72

°C/5 minute) followed by a 72 °C/5 minute final extension.

5.3.15 First amplification of CSR products

The products of the CSR were collected according to the protocol described in
section 5.3.7. To amplify only the selection products and not the plasmid DNA, 10x
Thermopol Buffer (100 mM KCI, 100 mM (NH4),SO4, 20 mM MgSOy, 0.1 % Triton X-
100, 200 mM Tris-HCI pH 8.8) (0.5 ul) and ExoSAP-It (2 pl) were added to the each of
the products from the CSR reactions (4.5 pl). The reaction was incubated in a
thermocycler at 37 °C for 15 minutes followed by 80 °C for 15 minutes to deactivate the
enzymes. Additional 10x Thermopol Buffer (100 mM KCI, 100 mM (NH4),SO4, 20 mM
MgSOs4, 0.1 % Triton X-100, 200 mM Tris-HCI pH 8.8) (0.5 ul), 10 mM dNTPs (0.2 ul),
primer T7 term (5'-GCTAGTTATTGCTCAGCGG-3') (0.2 ul), 0.4 U Vent (exo-) and
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DEPC-treated water (1.5 ul) was added. The reaction was incubated at 94 °C for 3
minutes then lowered to 65 °C. 4 U Bst polymerase (large fragment) was added to
reaction which was then incubated for 30 minutes. The reactions were subsequently
thermocycled 20 x (94 °C/30 seconds, 55 °C/30 seconds, 72 °C/30 seconds). The
products from each first amplification reaction were agarose gel purified and used as
templates (1 pl) for a subsequent using Taq polymerase under standard PCR conditions.
The amplified first amplification products were cloned into pTaq to produce libraries for

the second round of selection.

5.3.16 Generation 1 activities

The new generation 1 libraries were expressed according to the protocol described
in section 5.3.6. Before applying the polymerase libraries to the second round of
selection, the successful expression and presence of activity of the libraries must be
verified. Cells from each of the expressed libraries were collected from the media (50 pl)
and centrifuged for 1 minute at 13000 rpm. The media was decanted and the cells were
resuspended in the following reaction mixture: 1x Thermopol, 5 mM MgSO,4, 1 uM ODN
5.10 (5'-GCTAGTTATTGCTCAGCGGAGAACATCCCCGTACGCAC -3'), 1 uM
ODN 5.8 (5'-GCTAGTTATTGCTCAGCGGTAAGGGATGGCTAGCTCCTGGGA-3"),
200 uM dNTPs, RNaseA (5 ng). The reaction mixtures amplify the region of DNA that
encodes for both the active site and the O-helix (same PCR product as the selection) were
thermocycled 20 x (94 °C/30 seconds, 55 °C/30 seconds, 72 °C/30 seconds). PCR

products were visualized on a 2 % agarose gel.

5.3.17 CSR using modified nucleoside triphosphates: Round 2

The library generated from the selection using 2'F-araTTP in the first round,
herein referred to as the FT-library, will be used in the second round of selection, which
will exclusively use 2'F-araTTP. The other two libraries selected using either dC*TP
(dC*-library) or dA™ TP (dA™™-library) were also used for the second round of

selection along with their respective modified nucleoside triphosphates exclusively as
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well. Round 2 was carried out according to the protocols described in sections 5.3.10 and
5.3.11 except each of the three libraries only used the unnatural nucleoside triphosphate
they were exclusively named after. The positive control library continued to use

unmodified dNTPs. PCR products were visualized on a 2 % agarose gel.

5.4 Results

5.4.1 Expression of wild-type Taq and Stoffel Fragment

Successful evolutions of both the full Taq polymerase and the smaller 5'-3’
exonuclease domain-deleted Stoffel Fragment have been reported.(Brakmann, 2005) It is
beneficial then to have both the plasmid that expresses Taq and the plasmid that
expresses Stoffel Fragment. Our initial experiments will be the directed evolution of Taq
polymerase. However, it is a good idea to have as many different polymerases as
possible on hand to test out certain conditions or even drastically change the polymerase
of the selection. Many of the selection techniques involve the differentiation between
polymerases according to their activities. Two key differences between these two
polymerases that we hope to exploit are the difference in size of their gene and the
difference in incorporation rate. These differences will become critical in a control
experiment that shows that CSR can selectively enrich a gene pool in gene encoding
polymerases with a desired activity.

The wild-type versions of both Taq polymerase and Stoffel Fragment were
expressed and isolated according to literature protocol.(Desai & Pfaffle, 1995) Taq
appeared as a 94 kDa protein and Stoffel Fragment appeared as a 61 kDa protein (Figure
5.2). As mentioned in the literature protocol, full length Taq can degrade to a ~61 kDa
protein that was named the Stoffel Fragment. Faint bands in the Lane 3 having roughly
the same electrophoretic mobility as Stoffel Fragment are assigned as degradation

products that retain their thermostability and are not heat denatured.
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Fragment

Figure 5.2 SDS polyacrylamide gel depicting Taq and Stoffel expression. Lane 1 + 6: Invitrogen
Prestained Protein Markers. Lane 2: Cell lysate of E. coli expressing Taq polymerase. Lane 3: Heat-treated
cell lysate containing full length Taq polymerase. Lane 4: Cell lysate of E. coli expressing Stoffel
Fragment. Lane 5: Heat-treated lysate containing Stoffel Fragment. Approximate masses of the protein

ladder are provided on the right.

5.4.2 Site-directed mutagenesis

One of the modified nucleoside triphosphates used in this work for the directed
evolution of Taq polymerase is 2'F-araTTP. Selecting for a mutant polymerase that can
incorporate a sugar-modified nucleotide could be the simplest polymerase selection to
perform. The key interaction that allows the DNA polymerase to distinguish its native
substrate, dNTP, for a structurally similar NTP occurs between the incoming 2’
substituent of the incoming nucleoside triphosphate or deoxynucleoside triphosphate and
amino acid E615. Polymerases evolved to incorporate the ribonucleotides frequently
have the E615G mutation.(Ong et al., 2006; Xia et al., 2002) While there’s no guarantee

that this mutation will improve the incorporation 2'F-araTTP, it should be tested. Even if
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this single point mutant should fail, it was suggested that nearby compensatory mutations
can restore activity.

The E615G mutation was introduced using a variation on Stratagene’s
Quikchange method (Figure 5.3). Complementary primers containing the necessary base
mismatches to introduce the mutation were used in this site-directed mutagenesis.
Plasmid pTaq was used as template for the linear amplification. The mutagenic primers
ODN 5.5 and ODN 5.6 are annealed to the plasmid and extension is carried out over the
entire circular plasmid stopping only when the 5’ end of the primer is reached. As both
strands are being amplified and the product strands hybridize, the resulting product is a
double-nicked circular plasmid. The template pTaq having originated from bacterial cells
is N-6 methylated and susceptible to restriction enzyme digestion by Dpn I.(Lacks,
Mannarelli, Springhorn, Greenberg, & De La Campa, 1987) With the original template
being selectively digested, what remains is the new plasmid containing the base mutation
that introduces the E615G mutation. This remaining double-nicked circular plasmid can

be transformed into the cell.

Denature 4R
plasmid and Primer
anneal primers extend

| e—— >

Plasmid
Digest template DNA

using Dpn1

Transform into cells < — Q

Figure 5.3 General scheme depicting site-directed mutagenesis based on Strategene’s Quikchange Kit.
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Twenty cycles were used to linearly amplify the doubly-nicked circular plasmid
containing the E615G nucleotide mutation (Figure 5.4). Dpn I was used to degrade the
original plasmid. Transformation of the new plasmid afforded colonies. These colonies
were used to inoculate media, and select plasmids were sent for sequencing. A plasmid
was obtained that contains the appropriate mutation to encode for an E615G mutant.
Methods used in the expression of Taq and Stoffel Fragment, however, failed to yield
detectable amounts of polymerase. At the time of the writing of this thesis, expression of

the E615G mutant polymerase had not been successfully detected.

Nicked circular
</ plasmid template

Closed circular
plasmid template

Linear amplification
product

Figure 5.4 Cycle-dependent production site-directed mutant plasmid. Lane 1: Invitrogen’s 1 kb Plus

Molecular Weight Ladder. Lanes 2-6 show cycles 4, 8, 12, 16, 20. Lane 7 shows Dpn I-treated amplicon.

5.4.3 CSR controls

5.4.3.1 Reverse micelle size in relation to E. coli

The size of the reverse micelle is critical to this directed evolution for the
following reasons. If the reverse micelle is too large, this could be problematic as there
will be fewer total reverse micelles than in a CSR containing smaller reverse micelles the
concentration of the molecules within the reverse micelle will decrease due to the large
volume. The easiest method of assuring reverse micelles were appropriately formed is to
visualize them using a light microscope as demonstrated by Holliger and

coworkers.(Ghadessy et al., 2001) The size of the reverse micelle is of interest as well as
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the size or the reverse micelle in relation to the encapsulated E. coli cells. While,
independently, the reverse micelles and the E. coli can be visualized easily, it is very
difficult to see the E. coli within the reverse micelle. To address this, enhanced green
fluorescent protein (EGFP) was used to improve visualization of the cell within the
reverse micelle.

Reverse micelles are formed by stirring an aqueous solution with an oil phase
containing surfactants (Figure 5.5). Reverse micelle size was calibrated accordingly in
relation to the size of the E. coli expressing EGFP. The fluorescence of the E. coli cells
can be visualized using UV light. Using UV light and just enough white light so that cell
fluorescence is not washed out, the E. coli cells can be visualized within the reverse
micelle (Figure 5.6). Each of the micelles contains one or no cells. Emulsification of
individual E. coli cells expressing EGFP allowed visualization of both the whole cell and
the interface between the aqueous phase and oil phase. The size of the reverse micelles
in relation to the E. coli cell was acceptable. The average reverse micelles diameter
appears to be ~8 um, which gives an average volume of ~0.3 pl. The variability in
diameter amongst the reverse micelles appears to be between 5-10 um, which is also
acceptable for the isolation of individual cells. A more precise measurement of the
variability between cells was not performed, but could be performed in the future using
dynamic light scattering. Also, it appeared that the cells were individually isolated and a
few empty reverse micelles could also be seen. As the reverse micelles have passed a

visual inspection, chemical inspection must also be performed.
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Figure 5.5 Formation of reverse micelles. A A surfactant-containing oil phase sits on top of a suspension

of cells. Included in the two phases is a stir bar. B The two phases are stirred. C Because of the added

surfactants, the two phases form an emulsion consisting of water-in-oil reverse micelles.

Figure 5.6 Sixty times magnified view of E. coli cells expressing EGFP. Cells were illuminated using
white light to visualize the borders of the aqueous compartment. Cells were also irradiated with UV light
to induce fluorescence and to visualize the E. coli cells. Aqueous compartments contain one or no E. coli

cells.
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5.4.3.2 Determination of cross-reaction between droplets

The previous section confirmed the physical size and stability of the reverse
micelles before and after thermocycling using visual means. This is not sufficient proof
to guarantee the isolation of CSR component as the chemicals, primers, polymerases
cannot be inspected visually. If chemicals and biomolecules can pass from one reverse
micelle to the other, the spCSR will fail. Therefore, a different, more sensitive, test must
subsequently be done. Ghadessey et al.showed that amplification of a specific target
DNA can be suppressed if the PCR components were isolated in reverse micelles prior to
thermocycling.(Ghadessy et al., 2001) A PCR reaction was performed to simulate failed
isolation of chemicals and biomolecules by the reverse micelles. To do this, the PCR
reaction, along with its controls, was made to simulate an absolute collapse of the reverse
micelles.

Two PCR amplification reactions named Reaction A and Reaction B were used to
determine the amount of transport of reaction components between droplets. Reaction A
has a short target but no polymerase added and Reaction B has a long target and contains
commercial polymerase (Figure 5.7). As expected, Reaction A that was lacking
polymerase did not produce product (Figure 5.8). Reaction B that did contain
polymerase did produce the expected 0.8 kb amplicon. The 1:1 mixture of Reaction A
and Reaction B produced exclusively the shorter 160 bp product.
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Reaction A: ReactionB : Reaction A + Reaction B :

Solution phase Solution phase Solution phase
= €<

«— <« -

—_— — €«
—>

l l l Thermocycle
<
—

=

-0 |FC

O

Legend
O =plasmid used for template — =160 bp amplicon
= =polymerase @ = primers for the 160 bp amplicon
=0.8 kb amplicon <« = primers for the 0.8 kb amplicon

Figure 5.7 Solution phase PCRs of Reaction A, Reaction B and a homogeneous mixture of the two

reactions. In the mixture, the shorter product is exclusively produced.
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1kb <— 0.8 kb product

500 bp

<+— 160 bp product

1 2 3 4 5

Figure 5.8 Compartmentalized self-replication of targets of differing size. Two PCRs were prepared
separately with each amplifying a target of different lengths. Prior to thermocycling the reactions were
mixed; then emulsified. Lane 1 + 5: Invitrogen’s 1kb Plus Molecular Weight Marker. Lane 2: Reaction A
targeting a 160 bp fragment with no polymerase added. Lane 3: Reaction B targeting a 0.8 kb fragment

with polymerase added. Lane 4: 1:1 mixture of Reaction A and Reaction B.

The solution phase mixture of the two reactions was meant to demonstrate the
outcome resulting from the failure by the reverse micelles to prevent leakage of
chemicals and biomolecules. The primers used to produce the 0.8 kb amplicon flank the
primer binding regions for the primers that produce the 160 bp amplicon. Thus, both the
0.8 kb amplicon and the 160 bp amplicon can serve as a template for the amplification of
the 160 bp amplicon in subsequent cycles. As the primers used to amplify the 160 bp
target can hybridize to the 0.8 kb amplicon, this will hinder the production of additional
0.8 kb amplicon in that cycle. The size and the nature of the 160 bp target make it far
more easily amplified over the 0.8 kb amplicon. The product of the solution phase
mixture is exclusively the shorter 160 bp amplicon. Therefore, the presence of the 160
bp amplicon will serve as an indicator that leakage of chemicals or biomolecules has
occurred. At worst, the reverse micelles themselves may have collapsed. To test the
integrity of the reverse micelles, Reaction A and Reaction B were individually emulsified
using the same method shown in Figure 5.5. Emulsified Reaction A and emulsified
Reaction B were used as controls to ensure that PCR occurs as anticipated within the
emulsion (Figure 5.9). Equal volumes of the two emulsions were then thoroughly mixed
and thermocycled along with the two emulsion controls. Emulsion was collapsed by
centrifuging the emulsions, decanting excess oil phase, and adding water-saturated
diethyl ether to breakdown the emulsion. The diethyl ether was removed and the aqueous
phase was extracted once more using water-saturated diethyl ether. Remaining ethyl was

removed by briefly incubating the aqueous reaction in a 65 °C heat block until bubbling
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subsides. The amplicon products of the aqueous layers were purified using Qiagen’s

Nucleotide Clean Up Kit. Products were visualized on a 2 % agarose gel.

ReactionA: ReactionB: Reaction A + ReactionB :
Emulsion phase Emulsion phase Emulsion phase
<«
—>

c

Thermocycle

‘

Legend

O = plasmid used for template — =160 bp amplicon

e > . primers for the 160 bp amplicon

== =polymerase

—_
€ =primersfor the 0.8 kb amplicon

=0.8 kb amplicon

Figure 5.9 Scheme showing the possible products formed from stable or unstable reverse micelles.
Reaction B produced a 0.8 kb amplicon represented by the green lines. Reaction A contains no polymerase
and fails to yield any amplicon. If the mixture of the two emulsions stays intact and no components can
cross the oil phase barrier, only the larger 0.8 kb amplicon will be produced. If there is exchange of

components, either primers or polymerase, the shorter 160 bp amplicon will be produced.
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The controls showed the same products as the solution phase (Figure 5.10).
Therefore, it can be concluded that emulsification did not inhibit amplification as the
control products were nearly identical to the products identified in the solution phase
PCR. The emulsified Reaction A and Reaction B were then mixed in a one to one ratio
and thermocycled showed that the 0.8 kb target was exclusively produced. An
insignificant amount of the 160 bp amplicon can be detected. This indicates that the
reverse micelles did not collapse during thermocycling and small molecules such as
primers, amplicon or polymerases did not diffuse between intact reverse micelles to any
significant amount. The isolation of chemicals and biomolecules using reverse micelles

was found to be acceptable.
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Figure 5.10 Compartmentalized self-replication of targets of differing size. Two PCRs were prepared
separately with each amplifying a target of different lengths. Prior to thermocycling the reactions were
emulsified and then mixed. Lane 1 + 5: Invitrogen’s 1kb Plus Molecular Weight Marker. Lane 2: PCR
targeting a 160 bp fragment with no polymerase added. Lane 3: PCR targeting a 0.8 kb fragment with
polymerase added. Lane 4: 1:1 mixture of the two PCRs.

5.4.3.3 Isolation of individual cells through emulsification

In section 5.4.3.1, the formation of reverse micelles of appropriate size to isolate
individual E. coli cells was confirmed. In the preceding section, the integrity of those
reverse micelles and their ability to isolate their components even through thermocycling
was also confirmed. In this section, the findings of both of those experiments must

simultaneously hold true. The process of emulsification itself was used to isolate and
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encapsulate individual E. coli cells. After encapsulation, the components within the
reverse micelle must remain within the reverse micelles throughout the thermocycling.
Proper controls were produced to facilitate detection of the failure of these processes.
One final requirement is the isolation of individual cells using the emulsification process
itself. If the cells cannot be isolated using the emulsification during the polymerase
selection, individual polymerase mutants will not be isolated and genes encoding for both
active and inactive mutants will be amplified by the active mutants. If multiple cells are
present in one reverse micelle, the result would be that the gene pool will not be as
completely enriched for the genes encoding for active mutants. However over several
generations of selection, even genetic contamination from other species in the micelle
should ultimately be weeded out in favour of the selected activity.

Ghadessy et al. used a system of whole cell PCRs that used cells expressing either
Taq or Stoffel Fragment to verify the isolation of individual cells by
emulsification.(Ghadessy et al., 2001) In this section, we verified that the emulsion that
we produce effectively isolates individual cells. To stay consistent with Ghadessy’s
work, we also used E. coli cells expressing Taq and E. coli cells expressing Stoffel
Fragment were used. This experiment examines whether or not, in a selection under CSR
conditions, one of two very similar polymerases can amplify its own gene and enrich the
gene pool in its own gene. Taq, of course, is meant to represent an active mutant
polymerase where as Stoffel Fragment is representing an inactive or low activity mutant
polymerase. In actuality, both polymerases are active, but under a certain selection
pressure used for this control experiment, Taq managed to differentiate itself due to its
high nucleotide incorporation efficiency.

The potential for cross contamination due to neighbouring cells being within the
same reverse micelle was examined by using two different polymerases to amplify their
own gene under CSR conditions. Polymerases and their respective genes used in these
tests were Taq and Stoffel Fragment. The first test is to differentiate the two polymerases
by their catalytic ability without an emulsion i.e. solution phase. Taq is the larger of the
two polymerases and is encoded by the larger 2.5 kb gene. Stoffel Fragment has a lower
rate of nucleotide incorporation and is encoded by the shorter 1.6 kb gene. Amplification

using short extension times in the PCR cycling allows for the selective amplification of
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the longer Taq gene target by Taq polymerase. Stoffel Fragment, while its Stoffel
Fragment gene target is much shorter, is unable to exponentially amplify its own gene
using 45 second extension times as it is slower than Taq polymerase at elongation. To
show that both polymerases are being expressed, a pair of primers was used to produce a
short 0.8 kb amplicon. This target size is short enough that the Stoffel Fragment can
amplify the target as well as Taq polymerase (Figure 5.11). However, when a pair of
primers is used such that the polymerase is required to amplify its own gene, Taq
succeeds and Stoffel Fragment fails. To be as consistent as possible between the two
systems, the same pair of primers is used for both Taq and Stoffel Fragment, and this pair
of primers hybridizes on regions of pUCI18 that flank either the Taq or Stoffel Fragment.
Mixing followed by thermocycling of the two individual solution phase reactions in a 1:1
ratio results in both Taq and Stoffel Fragment genes being amplified, presumably by Taq,

with a higher amount of the shorter Stoffel Fragment gene being produced.
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Stoffel Fragment
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4302 bp —_—>

Long extension times only

1.8 kb amplicon

PCR with
Taq polymerase
pTaq
\) Long or short extension times 2.7 kb amplicon

Figure 5.11 Solution phase PCR. Top. Representation of the two control plasmids pStoff and pTaq and the
condition that support amplification of their polymerase gens. Bottom. Whole cell PCRs using E. coli
cells containing either a plasmid bearing a Stoffel Fragment gene or a Taq gene. Lane 1: A PCR mixture
containing Stoffel Fragment-expressing cells with a 0.8 kb target. Lane 2: A PCR mixture containing only
Taq-expressing cells with a 0.8 kb amplicon target. Lane 3: A PCR mixture containing only Stoffel
Fragment-expressing cells. Lane 4: A PCR mixture containing only Tag-expressing cells. Lane 5: A 1:1
mixture of the Tag-expressing cells PCR mixture and the Stoffel Fragment-expressing cells PCR mixture.

Lane 6: Invitrogen’s 1 kb molecular weight ladder.

The separation of individual cells using emulsification was examined using a 1:1
mixture of cells expressing Taq and cells expressing Stoffel Fragment. The efficiency of
the isolation of individual cells through emulsification can be qualitatively determined by
examining the ratio of PCR products. Stoffel Fragment has a lower rate of nucleotide

incorporation than Taq polymerase and was shown to be unable to amplify its gene using
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short extension times (Figure 5.11, Lane 3). As the emulsification for the whole cell
PCRs followed the visual control described in section 5.3.7.1, we assume that the
emulsification of the cells effectively isolated the E. coli cells prior to thermocycling. A
1:1 mixture of cells expressing Taq and cells expressing Stoffel Fragment were first
emulsified prior to thermocycling to isolate individual cells. Analysis of the whole cell
PCR products shows that the emulsified Stoffel Fragment is not capable of amplifying its
gene to any significant extent (Figure 5.12, Lane 2). Emulsified Taq, on the other hand,
amplifies its own gene exclusively due to the physical barrier separating Taq polymerase

from the Stoffel Fragment gene.
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Figure 5.12 Compartmentalized self-replication of two different genes. A Scheme showing how the
emulsification isolates cells prior to thermocycling. Successful isolation of the individual cells followed by
thermocycling as represented would result in only the Taq gene being amplified and the reverse micelles
containing cells expressing Stoffel Fragment would have no amplicon. B E. coli cells expressing either
Stoffel Fragment or a Taq were emulsified and thermocycled. Lanes 1 + 5: Invitrogen’s 1 kb molecular

weight ladder. Lane 2: Stoffel Fragment-expressing cells were emulsified and thermocycled. Lane 3: Taq

1:1 ratio of Taq expressing cells and Stoffel
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5.4.5 Shuffled Tagq library

Even with the cassette libraries in hand, we considered that demanding the
polymerase incorporate multiple modified nucleotides may be a very high selection
pressure. Reducing the selection pressure to a single event such as elongation of a primer
bearing a single modified nucleotide would facilitate amplification of long (>1 kb) DNA
targets. The dA™-modified primer described in section 2.4.1 was intended for used in
the amplification of a long target — the entire Taq gene. Holliger and coworkers have
been very successful in evolving polymerases using CSR that involves designing the
primers used in the CSR to introduce the selection pressure.(Ghadessy et al., 2004;
Loakes et al., 2009; Loakes & Holliger, 2009) The selection pressure that was
introduced was elongation of primers designed with base pair mismatches, modified
bases, and hydrophobic base pairs. Because the desired activity is physically localized to
the primer: template region, which is independent of the length of the CSR target, the
polymerase can replicate the entire gene and not just a small region within it, as in
spCSR, without too much difficulty.

One of the benefits of performing a CSR that targets the entire gene is that
mutations can be introduced throughout the entire gene and the CSR process would be
able to amplify those mutations. With the cassette libraries, we target areas where direct
contact between the substrates and enzymes are made. The necessary structural or
chemical change introduced by mutations that will provide the desired activity may be
more subtle than direct alteration of the catalytic amino acids and/or the amino acids
proximal to the active site. Making distal mutations may provide the subtle changes to
the active site that lead to the desired activity. Two methods of introducing mutations are
error-prone PCR and shuffling.(Stemmer, 1994) Shuffling involves the fragmentation of
two or more closely related genes. The double-stranded fragments, when used in PCR
conditions will dissociate and anneal to another piece of DNA that may have originated
from a different gene. Multiple cycles of elongation, melting and annealing result in full
length genes bearing DNA sequences from more than one of the original genes.
Shuffling was chosen over error-prone PCR due to the high amount of control over the
frequency of introducing mutations. Zhao and Arnold report a very low frequency of

mutation of 0.05 % using specific polymerases.(Zhao & Arnold, 1997)
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Normally, shuffling is performed using different genes having high level of
homology. For example, d’Abbadie et al. shuffled three polymerase genes from the
genus Thermus.(d'Abbadie et al., 2007) The gene for Taq was amongst these genes.
This so called molecular breeding allows for entire regions of gene to be swapped and
still produce a functional protein with new characteristics. In our hands, shuffling is first
being used to introduce random mutations at a very low frequency. Molecular breeding
at a later time is possible if we acquire the appropriate genes or in between rounds to
reintroduce diversity during the selection. The first step in shuffling is the fragmentation
of the DNA. Once the fragments of appropriate size (50-100 bp) are isolated from larger
fragments, they can be recombined using amplification where the fragments serve as both
primer and template. To obtain fragments, pTaq was digested with DNase I. The
expression vector (2.7 kb) and the Taq gene (2.5 kb) are roughly the same size and would
be difficult to purify away from each other so both components were digested. Careful
monitoring of the digestion ensured that the fragment sizes are within the desired 50-100
bp range. Fragments migrating faster than the 100 bp marker on 2 % agarose gel were
excised and purified using Qiagen’s QIAQuick Gel Extraction Kit.

The Taq gene fragments were recombined using conditions that promote a very
low rate of mutation. The gene encoding for wild-type was carefully digested with
DNase I to produce DNA fragments roughly 50-100 nt in length (Figure 5.13). These
fragments were gel purified by excising the gel corresponding to that particular size
range. This was done to minimize the amount of large fragments. The purified
fragments were reassembled using DNA polymerases. The products of the reassembly
appear as a large smear (Figure 5.14). Presumably, within this smear of DNA lie

multiple copies of the Taq gene each with slight mutations.
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Figure 5.13 Time-dependent fragmentation of DNA by DNase I. Lanes 1-5: 1, 2, 3, 4, and 5 minutes of

digestion, respectively.

1 kb

500 bp
300 bp

100 bp

Figure 5.14 Polymerase-mediated reassembly of gene fragments. Lane 1 Invitrogen 1kb Plus Ladder. Lane

2: Tag-mediated shuffling with exogenous DNA fragments. Lane 3: Tag-mediated shuffling 4: Pfu-

mediated shuffling.
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Using the appropriate primers one can amplify the Taq gene from the reassembly
mixture. The library generated by Pfx-mediated reassembly and Taqg-reamplified
appeared as a single band (Figure 5.15). The larger amount of Taq-mediated reassembly
and Tag-reamplified is hypothesized to be due to more reassembled product being
produced by the faster Taq polymerase and therefore more initial template for the

reamplification is present.

‘ e Amp|icon
(gene)

<+— artifact

1 2 3

Figure 5.15 Amplification of the shuffled Taq gene. Lane 1: Invitrogen’s 100 bp Ladder. Lane 2: Tag-
reassembled Taq reamplified shuffled library. Lane 3: Pfx-reassembled Taq reamplified shuftled library.

While the reassembly appears to work, the level of mutation would be difficult to
assess using sequencing. As briefly mentioned in Chapter 4, a thorough study of the
level of mutation could be done using the mismatch binding protein, MutS, to do a proper
analysis. The library has been cloned into the expression vector pUC18 and is ready for
use in a selection as shown by a small amount of activity (Figure 5.16). RNA was left
intact as a visual reference of how much cellular material was needed to be added to

produce an amplicon.
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Figure 5.16 Activity of the shuffled Taq library. Lane 1: Invitrogen’s 100 bp Ladder. Lane 2: Whole cell
PCR using the shuffled library.

5.4.6 CSR preselection of the active site using natural nucleoside triphosphates

With all of the necessary controls done, the actual selection can begin. As with
all selections, this one starts with a library. The choice of libraries depends on the
selection pressure that was applied. We chose to begin with the active site library
constructed using cassette mutagenesis. The reason for choosing this library over the
shuffled Taq library is due to the availability of substrates that introduce a desired
selection pressure. Recall that the production of the shuffled library introduced mutations
throughout the entire gene. Therefore the target for self-replication would be the entire
gene. In the case of full length Taq, this target would be about 2.5 kb. Using modified
nucleoside triphosphates in the replication of this target would require the mutant
polymerase to incorporate about four hundred modified nucleotides to be successful.
That is far too high a selection pressure. The alternative way of introducing a selection
pressure is by using modified primers and demanding the polymerase extend past
modified bases. This is an excellent approach, however, we have a very limited number
of modified primers and the phosphoramidites necessary to make a particular primer are
not always available. Libraries constructed by either cassette mutagenesis or by shuffling
have led to evolved polymerases in the literature. Both techniques are valid and while the
following experiments focus on the cassette library, the shuffled library is ready for use

in selection if the selection using the cassette library is not successful.
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The cassette libraries are the better choice for selection in our hands as we have a
large repertoire of modified dNTPs that may make unique and different contacts with
various polymerase domains. Since the mutations are localized and concentrated to a
small region, this library is perfect for short patch compartmentalized self-replication
(spCSR). The selection pressure of incorporating modified nucleotides is attenuated by
demanding that the self-replication only occur at the defined mutated region. In the case
of the active site, the mutated region is only a stretch of thirty-nine bases. The selection
pressure can further be attenuated by selecting modified nucleotides that are known to be
incorporated. With the library selected, one way of improving the chances of finding a
mutant polymerase is to use a library with enriched activity. To obtain this library with
enriched activity, we first perform a round of “preselection” using natural ANTPs to help
remove clones that are completely inactive. This “preselection” is actually a true
selection for activity, but for the majority of this chapter “selection” refers to the rounds
that use modified nucleotide substrates, be them modified nucleoside triphosphates or
modified primers.

Preselection products were isolated, purified and amplified according to the
scheme in Figure 5.17. Note the selection primers and the amplicon contain sequences,
represented by the purple lines in Boxes A-D, which are not found in the plasmids. Since
selection products do not have a defined electrophoretic mobility due to the varying
number of modified bases, it is not possible to isolate the selection products from the
plasmid DNA. Introduction of foreign sequences provides a means to selectively amplify
the selection or preselection products exclusively in the presence of contaminating
plasmid. Any selection primers left over from the selection must be removed. This
method of removing unwanted chemicals and biomolecules prior to amplification of the
selection products, sometimes referred to in this thesis as first amplification, is critical to
ensure that genes encoding for inactive mutant polymerases are not amplified.
Otherwise, the gene pool may not become enriched in genes encoding for desired mutant
polymerases. This purification process is critical to this preselection round and all

subsequent selection rounds.
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Figure 5.17 A. Important biomolecules present in the spCSR selection reaction. Plasmid is represented by
the green circle. Polymerase is represented by the green chevron. Green and purple arrows represent
primers. Green and purple lines represent spCSR selection product. Note that the selection products are
not one defined size. B. The biomolecules from A purified using Qiagen’s PCR Purification Kit.
Polymerase is removed, but dNTPs, primers and plasmids are present in trace amounts. C. The
components of B are treated with ExoSAP-It to remove trace dNTPs from the selection and primers. D.
New primers represented by purple arrows and Vent (exo-) represented by the blue chevron are added to
the remaining plasmid and amplicon in a PCR reaction mixture. E. The reaction is thermocycled, and
selection products are amplified exclusively. F. The new amplicon is agarose gel purified to remove

plasmid and primer.
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First, polymerase, chemical reagents, the majority of dNTPs, and primers are
removed using Qiagen’s Nucleotide Clean Up Kit. Trace amounts of dNTPs, plasmids
and primers from the preselection CSR could have gotten through this first clean-up
process. The trace primers and plasmid, in particular, could cause amplification of genes
that encode for inactive polymerases. In this preselection round, the dNTPs are natural
and will not cause any problems in the first amplification, but the use of modified
nucleotide in the selection rounds could inhibit the commercial polymerases used in the
first amplification. Trace amounts of selection primers and dNTPs are degraded by
treating the mixture with ExoSAP-IT from the USB Corporation. ExoSAP-IT,
containing Exonuclease I and Shrimp Alkaline Phosphatase, was used to degrade the
single-stranded selection primers and deoxynucleoside triphosphates that carry through
from the spCSR. Double-stranded amplicon products do not get degraded. The products
generated from the degradation of the selection primers and nucleoside triphosphates are
dinucleotides, nucleosides, inorganic phosphate and pyrophosphate. A 15 minute heat
treatment at 80 °C inactivated these two enzymes and the remaining DNA was ready to
be used in the first amplification. The primers of the first amplification were specifically
designed to hybridize to the selection products on the regions corresponding to the
foreign sequences introduced by the primers used in spCSR (purple lines). Since the
plasmids bearing either the desired or undesired gene do not contain these foreign
sequences, they cannot be used as templates for the first amplification. Amplified
products were cloned into pTaq to create a new library.

Clones from this new library were examined. Colonies were grown on an agar
plate to isolate individual clones. Colonies were picked at random, used to inoculate
media and tested for activity. Eight of the ten showed activity and their respective
plasmids were purified and sent for sequencing (Figure 5.18). Six of the eight active

clones contained mutations in the partially degenerate motif A region (Figure 5.19).
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Figure 5.18 Activities of preselected clones of the active site library. Lanes 1 and 12: NEBs Low

Molecular Weight Markers. Lanes 2-11: PCR products indicating the activities of active site preselection

clones 1-10, respectively.
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AGO8A
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GCC CTG
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GAC
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GAC
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GAC

GAC

GAC

GAC

TAT

TAT

TAT

TAT

TAT

TAT

TAT

TAT

TAT

AGC CAG ATA GAG
S R 1 E

AGC CAG ATA GAG
AGC CAG ATA GAG

AGC CAG ATA GAA
E615E

ACC CAG ATG GAG

S612T 1614M

ATC CAG ATA GAG

S6121

AGC CAG ATA GAG

AGC CAG ATA GAA
E615E
AGC CAG ATA GAG

CTC AGG GTGCTGGCC
L R

CTC AGG GTGCTGGCC

CTG AGG GTGCTGGCC

L616L

CAC AGG GTGCTGGCC

L616H

CTC AAG GTGCTGGCC
R617L

CTC AGG GTGCTGGCC

CTC AGA GTGCTGGCC
R617R

CAC AGG GTGCTGGCC

L616H

CTC AGG GTGCTGGCC

Figure 5.19 Active site sequences from active clones isolated from CSR using natural nucleoside

triphosphates. The base mutations are underlined, and the amino acid mutations are indicated below the

nucleotide sequence. Clones marked with an asterisk have the same sequence as wild-type Taq gene.

Bases outside of the mutated region are shown in blue.
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5.4.7 Combined library construction

Since the goal of the work in this thesis is to increase the value and utility of base-
modified nucleotides in selection, the design of the polymerase libraries should also
reflect that goal. The Watson-Crick base pairing is primarily accomplished by a complex
mechanism mediated by the finger subdomain of the polymerase. Specific interactions
are made between the O-helix of the finger subdomain, the DNA and nucleoside
triphosphate substrates. We hypothesize that modifications in the O-helix would have the
most drastic effect on nucleobase-modified nucleotide incorporation. Therefore, a
partially mutagenized cassette of DNA encoding for the O-helix was cloned into the
preselected active site plasmid library in place of the DNA encoding for the wild-type O-
helix. The O-helix library cassette was cloned into the plasmids containing the
preselected active site library (Figure 5.20). Preselected libraries were combined by first
treating the plasmid library containing preselected active site with Sac Il and Nhe I. The
amplicon containing the preselected O-helix library was also treated with Sac II and Nhe

L
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wild type sequence

Cassette mutagenesis Cassette mutagenesis

active site library

CSR with natural nucleotides O-helix library

Preselected active site
library

fusion using ligase and PCR

Combined libraries

l CSR with modified nucleotides

Generation 1

combined library

Figure 5.20 Flowchart describing the building of the Generation 1 libraries. The active site residue 605-
617 were partially mutagenized to create an active site library. After preselection of the active site library,

it was fused to the O-helix library. The library resulting from the combination was used for CSR with

modified nucleotides.

197



5.4.8 CSR using unnatural nucleosides

With both cassette and shuffled libraries in hand, we first started with the spCSR
using the cassette library, made by combining the preselected active site library and the
O-helix library, and modified nucleoside triphosphates. A pair of primers different from
the pair used in the active site preselection was used. This new pair of primers flanked
the region of DNA that contains both the active site and the O-helix. Therefore, the
“short patch” target DNA would contain the genetic information for both active site
mutations and O-helix mutations. Incorporating modified nucleotides into the selection
scheme involves some modification of the protocol to accommodate the products read-
through of the selection products (Figure 5.21). We made one deviation from the Ong et
al.version of the spCSR that follows the scheme shown in Figure 1.18. The deviation is
illustrated in step 5 of Figure 5.21 where we replaced the unnatural substrate,
ribonucleoside triphosphate, from the original spCSR with one of our modified
nucleoside triphosphates. We’ve introduced dA™"TP, dC*TP, or 2'-F-araTTP in lieu of
its natural counterpart in the amplification mixture. Step 8 was added in to convert
modified DNA sequences to unmodified DNA sequences and follows the clean-up and

reamplification scheme shown in Figure 5.17.
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Figure 5.21 Revised CSR scheme to accommodate unnatural nucleic acids. Step 5 shows the introduction

of modified nucleoside triphosphates into spCSR.

5.4.9 CSR using unnatural nucleoside triphosphates and first amplification product
Three unnatural nucleoside triphosphates were used in the CSR selections. The
first is the 2'-fluoro-2'-deoxyarabinothymidine triphosphate (2'F-araTTP). This
modification is on the sugar and is the easiest to predict the critical interactions and
possibly the mutations necessary. The key contacts are made primarily at Motif A which

contains the active site residues. The 5-aminoallyl-2'-deoxycytidine triphosphate
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(dC*™TP) was used. This substrate is very weakly accepted by Taq, but is capable for use
in PCR. Lastly, 8-(4-imidazolyl)aminomethyl-2'-deoxyadenosine (dA*TP) was used.
The base-modified substrates interact mainly with the O-helix. However, specificity can
also be relaxed with mutations located in the Motif A region.

Successful amplification using modified nucleoside triphosphates cannot be
visualized directly. In the event of high efficiency incorporation, the polymerase may
extend the primer far beyond the target length of the library. For the positive control
using natural nucleoside triphosphates, the 5 minute extension time is enough time for the
polymerase to extend the entire length of the plasmid. It is necessary to purify all dsSDNA
from the CSR reaction without size discrimination. Unfortunately, this means that the
original plasmid will copurify with the amplicons. This is a major contamination of
genes encoding for inactive polymerases. To avoid the contamination of the gene pool
with unamplified undesirable genes, an extra sequence of DNA was added to the 5’ end
of each of the CSR primers. This extra sequence is foreign to the expression vector. For
first amplification, a new set of primers composed of these foreign sequences will be
used so that there will not be mispriming or hybridization to contaminating plasmid.
Upon amplification of the purified CSR product, only the amplicons successfully
produced in the preceding PCR and necessarily composed of the nucleotides added to the
CSR mix will be amplified in the first amplification. Each of the CSR first amplifications
produced amplicons to varying degrees (Figure 5.22). Positive control produced the

expected product and amplification product was absent in the negative control.
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200bp
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Figure 5.22 First amplification of the isolated selection product. Lane 1: negative control (no dNTPs
added), Lane 2: amplification of 2'-F-araT amplicon, Lane 3: amplification of dC** amplicon, Lane 4:
amplification of dA™ amplicon, Lane 5: positive control (natural dNTPs) and Lane 6: NEB’s low

molecular weight ladder.

5.4.10 Activity of generation 1

The activity of generation one was assessed by allowing the libraries to perform
PCR using dNTPs. While the incorporation of all four dNTPs is an activity that was not
selected for, it is an indication of expression and activity. The library used in the
selection for a FANA monomer-incorporating polymerase showed no ability to perform
amplification using ANTPs (Figure 5.23). The library used in the selection for a dC*TP
incorporating polymerase showed the ability to incorporate dNTPs and produced
amplicon. The library used in the selection for a d mmTp incorporating polymerase
showed weak, but detectable ability to incorporate dNTPs as seen by a faint band in the
agarose gel. The positive control library showed the most amount of activity as expected,

but in this reaction and all others that produced amplicon there was some artifacts being

produced. The source of these artifacts is unknown.
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Figure 5.23 Library activities under standard PCR conditions. Lane 1 and 6: NEB’s low molecular weight
ladder, Lane 2: 2'F-araT library, Lane 3 dC* library, Lane 4 dA™" library, Lane 5 dNTP library.

5.4.11 First amplification product of round 2

The 2'F-araT, dC* dA™, and the positive control libraries were taken into the
second round of selection whether activity was detected or not. Each selection produced
first amplification products (Figure 5.24). Amplicon products were the expected 350 bp
in size. Compared to the first round, it seems that the product ratios of the amplicons
produced by the modified nucleoside triphosphate selection libraries relative to the ANTP
positive control has increased indicating that there may be more desired activity

compared to the first round.

First
amplification
product

Figure 5.24 First amplification of the isolated selection product from Round 2. Lane 1 + 6: NEB’s Low
Molecular Weight Ladder. Lane 2: amplification of 2'F-araT amplicon. Lane 3: amplification of dC*

amplicon. Lane 4: amplification of dA™ amplicon. Lane 5: positive control (natural dNTPs)
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5.5 Discussion

5.5.1 General discussion

Compared to the Dz20-49 selection described in Chapter 3, the directed evolution
of protein DNA polymerases attempted in this chapter is, by far, much more difficult.
First, the DNAzyme selection of Chapter 3 involves a single intramolecular
transphosphorylation; given enough time in the selection buffer, this intramolecular
transphosphorylation would occur spontaneously. Second, each isolated selection
system, the minimum components to carry out a selection reaction or event, needs only
one molecule, the DNAzyme, in cleavage buffer. Third, there is little concern about
cross-reaction as the selected DNAzymes are product inhibited. In comparison, our
spCSR involves the incorporation of modified nucleotides multiple times on a modified
template strand. In the construction and amplification of the selection product, an
unnatural dsDNA biopolymer, spCSR requires each individual selection system to
contain multiple components including a single type of expressed mutant polymerase,
modified nucleoside triphosphates, original plasmid template and amplicons produced be
perfectly physically isolated from any neighboring systems in a reverse micelle. These
factors make the need for a well conceived selection scheme as well as careful controls
absolutely critical.

Using unnatural nucleoside triphosphates in spCSR requires the polymerase to
perform not one, but two tasks. Both of these tasks must be performed multiple times (up
to 30 times) per selection round. The first task is the incorporation of multiple modified
nucleotides to produce a given gene target sequence. Many of these modified nucleotide
incorporations are sequential. In a single round of selection, the polymerase may be
required to do hundreds of incorporations of the unnatural nucleotide. The second task
occurs in the second and all subsequent cycles of spCSR. This task is the successful
read-through of a modified template strand indicated by the successful synthesis of a
modified strand across from the modified template strand effectively producing doubly-
modified dsDNA. Failure to perform this second task will result in linear amplification,

which may or may not produce sufficient enrichment.
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The intramolecular nature of the bound ribophosphodiester bond-cleaving
DNAzymes and fact that the successfully released DNAzyme is product-inhibited
eliminates the possibility of a cross-reaction. The protocol for polymerase evolution uses
a multicomponent system and the cross reaction of even a single molecule could have
dramatic negative effects on the selection. The role of the reverse micelle is the isolation
of a single phenotype and its corresponding genotype. If polymerase, gene, or amplicon
pass from one reverse micelle to a neighboring micelle, then genetic material encoding an
inactive mutant will be amplified. The worst case scenario would be that the reverse
micelles themselves are unstable under the thermocycling conditions. If the reverse
micelles are unstable, they would fuse and the emulsion would collapse during
thermocycling. However, section 5.4.3 describes how, with careful optimization, the
integrity of the reverse micelles through thermocycling and the successful isolation of

individual cells can be achieved.

5.5.2 Taq libraries

Libraries were constructed using cassette mutagenesis and shuffling. Cassestte
mutagenesis restricts the mutations to predefined areas of the polymerase. Prior
knowledge of the structure of the enzyme must be known for this type of mutagenesis to
be used in selection. Shuffling can be used to make mutations throughout the gene and
can be customized to give a very low level of mutagenesis (~0.05 %).(Zhao & Arnold,
1997) Shuftling will also be a powerful tool for diversifying between rounds or if one
wants to combine mutations between known isolated mutant polymerases. Both the
shuffled and cassette libraries would be valid for our selection as we do know where the
critical contacts between the polymerase and the modifications on the substrates are, but
we don’t know if the structural changes needed are large or small. As seen with previous
selections of Taq, both types of libraries have had success.(d'Abbadie et al., 2007;
Ghadessy & Holliger, 2004; Ghadessy et al., 2001; Loakes et al., 2009; Loakes &
Holliger, 2009; Ong et al., 2006) However, depending on the library chosen, the
selection scheme would be very different. If we would like to use modified dNTPs in the

selection we would have to lower the stringency as much as possible. spCSR would be
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ideal for the incorporation of modified nucleotides, and the extent of mutagenesis can be
a higher in the focused region of the gene. If only one event is required of the
polymerase such as read-through of a 3'-modified primer, then the mutations can be made
throughout the gene making shuffling a viable option to be used in CSR that involves the
amplification of the whole gene. Since we have a sizable repertoire of modified dNTPs
and not the appropriate modified primers or modified phosphoramidite to produce the
modified primers, we chose spCSR using cassette mutagenesis. The shuffled library is

ready for use if we seek an alternate method of selecting mutant polymerases.

5.2.3 Site-directed mutagenesis

While the sequencing did show that the mutation was produced, significant
amounts of protein were not detected. A potential cause of this is unexpected mutations
possibly produced in the site-directed mutagenesis. The whole gene would need to be
sequenced to determine if there are other mutations. Alternatively, the E615G mutation
can be introduced using cassette mutagenesis to avoid distal mutations in the gene. The
next possible cause is the nature of this expression system. Taq expression using pUCI18
is considered leaky and protein with low to no toxicity can be slowly expressed. The low
toxicity and acceptable stability of the E615G mutant is thought to be similar to that of
the native protein, but if the mutant is toxic or unstable, it may be susceptible to
degradation within the cell. In order to address this, the mutant gene should be cloned

into an expression vector that uses tight regulation of expression such as a pET vector.

5.5.4 Visualization of the compartmentalized cell

The dimensions of the droplet in relation to the size of the cell are very important
to the selection. First, ensuring a minimal droplet size results in a higher number of
droplets in a given reaction volume. This is critical as we want to have a very high
droplet to cell ratio as this statistically places a one cell per droplet. In our 200 ul CSR
reaction ideally we would produce 10" droplets containing 2 x 10® cells. Therefore,

there is a 2 % chance that any one droplet would have a single cell. Isolation of
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individual cells is critical to optimize enrichment. Second, the size of the drop affects the
local concentration of a molecule within the droplet. One molecule in a 5 pm diameter
droplet is at a concentration of ~18 nM.

Visualization of the droplet is important, but more important is the controlling of
the size of the droplet to encapsulate whole individual cells. Ideally, both the droplet and
the encapsulated cell can be simultaneously visualized. Unfortunately, the visualization
of the E. coli cell within the reverse micelle is difficult using visible light. Therefore, E.
coli cells expressing Enhanced Green Fluorescent Protein (EGFP) were used to enhance
visualization of the cell. Using UV light, the cells could be clearly seen, but the
periphery of the reverse micelle cannot be visualized. Therefore, a combination of UV
light and white light was used to visualize both simultaneously. First, UV light was
turned on and then white light was slowly increased just until the periphery of the reverse
micelle can be seen without washing out the fluorescence given off by the E. coli cell.

At a 2:1 oil phase to aqueous phase ratio, it is difficult to produce a monolayer of
reverse micelles. To circumvent this, the reverse micelles were diluted into mineral oil to
disperse them. Well dispersed reverse micelles containing E. coli cells expressing EGFP
can be seen clearly under the microscope (Figure 5.5). Both reverse micelles containing
E. coli cells and no E. coli cells can be seen. The diameter of the reverse micelle is
slightly larger than the E. coli cell. Ideally, the diameter should be equivalent to the
length of a single E. coli cell to make the reverse micelle volume as small as possible.
Minimizing reverse micelle size will increase the total number of micelles in the vial.
Increasing the total number of reverse micelles increases the statistical probability of
finding one or zero E. coli cells per reverse micelle. The average reverse micelle size

appeared to be ideal for our purposes.

5.5.5 CSR controls to measure cross reaction between droplets

Contaminations from neighboring reverse micelles would have a negative effect
on CSR. If any of the active mutant polymerase or genes encoding inactive mutant
polymerases leak through to neighboring reverse micelles, genes encoding for inactive

mutants will be enriched in the gene pool. In the worst case scenario, the enrichment of
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gene encoding for inactive mutants may dominate the gene pool and the selection will
never lead to the isolation of active mutant polymerases.

To ensure that components are staying within their respective reverse micelle
during the thermocycling, an experiment using two PCR reactions referred to as Reaction
A and Reaction B were used. The product from Reaction A would be a 160 bp amplicon
and Reaction B would be a 0.8 kb amplicon. Polymerase was not added to the first
Reaction A, but was included in Reaction B. The different methods of mixing these two
reactions, with and without emulsification, is meant to simulate the CSR conditions and
to help us identify when the isolation of components have failed. For the first test we
would look at how much of each product would be produced and verify this is an
adequate test for visualizing cross reactions. When mixed together in solution phase, the
two reactions produced exclusively the shorter 160 bp product even though the PCR
conditions satisfied the amplification of the longer target. The ease of replication of the
shorter product dominated the PCR. A solution phase mixture of the two reactions
represents an extreme case of the reverse micelle cross reaction or complete collapse.

The assessment of reverse micelle stability was performed by first emulsifying
both mixtures effectively sealing the reactions within billions of microscopic droplets.
Individually emulsified Reaction A and Reaction B were mixed and the mixture was
thermocycled. Emulsions containing only one reaction each were used as controls to
ensure that the amplifications were not inhibited due to the emulsification. After
breaking down the emulsions and cleaning up the products, the products show the 0.8 kb
target was almost exclusively produced. There is the slightest trace of a 160 bp product,
but can be considered insignificant for this test. This test shows that the reverse micelles

remain intact and there is virtually no cross reaction.

5.5.6 Physical separation of cells using an emulsion

When wanting to isolate a particular cell that expresses a desired clone or mutant,
investigators have a few techniques at their disposal. Such techniques include
Fluorescence-Activated Cell Sorting (FACS) sorting or plating and spot picking are

methods of separating and isolating cells. Depending on one’s needs, separating and
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isolating cells by emulsion is a faster method and can handle a very large number of cells.
Emulsification is a powerful method of physically isolating the individual cell from its
neighbor when handling of the individual cell (i.e. inoculation, protein scale up,
sequencing) is not needed at this point, but isolated systems utilizing the activity of the
protein is.

The elimination of cross reaction discussed in section 5.5.5 is a wasted effort if
emulsification does not isolate the individual cell. To establish that compartmentalization
was effective, the E. coli cells were isolated using an emulsion to compartmentalize the
individual cells each in their own reverse micelle. If the cells expressing mutants cannot
be separated using the emulsion, then the genetic material of inactive mutants will also be
enriched and the selection may fail. Much like the cross reaction tests discussed in
section 5.5.5, the same basic tests can be performed to determine the successful
separation and isolation of individual E. coli cells.

To perform this test that mimics the contamination of an active polymerase and an
inactive polymerase, two versions of the same polymerase were used. Taq and Stoffel
Fragment were used to represent an active and an inactive mutant, respectively. Actual
CSR will be performed in this experiment as the two polymerases will be amplifying
their own gene. The two differences between the systems are that Stoffel Fragment is a
slower polymerase than full length Taq and the Stoffel Fragment gene is shorter than the
Taq gene. If the performance of the two polymerases is equivalent, an equal amount of
amplicon would be produced as the two polymerases self-replicate their own gene.
Similar to the experiment described in section 5.5.5, in a homogeneous mixture of
reactions, the smaller Stoffel Fragment gene target would preferentially be amplified in a
mixture of targets. However, in isolated systems, the Taq polymerase is the faster
polymerase between the two and given the right conditions such as short extension times,
Taq will out produce Stoffel Fragment. Due to Stoffel Fragment’s slower extension rate,
extension times can be altered so that the Stoffel Fragment will not be able to amplify its
own 1.8 kb gene target. Taq, on the other hand, manages to amplify its own gene with
the given extension time. Using a forty-five second extension time effectively nullified
exponential amplification from Stoffel Fragment while allowing Taq to exponentially

amplify its own gene. For an expression control, a different set of primers were used that
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target a 0.8 kb sequence on the plasmid. Both expressed Stoffel Fragment and expressed
Taq are able to amplify this short target with roughly the same efficiency given the same
extension time.

Using a one to one mixture of Taq expressing cells to Stoffel Fragment expressing
cells, the efficiency of single cell isolation through emulsification was examined. As
with the cross reaction experiment, the first step is deliberately establishing what a failed
isolation or collapsed emulsion would produce. To show the preferential amplification of
the shorter Stoffel Fragment gene, cells expressing either Stoffel Fragment polymerase or
Taq polymerase were used in a solution phase PCR. Mixing the two reactions in equal
proportions resulted in an amplification that produced Stoffel Fragment gene as its major
product. In this case where both products could be amplified, the higher amount of 1.8
kb amplicon indicates that a larger amount of the Stoffel Fragment gene (remembering
that the Stoffel gene is only two-thirds the length of the Taq gene) is preferentially
produced. For the mixtures of the emulsifications, we can see that the major product is
the Taq gene, which tells us that isolation of single cells was efficient and the Stoffel
Fragment gene is not being amplified by the Taq polymerase. The lower amount of
amplicon compared to the Taq only control is partially due to the fact that only half the
reverse micelles contained Taq polymerase. A trace amount of Stoffel Fragment gene
was produced in the Stoffel Fragment only control, which means that the trace amounts
in the mixture, was not due to any significant cross reaction or poor isolation of single
cells.

Unlike the chemical cross-reaction control described in section 5.4.3.2,
emulsification of the mixture was not done prior to mixing of the cells expressing either
Taq polymerase or Stoffel Fragment polymerase. Instead, the emulsification itself was
used to isolate the individual cells thereby isolating individual reactions. Since failure to
isolate reactions results in the preferential amplification of the Stoffel Fragment gene, the
ratio of the products produced will be indicative of the efficiency of single cell isolation.
The major PCR product from the emulsified mixture of cells expressing either Taq or
Stoftel Fragment is the amplicon corresponding in size to the Taq gene due to Stoffel
Fragment’s low elongation rate (Figure 5.11). Trace amounts of the amplicon

corresponding to the Stoffel Fragment gene are also present. The interpretation of this
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result is that the isolation of the individual cells through the use of emulsification appears
successful. The amount of Stoffel Fragment gene amplicon appears slightly higher than
the amount in the control. This may be due to leakage of components, but is more likely
due to more than one cell being present in a single droplet. The contamination is minimal
and these controls are meant to help minimize background and side reactions rather than
take extreme measures to eliminate them altogether. There will always be a very small

statistical probability that a reverse micelle will contain two E. coli cells.

5.5.7 Library construction, expression and CSR

Combining two libraries may cause too great of a mutational load for proteins that
are expressed from the library to retain activity for CSR. With this in mind, the
elimination of known detrimental mutations was undertaken. Any deleterious mutations
of active site residue D610 must be avoided in the selection for unnatural nucleoside
triphosphate incorporation. Residue D610 is intolerant to mutation and previous studies
by Loeb have shown that any mutation to this residue renders the polymerase inactive.
The first priority was to do a modest selection for those polymerases capable of natural
nucleotide incorporation. This is a variation on the complementation selection done by
Loeb to select for active mutants, but it also will help verify the efficiency of the gene
pool enrichment.

A library of mutant polymerases was created and enriched in active polymerases
using spCSR. In the event that creating libraries that strayed too far from wild-type
rendered the library too inactive for enrichment, a stepwise development of the library
was taken. First was the creation of an active site library according to Loeb. This library
was then used in a CSR, which demanded that the polymerase be able to amplify its own
gene under normal PCR conditions. Performing CSR without selection pressure will
remove any mutants that are inactive such as mutants containing mutations to the D610
residue and will enrich the gene pool in active polymerases.

The amplicon products produced by the active polymerases will not be of defined
length. A truly efficient mutant may be able to extend the entire plasmid with natural or

unnatural dNTPs. No sizing restriction should be placed upon the products at this point.
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Under standard PCR conditions, the 5 minute extension time used is long enough for
wild-type Taq to extend the entire plasmid. As seen in section 5.5.6, forty-five seconds is
sufficient to amplify a 2.7 kb target that contains the entire Taq gene. Assuming that the
only products will be the expected target length may exclude products produced by
highly efficient polymerases. Successful polymerases can have an activity that varies
from being capable of just extending the library region to being highly efficient and able
to replicate the entire plasmid. It then would be safe to assume that the desired products
could be any length between 350 and 5100 nt. The reamplification of the trace amounts
of variably sized products is designed to produce amplicons of predetermined length. At
this point, purification according to size can be done. With these concepts in mind, a
single round of preselection was carried out to enrich the gene pool in polymerases
capable of wild-type activity and perhaps other activities. The resulting gene pool

contained a high percentage of active clones from randomly selected colonies.

5.5.8 Analysis of the isolated and active site preselection CSR clones

After one round of preselection, 10 colonies were picked at random. The
sequences of the eight polymerases found to be active are shown in Figure 5.19. Of
these, two were inactive and eight showed varying amounts of activity. The plasmids of
the eight active clones were isolated and sent for sequencing. To summarize the
activities of the 10 clones, clones 1 and 10 are wild-type, clones 2 and 8 were inactive.
Of the weakly active mutants, clone 3 has a single silent mutation and clone 5 has four
mutations. Of the mutants showing significant activity, clones 4 and 9 both had the same
three mutations; clone 7 has a single amino acid mutation and one silent mutation. Clone
6 showed high activity and has two mutations and one silent mutation. Except for one of
the mutations, all mutations occurring in the active site of active mutants were previously
reported in the literature. (Patel & Loeb, 2000a)

The one mutation not previously reported is L616H that appears twice in clone 4
and 9. Since this mutation was found from two independent colonies both displaying
polymerase activity, the probability of this being a sequencing error is low. From Loeb’s

findings, the two most intolerant residues are D610 and E615.(Patel & Loeb, 2000a)
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Both of these residues point into the active site. Most other residues located in Motif A
point away from the active site. Another interesting finding from Loeb’s work is that
there are a high number of low activity mutants with increasing number of mutations.
The population with the highest number of low activity mutants is those with two

mutations.

5.5.9 The O-helix library

The plasmids containing the preselected active site library was used to clone the
O-helix library as well. The O-helix is responsible for proper base pairing and is highly
mutable. This polypeptide is an excellent candidate for mutagenesis and clones
containing mutations in this area may bestow upon the polymerase the ability to make
non-canonical base pairs using a modified base and a natural base. Even if mutations in
the O-helix alone do not bestow desired qualities, they may compensate for mutations
done to the active site that do bestow favorable activities but are detrimental to the
catalytic rate or vice versa. This library combination of the active site and O-helix
libraries was used in the ongoing selection for an evolved Taq polymerase capable of

incorporating modified nucleotides using a modified DNA template.

5.5.10 CSR using modified nucleoside triphosphate

Similar to the DNAzyme selection of Chapter 3, the products of the selection
should not be directly visualizable for several reasons. First, the product may be
produced in trace amounts. Second, the doubly modified dsSDNA may have unknown
electrophoretic mobility different from unmodified DNA and different modified
sequences would also migrate differently. Lastly, high efficiency transcription will
produce modified DNA larger than the expected target size (350 bp) as the template is a
plasmid and extension could produce a 5.1 kb product. Instead, detection of the selection
product should be done using the product from the first amplification of the selection
products. As described in section 5.4.6, design of the primers used in the selection

included a DNA sequence that was foreign to the plasmids that facilitated exclusive
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amplification of selection products in the presence of contaminating plasmid DNA.
These primers contain sequences at their 5" end that are not found on the plasmid.
Therefore, only primers and successfully synthesized modified DNA will contain these
sequences. To ensure that the primers from the selection are not carried through to the
first amplification, ExoSAP-It was used to degrade the single-stranded primers that were
not consumed in the spCSR. Incomplete degradation of the selection primers can be
detected by the appearance of amplicon in the first amplification of the negative control.
First amplification primers were designed to anneal to the regions of the selection
products that contain a sequence foreign to the expression vector. Therefore, the only
template that is amplified will be the products of the selection as any plasmids will not
have a primer hybridization region. The first amplification will produce a product of
defined size (350 bp).

A possible outcome for the first amplifications is that no amplicon is formed. To
determine whether such an observation was a result of the selection pressure being too
high or if some other component, chemical or biological, of the spCSR was not operating
properly, a positive control was used. For a positive control, an spCSR using only natural
dNTPs was performed simultaneously. Since direct detection of product is difficult, this
positive control will help show if some condition unrelated to the modified nucleoside
triphosphate could have caused the selection to fail. These conditions could be failed
polymerase expression, some failure in thermocycling, and potential mispriming.
Fortunately, all modified nucleoside triphosphate spCSR produced amplicons in the first
amplification. Therefore, all components of the spCSR, from the nucleoside
triphosphates to the thermocycling program, are sufficient for amplification during the
selection.

For a negative control, selection conditions were done without the use of
exogenous dNTPs in the CSR reaction mixture. This control will determine if the
endogenous nucleoside triphosphates are in sufficient quantities to produce
contaminating amounts of unmodified product that will go into the first amplification.
Another possibility this negative control will test is if the unextended primers from the
selection are sufficiently degraded by ExoSAP-It. If primers from the selection carry

through to the first amplification reaction, the plasmid that is also present in the first
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amplification reaction can be amplified. No significant amount of product was detected
in the first amplification of the negative control. This suggests that the concentration of
endogenous dNTPs from the E. coli cell is insufficient to support spCSR. The absence of
product in the negative control of the first amplification provides sufficient evidence that
neither the endogenous nucleoside triphosphates nor the primers from the selection will
cause contamination from genes encoding undesired mutants.

Small amounts of products can be seen from the first amplifications of the
selections. At this point the first amplification products, being composed entirely of
unmodified DNA, can be gel purified according to size. A second PCR was performed to
produce sufficient amounts of DNA for cloning. Using natural nucleotides, the wild-type
activity of these generation 1 libraries were assayed. This assay is merely an estimate of
activity as it involves PCR amplification using the four natural dNTPs. The activities of
the libraries using natural dNTPs are not entirely indicative of enrichment as there is the
highly unlikely possibility of the mutant polymerases that compose the library
discriminate against the incorporation of the natural nucleotide counterpart of the
modified nucleotide used in the spCSR. If the selected mutant polymerases did
discriminate against the natural counterparts of the modified nucleotides used in the
selections, the selected mutant polymerases will not be able to support amplification
under standard conditions, which uses all four natural nucleotides. The 2'F-araTTP G1
library failed to show any activity for natural nucleoside triphosphates even though it lead
to the most first amplification product and therefore the most selection product was
produced by this library.

The second round of selection showed a slightly higher amount of first
amplification products. There also seems to be an increase in the ratio first amplification
product from the modified nucleoside triphosphate selections to the first amplification
product from the positive control. This is what we would hope to see. As the positive
control most likely contains such a high percentage of active mutants, we wouldn’t
expect drastic enrichment as the spCSR reactions are practically saturated with active
mutants. For the modified nucleoside triphosphate selections, however, enrichment
represented by a higher amount of first amplification product is expected. Thus far, the

selection seems to be progressing as expected and should be continued.
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Chapter 6: Summary, Conclusions and Future Directions
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6.1 Summary

This thesis explores the role of modified nucleosides, including their potential and
their limitations. Chapter 2 introduces a synthetic scheme for producing the dA™TP
which is a well-established nucleotide for use in DNAzyme selections. In efforts to find
a variable for improving the rate of modified DNAzyme self-cleavage, a selection that
assessed our ability to fine-tune nucleotide modifications was described in Chapter 3. To
do this we mimicked the selection for Dz10-66 replacing the well-established dA™ TP
with the then untested dA™"TP. The use of a shorter linker was thought to be a strategy
that would produce a DNAzyme with constrained catalytic residues. Minimizing the
allowable conformations of a particular functional group reduces the amount of energy
needed to arrange the residues in their active state. After 20 rounds of selection, the
fastest DNAzyme, Dz20-49, was measured to have a rate constant of 3.5+ 0.4 - 10 min’
!, This rate constant is far lower the rate constant of Dz20-49’s immediate predecessor
Dz10-66 (0.63 + 0.04 min™', 37 °C). In addition to the slower rate, Dz20-49 does not
seem to possess the same thermal stability shown by Dz10-66. When tested for self-
cleavage at 37 °C, the rate (2.0 £ 0.5 - 10~ min™") was roughly half that at 24 °C. The
modified nucleoside dA™™ proved to be an inferior substitute for dA™ with regards to
improving catalytic rate constants and thermostability.

Chapter 4 describes cloning of the final generations of various DNAzyme
selections. The cloning of the final DNAzyme generations and analysis of the sequences
raise the question of bias from post-selection manipulation such as transcription into
unmodified DNA followed by PCR. Suspicions of biased amplifications are supported
by the inefficient amplification of the Dz20-49 sequence augmented with all of the
appropriate modifications. The same sequence without modifications amplifies cleanly
and produces a higher amount of amplicon. Even the Dz20-49 analogs constructed with
dA™ or dA™ produce far more amplicon, implying that the discrete changes in linker
length that have an effect on catalytic competence also have an effect on amplifiability.
These preliminary tests using dA™PTP, however, show that the longer linker is worthy of
further studies. Also described in this chapter is the PCR amplification using 5-modified
dU analogs to produce doubly modified dsDNA decorated with the modification dU*,

dUP" or dU* on both strands and the modifications" ability to bestow site specific
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restriction enzyme digestion resistance. Introduction of the modifications dU%* or dU™
into the cell via cloning and electroporation addressed whether the cell will tolerate the
modification and replicate it with fidelity or if it will trigger a repair mechanism that
destroys the plasmid. The sequencing of the harvested plasmids revealed that the
modified nucleoside dU%* and dUP" were well tolerated or repaired and replicated with
fidelity. This study also hints at the potential for these particular modifications to be used
in a therapeutic modified DNAzyme.

Limitations using modified nucleotides prevent access to DNAzymes with higher
catalytic efficiency, higher substrate specificity, or novel function. One of these
limitations is the inability to incorporate modified nucleotides with the same efficiency as
natural nucleotides. Unfortunately, such a limitation has shown that incorporation of
these beneficial modifications increases the production of truncation products for heavily
modified clone sequences. Chapter 4 showed that sequenced full-length product isolated
from numerous selections shows few sequential modified adenosines. In general, there
appears to be a pressure that reduces the number of these crucial modifications below
what is statistically expected. It is speculated that the polymerases used in our selections
are the cause of this bias. Therefore, the evolution of a polymerase that can incorporate
modified nucleotide without a bias in efficiency would be desirable. Chapter 5 looks at
the steps taken towards this directed evolution of Taq using spCSR. Reverse micelle
compartments containing single EGFP-expressing E. coli cells were constructed and
visualized. The minimization of cross reaction between reverse micelles and the ability
to isolate individual cells through emulsification was verified. The generation of a Taq
library and successful isolation of active mutants bearing wild-type activity as a control
was achieved. The selection for an evolved polymerase capable of incorporating and

reading through modified nucleotides is currently underway.
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6.2 Conclusions

The modified synthetic scheme used to produce dA™ TP was successful, and
Curtis Lam successfully modified the synthetic scheme further to gain access to a small
library of 8-modified 2'-deoxyadenosine triphosphate analogs. The selection of Dz20-49
was a success in terms of isolating an active DNAzyme, but did not succeed in producing
a faster DNAzyme than its predecessor Dz10-66. What was learned, however, was
valuable information about the large effects of minute changes in linker length. If
shortening the linker length by one methylene group had such a drastic detrimental effect,
could then lengthening the linker by one methylene group have a beneficial effect?
Although the main goal was not achieved, these results do add to the knowledge of the
modified DNAzyme community, and hopefully will help lead researchers towards asking
the important questions. One of the questions that arose from the selection of Chapter 3
is: what is the unknown origin of the bias against the crucial 8-modified dA? Chapter 4
clearly illustrates that the dA™ in modified DNA causes difficulties in read-through and
amplification when compared to both the established dA™ and the yet selection-untested
dA™. While this shows yet another failing of the dA™™ modification, it also shows that
the dA™ modification has untapped potential. Outside of the selection context and a
little more in the DNAzyme application context, well tolerated dU&* and dUP" show
favorable characteristics of being amenable to PCR amplification, bestowing resistance to
restriction enzyme digestion and compatibility with a biological system. This experiment
keeps the goal of potential therapeutics in focus while discrete chemical changes are
simultaneously examined. The directed evolution of Taq for incorporation of our
modified nucleotides has been met with many difficulties. While the ultimate goal of
isolating an active mutant polymerase has yet to be achieved, many of the small goals
that lead to this main goal have been achieved, and encouraged further study. In our
hands, we have shown that thermostable reverse micelle compartments can be made and
can be used to control reaction conditions. This technology can be used beyond the
selection of polymerases and may one day even be integrated into our selection of

DNAzymes.
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6.3 Future directions

Since evaluation of the nucleotide bearing the short linker, the dAimmTP, proved
that this particular modified nucleoside triphosphate is an inferior modified nucleoside
for DNAzyme selections, the next experiment would be to test the JA™TP. Performing
a selection using an imidazole tethered to the nucleobase with a propyl linker will help
complete the picture on the effects of linker length for the imidazole functional group
tethered to the 8 position of 2'-deoxyadenosine. Since the short linker system did not
increase catalytic rate as expected, one should not assume that the longer linker would be
detrimental to activity.

The enrichment of the gene pool in active mutants shows that spCSR 1is a viable
method of isolating genes encoding for active mutants capable of amplifying their own
gene. With an enriched polymerase library in hand, one could attempt replacing natural
nucleoside triphosphates with a nucleoside triphosphate that has been chemically
modified. The selection undertaken has yet to be finished, but shows many encouraging
results and should be continued. Also, modified primers can be made and the shuffled
library can be used in a CSR selection for the same improved polymerase activity.

Directed evolution can be continued on other polymerases once the work on Taq
is complete. We have in our possession genes for Family B polymerase Pfu and Family
Y polymerase Dpo4. Since there is far less structural data on these two polymerases than
what is available on Taq, a low level of mutation throughout the gene should be
attempted versus mutating specific regions. We have started working with a shuffled

library of Dpo4. This is a potential project for a future student.
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Appendix A: NMR spectra for dA™™TP
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