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Summary

One of the most challenging aims of synthetic biology is the creation of a xenonucleic acid
(XNA), the artificial equivalent of DNA and RNA, that is functional in a biological system. When
these XNA and their building blocks are sufficiently different to natural DNA or RNA so they
do not interfere with an organisms metabolism, they are said to be orthogonal. While the
chemical synthesis of many different XNA building blocks is feasible for quite some time,
efficiently polymerizing them into longer strands and manipulating them requires dedicated
enzymes the development of which has only become possible over the recent years. However,
there are no highly active and specific enzymes available so far to polymerize truly orthogonal
XNA. To solve this problem, existing polymerases are modified to better accept these XNA

building blocks.

In this dissertation, state-of-the-art molecular evolution was used to develop such new
polymerases. First, the technique compartmentalized self-tagging (CST) was used to select for
variants of the hyperthermophilic DNA polymerase Therminator that have increased activity
for incorporating 2’-deoxyxylonucleotides (dxNTs). This Therminator DNA polymerase was
already shown to be able to incorporate dxNTs, but stalls after incorporating just two. The
likely reason for this is a difference in backbone geometry of dxNA to DNA, caused by an
inversion of the orientation of the 3’-OH group, resulting in a more elongated and left-handed
helix in deoxyxylonucleic acids (dxNA). The polymerase variants were created by mutagenesis
that was targeted to six promising regions of the protein structure. Thus, by applying CST
selection and screening selected clones with a polymerase activity assay, several mutants
were found that can incorporate and extend dxNTs more efficiently than the original enzyme.
Selection for this promiscuous activity thus resulted in mutants that appear to have increased

activity.

One of these mutants, identified with a H545R mutation, was analysed in detail using gel
electrophoresis at single-nucleotide resolution. This allowed the visualization of all extension
products, including stalled intermediates, and confirmed that requiring incorporation up to
three or more consecutive dxNTs causes polymerase stalling, but also showed that two of
them can be extended with natural DNA. Moreover, if the dxNTs are sufficiently spaced by

natural nucleotides, the mutant can incorporate up to four of them, and stabilize this
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presumably highly distorted DNA/XNA backbone. The H545R mutation likely stabilizes the
altered backbone conformation at one of the incorporated dxNT positions that coincides with
polymerase stalling. It was concluded that this new DNA polymerase mutant represents a first

step towards a polymerase that can produce dxNA.

Furthermore, several techniques were also explored to further modify the Therminator
polymerase. Instead of relying solely on amino acid substitutions, recombination of these
mutations from different regions is possible using Golden Gate Shuffling. This technique allows
for the production of a large number of new mutants by combining previous ones in the same
protein. The other shuffling-based technique used in this dissertation, VersaTile Shuffling, also
allows insertion of unrelated protein sequences in the evolving protein. These recombination
strategies are shown to be able to introduce new variation in selected mutant libraries,
although to date no new recombination mutant with increased activity has been found.
VersaTile Shuffling in particular could prove to be very useful for modifying larger protein
regions at once to introduce a new surface geometry, which might be needed to stabilize and

bind an XNA with a geometrically strongly altered backbone structure.

Polymerase mutants, based on the ones that were developed in this thesis using molecular
evolution, thus start to pave the way for XNA polymerases that are able to produce XNA with
a markedly different backbone structure. Such a DNA-dependent XNA polymerase has short-
term application in XNA aptamer development. Furthermore, in the long term, orthogonal
nucleic acids and their XNA-dependent XNA polymerases that are unable to interfere with
existing biology could thereby provide functional applications and increased biosafety in

biotechnology as a novel, independent means of carrying sequence information.
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Samenvatting

Een van de meest uitdagende doelstellingen van synthetische biologie is het creéren van een
xenonucleinezuur (XNA), het synthetische equivalent van DNA en RNA, dat functioneel is in
een biologisch systeem. Wanneer dit XNA en hun bouwstenen voldoende verschillen van
natuurlijk DNA en RNA zodat ze niet interfereren met het metabolisme van een organisme,
worden ze orthogonaal genoemd. Hoewel de chemische synthese van diverse XNA
bouwstenen al geruime tijd haalbaar is, vereist efficiénte polymerisatie tot langere strengen
en hun manipulatie toegewijde enzymen waarvan de ontwikkeling pas in de laatste jaren
mogelijk is geworden. Er zijn echter nog geen specifieke enzymen met hoge activiteit
beschikbaar om volledig orthogonaal XNA te polymeriseren. Om dit probleem op te lossen

worden bestaande polymerase aangepast om XNA bouwstenen beter te accepteren.

In dit proefschrift werd state-of-the-art moleculaire evolutie gebruikt om zulke nieuwe
polymerasen te ontwikkelen. Eerst werd de compartmentalized self-tagging (CST) techniek
gebruikt om te selecteren op varianten van het hyperthermofiele DNA-polymerase
Therminator met een verhoogde activiteit voor de incorporatie van 2’-deoxyxylonucleotiden
(dxNTs). Het was al eerder aangetoond dat dit Therminator DNA-polymerase dxNTs kan
inbouwen, maar blokkeert na slechts twee incorporaties. Dit komt waarschijnlijk door het
verschil in ruggengraatgeometrie tussen deoxyxylonucleinezuur (dxNA) en DNA, wat wordt
veroorzaakt door een inversie in oriéntatie van de 3’-OH groep, wat resulteert in een meer
uitgerekte en linkshandige helix in dxNA. De polymerasevarianten werden gemaakt met
mutagenese gericht op zes veelbelovende regio’s van de proteinestructuur. Door het
toepassen van CST selectie en het screenen van geselecteerde klonen met een polymerase
activiteit assay werden op deze manier verschillende mutanten gevonden die dxNTs
efficiénter kunnen inbouwen en verlengen dan het origineel enzym. Selectie voor deze

promiscue activiteit resulteerde zo in mutanten die een verhoogde activiteit lijken te hebben.

Eén van deze mutanten, waar een H545R mutatie geidentificeerd werd, werd in detail
geanalyseerd met gelelektroforese met resolutie van één nucleotide. Dit liet de visualisatie
toe van alle extensieproducten, inclusief geblokkeerde intermediaire producten, en
bevestigde dat de incorporatie van drie of meer opeenvolgende dxNTs het polymerase doet

blokkeren, maar toonde ook aan dat twee ervan verlengd kunnen worden met natuurlijk DNA.
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Wanneer de dxNTs voldoende gescheiden zijn door natuurlijke nucleotiden kan de mutant
daarbovenop tot vier dxNTs inbouwen en deze waarschijnlijk sterk vervormde DNA/XNA
ruggengraat stabiliseren. De H545R mutatie stabiliseert waarschijnlijk de veranderde
ruggengraatconformatie op één van de ingebouwde dxNT posities die overeenkomen met het
blokkeren van het polymerase. Er werd geconcludeerd dat deze nieuwe DNA-polymerase

mutant een eerste stap is naar een polymerase dat dxNA kan produceren.

Verder werden verschillende technieken onderzocht om het Therminator polymerase verder
aan te passen. In de plaats van enkel te vertrouwen op aminozuur substituties kunnen deze
mutaties uit verschillende regio’s ook gerecombineerd worden via Golden Gate Shuffling.
Deze techniek laat de aanmaak van een groot aantal nieuwe mutanten toe door bestaande
mutatie te combineren in hetzelfde proteine. De andere op shuffling gebaseerde techniek die
in dit proefschrift werd gebruikt, VersaTile Shuffling, laat ook de insertie van niet-gerelateerde
proteinesequenties toe in het evoluerende proteine. Van deze recombinatiestrategieén is
aangetoond dat ze nieuwe variatie kunnen introduceren in geselecteerde
mutantenbibliotheken, hoewel tot op heden nog geen nieuwe gerecombineerde mutant werd
gevonden met verhoogde activiteit. VersaTile Shuffling in het bijzonder zou zeer nuttig kunnen
zijn om grotere eiwitregio’s in hun geheel te wijzigen om een nieuwe oppervlaktegeometrie
te creéren, wat nodig zou kunnen zijn om XNA met een sterk gewijzigde ruggengraatstructuur

te binden en stabiliseren.

Polymerasemutanten, gebaseerd op de mutanten die werden ontwikkeld in dit proefschrift
via moleculaire evolutie, beginnen dus te weg vrij te maken voor XNA-polymerasen die XNA
kunnen produceren met een erg verschillende ruggengraatstructuur. Zulk een DNA-
afhankelijk XNA-polymerase heeft al kortetermijntoepassingen in de ontwikkeling van XNA
aptameren. Bovendien kunnen orthogonale nucleinezuren en hun XNA-afhankelijke XNA-
polymerasen die niet interfereren met bestaande biologie hierdoor functionele toepassingen
en verhoogde bio-veiligheid voorzien als een nieuwe, onafhankelijke manier om sequentie-

informatie te dragen.
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Aims

From both a fundamental research standpoint as well as biosafety, synthetic biologists are
attempting to create novel nucleic acid analogues, called xenonucleic acids or XNA. When such
an XNA does not interfere with natural DNA or RNA it is said to be orthogonal. To create such
orthogonal XNA and manipulate it enzymatically, dedicated polymerase catalysts are
required. The goal of this thesis is to develop a polymerase that builds 2’-deoxyxylose based
nucleic acid (dxNA). This nucleic acid has a marked difference in backbone geometry,
compared to DNA, in that the double helix is left-handed and more elongated. This nucleic
acid was chosen because it is not recognized by natural proteins and does not hybridize with
DNA or RNA. This way, sequence information cannot pass from dxNA to DNA or RNA, and the
artificial nucleic acid is immune to natural endo- and exonucleases. However, polymerases

that can accurately and efficiently polymerize dxNA oligonucleotides are not available.

To develop such a polymerase, we intend to use molecular evolution of a thermostable DNA
polymerase, termed Therminator. This strategy (see Figure Al) involves creating a library of
polymerase mutants which are then selected for one or more rounds on their ability to
incorporate 2’-deoxyxylonucleotides (dxNTs) against a DNA template. These selected libraries

are then screened for activity, and promising mutants are analyzed.

The first aim is the creation of mutant libraries (Chapter 2) based on the structural information
of an X-ray crystal of DNA polymerase from Thermococcus sp. 9°N-7 bound to DNA. Modeling
of deoxyribose-to-deoxyxylose substitutions in the primer of the bound DNA shows positions
in the polymerase that are likely to cause steric interactions. Mutant libraries are then created
by targeted mutagenesis of specific regions of the protein that are in close contact with the

bound nucleic acid.

The second aim is the selection of these libraries with compartmentalized self-tagging (CST)
for improved dxNT incorporation (Chapter 3). E. coli cells transformed with these plasmid
libraries and expressing the Therminator mutant polymerases are emulsified and heat lysed.
Mutant polymerases set free in each droplet (compartment) are allowed to extend a plasmid-
bound primer with dxNTs and to further elongate it, eventually tagging their plasmid by
incorporating a biotinylated nucleotide. Selection is based on capture of tagged plasmids by

their affinity to streptavidin. As non-specific binding may occur, enrichment is monitored using
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mock libraries of wild type and a knockout mutant. Selected clones are further screened using
a polymerase activity assay based on ELISA to confirm their improved activity. Most promising
clones are sequence identified and their enzyme activity analyzed in more detail. This is
achieved by letting the mutant polymerases extend primers on templates that differ in the

number and position of specific dxNTs to be incorporated.

The third aim is the creation of new mutants based on those isolated by mutant screening
(Chapter 4). This involves both mutagenesis to create mutants that are highly similar to

selected ones and recombination of these mutants with each other.

The outcome of this strategy would be a DNA-dependent dxNA polymerase, which is a first

and essential step in the ultimate development of a dxNA-dependent dxNA polymerase.

‘ DNA polymerase Therminator ‘

|

‘ targeted mutagenesis ‘

( CSTseIectlon )

l screening ‘ ‘ shuffling |

N/

‘ clone analysis ‘

|

, XNA polymerase ‘

Figure Al: Overview of the workflow of evolving an XNA polymerase.

The starting protein is the DNA polymerase Therminator. Mutagenesis of this protein yields different
mutant libraries, which are then selected on using compartmentalized self-tagging (CST). After re-
cloning the selected mutants, selection can be repeated or the secondary library can be screened for
clones with higher activity. These clones are analyzed, and the resulting information is used to guide
further mutagenesis. Different mutations can also be recombined, and when multiple combinations
exist, these shuffled populations themselves can be subjected to selection rounds.
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In this chapter, a summary of the research field and relevant state of the art technology will
be given. First, xenobiology and synthetic biology is discussed from the point of view of
unnatural nucleic acids. The concept of orthogonality is discussed in the context of these
nucleic acids, which applies when they do not interact with natural nucleic acids and proteins.
This also makes them potentially useful as new aptamers that can adapt a functional fold for

in vitro or in vivo applications.

Next, the classification, structure, function and reaction mechanism of DNA polymerases are
explained. One of these fairly well characterized DNA polymerases is Therminator, which is

the protein that is used as a starting point for molecular evolution.

Molecular evolution, the improving of a biological macromolecule through selection on a
mutant library, can be performed in different ways. Self-tagging, self-replication and phage

display based strategies, as well as protein design, are discussed.

1. Xenobiology and synthetic biology

The field of synthetic biology is an interdisciplinary overlap between biology and engineering.
It designs and constructs new biological systems different from those in nature, or redesigns
existing ones for new purposes (1, 2). These purposes are both practical and fundamental.
New designs and design tools allow our technology to operate on much smaller scales,
become more environmentally friendly, or biocompatible for example. In accordance with the
words of Richard Feynmann, “What | cannot create, | do not understand”, whether or not
these new technologies work depends on our understanding of biology, and therefore

simultaneously act as a test of our knowledge.

Xenobiology is simply the study of unusual life, in other words life as we don’t know it on
Earth. It is based on the premise that life does not necessarily need to be exactly the way it is
on Earth. It could have fundamentally different cellular organization, different metabolic
pathways, other proteins and nucleic acids (for example with an expanded genetic code), or
have entirely different molecules that carry sequence information or perform the functions

necessary for life. Synthesizing these artificial molecules, or combining naturally occurring
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molecules in novel ways, leads to potentially new forms of life. In this thesis, the focus lies on

artificial nucleic acids, more specifically those with altered backbone geometry.

1.1. Xenonucleic acids

Nucleic acids are a versatile class of biomolecules that are capable of many functions. They
carry the genetic information of all life on Earth and have been accurately doing this for over
3.5 billion years. They can fold into different structures, with double-stranded DNA forming
stable helices, and the usually single-stranded RNA forming for example cloverleaf-like tRNA
molecules. Even though most catalysis in modern life is performed by protein enzymes, nucleic
acids can also perform a large range of complex reactions, such as polypeptide synthesis in
ribosomes and mRNA splicing in spliceosomes, or in human-made ribozymes. However, life as
we know it has been very conservative with the chemical structure of the nucleic acids it uses:
all of them are composed of a sugar-phosphate backbone carrying an evolving sequence of
nucleobases. The sugar is always ribose (in RNA) or its derivative 2’-deoxyribose (in DNA), and
sequences are constrained by only five canonical bases: adenine, guanine, cytosine, uracil and
thymine (A, G, C, U and T) and their derivatives. Increasing this molecular variation by
chemically modifying natural nucleic acids can increase their chemical and structural
functionality in biotechnology (3, 4). Such synthetic nucleic acids are called xenonucleic acids.
Many different types of modifications have been made to produce a large variety of
xenonucleotides. The nucleobases can be modified, the natural nucleoside triphosphate can
be exchanged by another leaving group, and the sugar-phosphate backbone can be modified
or changed altogether into a different molecular scaffold. Since nucleotide leaving group
modifications alone do not change the resulting DNA or RNA structure and so do not form an

XNA, these are not discussed in detail, but an overview can be found in references (5-8).

1.1.1. Base modifications

Most of the natural variation in nucleic acids already lies in the nucleobases. Besides the usual
nitrogenous bases A, G, C, U and T, other variants exist in vivo like inosine, hypoxanthine,
pseudouridine and dihydrouridine (present in tRNA), 7-methylguanosine (which caps the 5’-
end of mRNA) in RNA, and 5-methyl cytosine and 5-hydroxymethyl cytosine in DNA. Most of
these modified nucleotides are not incorporated by polymerases as substrates but rather are

formed by dedicated enzymes that perform the modification after polymerization.
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Synthetic analogues of nitrogenous bases can have several functions. Figure 1.1 shows a
representative but non-exhaustive set of explored base modifications. Hundreds of
fluorescent nucleobases of various sizes and absorption/emission spectra have been designed
(9). Specific molecular tags can be added for purification purposes (like for example in
biotinylated cytosine used in this dissertation). In both of these cases, the base-modified
nucleotides are incorporated by natural polymerases. Xenonucleotides with modified bases
can also act as polymerase inhibitory compounds, for example in antiviral medication against
HIV (10). Finally, they can also be used to expand the natural “alphabet” of A:T and G:C base
pairs, thereby increasing the potential sequence space. Ideally, these new bases should not
pair with canonical bases, and only bind with their own partner. These bases can be self-
pairing, resulting in an A:T G:C X:X alphabet (11), or form a new base pair resulting in an A:T
G:C X:Y alphabet. An example of the latter has been shown to be able to be propagated stably
on a plasmid in vivo. These nucleotides (d5SICS and dNaM) carry a 6-methylisoquinoline-1-
thione-2-yl and 3-methoxy-2-naphthyl group where the base would normally be (12). Another
set of nucleobase-modified nucleotides called DZA (13), where all four bases have small base
modifications, could be efficiently used by Tag and Vent exo" DNA polymerases to elongate
with high fidelity and in the kb length range. Yet this compatibility with natural polymerases
came with resistance to a large range of restriction enzymes (14). Hoshika et al. (15) have
recently reported on an expanded DNA/RNA system with eight bases, four of which are new,
called hachimoji DNA and RNA, where the latter can be transcribed from the former using a

thermostable T7 RNAP mutant.
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Figure 1.1: Possible modifications of nucleobases that remain polymerase substrates.

A) Positions where a modification can be made, marked with an X. B) A representative set of the more
than hundred explored base modifications. Adapted from Brudno & Liu, 2009 (8) with permission of
the rights holder, Elsevier.
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1.1.2. Backbone modifications

Since the natural sugar-phosphate backbone is relatively complex, many modifications have
been explored. Similarly to synthetic nucleobases, these can be minor alterations or significant

substitutions.

Among the more minor changes, there are phosphate analogues where a non-bridging
phosphate oxygen has been substituted by S, Me, OMe, BHs or Se (8). Atomic substitutions,
like oxygen to sulphur in a—thio-dNTPs, can be used to study reaction rates and determine
chemical mechanisms of nucleic acid polymerization (16). More significant changes are those
that have (deoxy)ribose analogues. These include isomeric sugars such as arabinose (forming
arabinose nucleic acid or ANA) or (deoxy)xylose (forming (deoxy)xylonucleic acid or (d)xNA),
hexitol (forming hexitol nucleic acid or HNA) and threose (forming threose nucleic acid or
TNA). Modifications to the 2’ position include fluoroarabinose (forming fluoroarabinose
nucleic acid or FANA) and locked nucleic acids (LNA) where the 2’0 and 4’ position are linked
by a -CHz-group. In CeNA, the ring structure is a cyclohexenyl. The most drastic modifications
change the nature of the linear backbone altogether, as is the case in peptide nucleic acids

(PNA), glycerol nucleic acids (GNA), and amineDNA or aminePNA (see Figure 1.2).

Many of these XNAs can be formed and polymerized synthetically, but only a small number
have nucleotides that are good substrates for existing polymerases that can also be extended
enzymatically into longer XNA strands (17, 18). Since the enzymatic repertoire is so limited,
new dedicated polymerases are required for their manipulation and production of longer

strands in sufficient yields.

The xenonucleotides used in this study, 2’-deoxyxylonucleotides (dxNTs), form 2’-
deoxyxylonucleic acid (dxNA), which is an XNA with a strongly distorted backbone compared
to its stereoisomer DNA (19, 20). Because of this, even one 2’-deoxyxylonucleotide present in
a dsDNA helix will cause a structural distortion. While two complementary strands of dxNA
will hybridize to each other with an affinity that is similar to that between ssDNAs, they did
not bind to complementary strands of DNA (21). This is due to the fact that a dxNA backbone
is much more elongated, left-handed instead of right-handed, with a much larger major
groove (22) (See Figure 1.3). These properties provide dxNA with an informationally (and

genetically) orthogonal potential.
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Figure 1.2: A representative but not exhaustive set of XNAs with modified backbone structures.

1,5-anhydroatritol nucleic acid and 1,5-anhydrohexitol nucleic acid have a modified sugar analogue,
amido and amine DNA differ at the phosphate moiety. Peptide nucleic acid (PNA) and aminePNA lack
a sugar phosphate backbone altogether. Photopolymerized nucleic acids are polymerized by covalently
bound nucleobases. Adapted from Brudno & Liu, 2009 (8) with permission of the rights holder,

Elsevier.

Figure 1.3: Structure of a dxNA backbone.

Base

The 3’-OH group of a dxNT is in the B-orientation rather than the a-orientation in deoxyribose (A),
which causes the helix of dxNA to be much more elongated and slightly left handed (B). Adapted from
Maiti et al., 2012 (20) with permission of the rights holder, John Wiley and Sons.
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1.2. Orthogonality

Synthetic biomolecules are said to be orthogonal to natural biomolecules when this one
biological component does not induce side effects in other ones (1). In other words, there are
no specific unwanted interactions with other natural biomolecules or metabolic pathways, or
vice versa. For example, an XNA that does not hybridize to DNA or RNA and that can only be
used as a template by a specific XNA polymerase instead of natural polymerases, is
informationally orthogonal since its sequence information cannot flow from the XNA to
DNA/RNA. However, if the nucleotide building blocks themselves still interfere with cellular
metabolism by having to be phosphorylated by an ATP-dependent kinase in vivo, these are
not energetically orthogonal. When designing a synthetic nucleic acid for usage in vivo as an
extra chromosome next to the existing DNA genome, it would be favourable to have it not be
independent of the existing metabolism to retain the practical benefit of not having to design
an XNA metabolism. If the sequence information in the XNA chromosome is to stay on the
chromosome, only a genetic “firewall” is necessary by achieving informational orthogonality,
and the nucleic acid and its building blocks just cannot act as unwanted substrates or inhibitors
when “plugged in” to the existing metabolism. In the case of in vivo XNA systems this means
that an orthogonal XNA polymerase is dedicated to XNA and has negligible to no affinity for
DNA, RNA or their nucleotides. The same goes for other nucleic acid enzymes like helicases,
primases, ligases, nucleases etc. and eventually even ribosome analogues. To be fully

orthogonal, the natural enzymes and nucleic acids should not interact with the XNA either.

Besides nucleic acids, proteins can also be rendered orthogonal. Proteins that contain
unnatural amino acids themselves, possibly translated from a natural DNA/RNA system with
an altered or expanded codon table (23), are already informationally orthogonal as long as the
central “dogma” of molecular biology holds (sequence information only goes from nucleic acid

to either nucleic acid or protein, never from protein to nucleic acid).

There are also cases where full orthogonality is unwanted, for example in the case of antiviral
nucleotide analogues that are designed to specifically inhibit the reverse transcriptase of the
AIDS virus (HIV-RT) (10). Examples of these modified nucleotides are Zidovudine (also known
as azidothymidine or AZT), Abacavir, Lamivudine, Emtricitabine and Tenofovir disoproxil. The
ideal anti-viral nucleotide analogues are orthogonal to human cell biology, but interfere with

the replication cycle of the virus by inhibiting this key polymerase.
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1.3. Aptamer technology

Aptamers are relatively short, single-stranded nucleic acids that fold into well-defined three-
dimensional structures, and are selected for a specific interaction with a target molecule (24).
They have been used as a structural scaffold, sensor, probe, or therapeutic molecule (25). As
a scaffold, they are also used to direct delivery of other structures, like nanoparticles with
drugs encapsulated in them, to specific cells. They can be seen as the nucleic acid version of
antibodies since they have a similar mechanism of action. However, while monoclonal
antibodies need to be produced in vivo, aptamers can be synthesized in vitro and can be the
subject of molecular evolution more easily and are less prone to contamination. They are also
less immunogenic than antibodies, but because of their smaller size, they also have shorter
half-lives due to their susceptibility to renal filtration. Because of their size and strong negative
charge, they will not easily cross membranes, so the easiest in vivo targets for aptamers are
extracellular in the circulatory systems and at the outside of the cellular membrane. If the

target is in the cytosol, they need to be able to cross the cell membrane.

One method of obtaining aptamers is systematic evolution of ligands by exponential
enrichment (SELEX) (26). Usually, a very large library of up to 10% oligonucleotides is made,
with a randomized sequence of 20-100 nucleotides long, flanked by specific sequences for
enzymatic manipulation. For DNA SELEX, ssDNA strands can be PCR-amplified and separated
from the double-stranded DNA products, while ssRNA SELEX libraries are made by in vitro
transcription using for example T7 RNA polymerase. Selection occurs by affinity
chromatography for the intended target (either in pure form or in complex mixtures), resulting
in enrichment of sequences with the intended biological activity that can then be re-amplified,
and subjected to multiple rounds of selection and mutation to increase the activity. SELEX can
be used on XNA aptamers as well in principle, as it has been shown to be possible to evolve
an XNA aptamer with two of four modified bases (5-CIdUTP and 7-deazadATP) as a high affinity

protease inhibitor using this technique (27).

Because of the ubiquitous presence of DNase and RNase, unmodified DNA or RNA aptamers
will tend to have short half-lives, which hinders their potential use in vivo. For this reason,
they have been either made with modified nucleotides like for example 2’-amino pyrimidine

RNA nucleotides (28), 2’-fluoro pyrimidine nucleotides (29, 30) or 2’-O-methyl nucleotides
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(31), or they are modified after their synthesis with for example polyethylene glycol (PEG)
added to the 5’ end (32).

However, while nucleotides that differ drastically from the canonical ones can build more
nuclease resistant XNAs, these substrates could in turn be used less efficiently by polymerases
and hinder replication and (reverse) transcription steps during the SELEX procedure. On the
other hand, applying modifications after selection potentially lowers their affinity and
specificity for their target, since these modifications were not present during selection. A
modified synthetic nucleic acid that already contains the wanted modifications that make it
degradation resistant or add specific functional groups that will be present during the
selection step, such as the previously mentioned DZA (14), is more efficiently produced since
it is produced enzymatically instead of synthetically. An aptamer can become partially or fully
orthogonal if its sequence information cannot be read by the natural replication, transcription

or translation machinery, or if it is resistant to nucleases.
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2. DNA polymerases

2.1. DNA replication

The general mechanism of DNA replication in cellular life is universal (33). Double-stranded
DNA is unwound by a helicase, the single-stranded DNA is protected by ssDNA-binding
proteins and a primase adds an RNA primer to provide a 3’-OH group. This primer is used by
the DNA polymerase to extend the DNA, which has a drastically increased processivity due to
the presence of the sliding clamp (or B-clamp) which tethers the polymerases to the DNA.
Because DNA replication occurs by melting the original duplex, creating two new duplexes

each carrying one original and one copied strand, DNA replication is semi-conservative (34).

Bacterial DNA replication is initiated at a specific AT-rich sequence, called origin of replication.
DNA strand synthesis is unidirectional in the 5’-3’ direction. However, simultaneous
replication of both strands occurs in replication forks, causing one to become the leading
strand and the other the lagging strand. The synthesis of the leading strand is continuous,

while that of the lagging strand happens in discontinuous, so-called Okazaki fragments.

Several other enzymes are active during DNA polymerization. Primer RNA is removed and
replaced by DNA repair polymerases, and the resulting nicks are closed by ligases. The torsion
on the helix due to helicase-induced unwinding is relieved by topoisomerases to avoid

excessive supercoiling (34).
2.2. Classification

DNA polymerases are classified in eight families: A, B, C, D, E, X, Y and RT, based on their
sequence homology within these groups (35-37). No sufficient sequence homology between
these families is found to produce a complete phylogeny of all DNA polymerases, which could
in principle allow for the possibility of convergent evolution of different DNA polymerase
families evolving independently. However, when structural information (geometry, secondary
structure and physicochemical properties of amino acid residues) is used instead of linear
sequence alignment alone (38), the right-hand shaped polymerases of which such high
resolution structural information is available (DNAPs from families A, B and Y, several DNA-
dependent RNA polymerases (DdRps), RNA-dependent RNA polymerases (RdRps) and reverse

transcriptases (RTs)) are found to share a common core of 57 a-carbon positions, where only
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the two catalytic Asp residues are retained (38). These lie in a conserved core within the palm
and fingers domains. This structure-based analysis also produced clustering consistent with
the six families, both between and within these family branches. However, viral RdRps do not
follow phylogeny based on coat protein folding, virion architecture and genome structure,
which is hypothesized to be caused by viral horizontal gene transfer above the viral family
level, since replicative polymerases are relatively independent of the rest of the viral infection
and assembly. The same is the case for potentially phage-derived mitochondrial family A

DNAPs and alphaproteobacterial family B DNAPs.

Family A contains both replicative and repair DNAPs, and these are found in metazoa, plants,
bacteria and phages. Most of them contain 3’-5’ exonuclease domains for proofreading, and

a 5’-3’ exonuclease domain to remove RNA from Okazaki fragments during replication.

Family B is made up of mostly replicative polymerases from eukaryotes, archaea and even
bacteriophages like T4 and RB69. They usually have strong 3’-5' exonuclease activity.
Therminator DNAP, the polymerase studied in this thesis, is a member of family B. While
family B DNAPs replicate chromosomal DNA in eukaryotes, knockout mutation experiments
showed that in Thermococcus kodakaraensis and Methanococcus maripaludis, DNAP of family
D, rather than B, is necessary and sufficient for genomic replication (39, 40). The
euryarchaeote Pyrococcus abyssi however requires both (41). The N-terminal domain has a

uracil binding pocket that can be used to scan the template strand for ribonucleotides.

Family C is mostly comprised of replicative DNAPs from bacteria (besides cryptic phages and
plasmids). They are large multi-subunit complexes, where the one with catalytic polymerase

activity as well as 3’-5’ exonuclease activity is subunit a.

Family D is confined to euryarchaeota. They are active as heterodimers or heterotetramers,
where the largest subunit is the catalytically active one and the small one has 3’-5’

exonuclease activity.

Family E so far consists of a single polymerase enzyme from the pRN1 plasmid of the
thermoacidophile crenarchaeote Sulfolobus islandicus. Besides DNA polymerase activity, it
has primase and ATPase activity. The N-terminal half of the protein contains the primase and
polymerase functions, and shares no homology with other known primases or DNA

polymerases (42).
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Family X are present in bacteria, archaea, eukaryotes and several viruses. The eukaryote
polymerase B has a larger polymerase domain, but a smaller domain is also involved in base
excision repair (BER) which cuts out abasic sites in damaged DNA. Phylogenetic analysis
suggests that family X arose in bacteria (most closely resembling those of Bacillus), from which
polymerase IV then branched off, followed by the branching of sister clades p and TdT, and
that of B and A after gene duplications. Vertebrates are the only group where the y, TdT, B
and A polymerases are all present (43). TdT (terminal deoxynucleotidyl transferase) is a unique
DNA polymerase in the sense that it polymerizes nucleotides in the absence of a template
strand. Its structure is extremely similar to that of the other family X DNAPs, but because of
the presence of a peptide loop where a DNA template would normally bind, it can only
perform primer extension in the absence of template. It can also use a variety of metal
cofactors (Mg?*, Zn?*, Co** and Mn?*). Its physiological role lies in generating variation in VDJ
recombination in vertebrate adaptive immunity by generating de novo sequence information

at specific sites (44).

Family Y polymerases can bypass damaged DNA (45) and are found in all three domains of life.
Their error rate (without 3’-5’ proofreading) is around 10* to 102, making them DNA
polymerases with very low fidelity as well as low processivity. Once the lesion is bypassed,
replicative polymerases with high fidelity and processivity (that stall on these lesions) can

displace them and continue replication.

The last family of DNA polymerase are the reverse transcriptases (RT), which differ from the
other DNA polymerases in that they use RNA instead of DNA as template. This group contains
retroviral RTs that transcribe viral ssSRNA genomes to proviral ssDNA, and telomerases, that
use an RNA template to elongate telomere 3’ ends with short ssDNA repeats (used by regular

DNA polymerases to make dsDNA).
2.3. Structure

The folded overall structure of DNA polymerases is usually C-shaped, and its domains are
named after parts of a human right hand(46). These are the fingers, palm and thumb domain,
although other domains can be present, and many functional holoenzymes are heteromeric.

The structurally most conserved domain is the palm, with a typical f1-al-f2-B3-a2-B4 fold.
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In Therminator and structurally similar DNAPs the fingers bind and position the incoming
nucleoside triphosphate substrate, the palm contains the universally conserved carboxylate
residues that catalyse the polymerization reaction, and the thumb binds the downstream
primer-template complex. Therminator, being an archaeal family B DNAP, also has an N-

terminal domain and its own 3’-5’ exonuclease domain (see Figure 1.4).

FINGERS

THUMB

Figure 1.4: Structure of the Therminator DNA polymerase precursor DNAP 9°N-7 (PDB: 4K8X).

A) Crystal structure of the polymerase binary complex with the bound dsDNA primer/template
complex in the closed state. Blue: N-terminal domain. Green: 3’-5’" exonuclease domain. Yellow: palm
domain. Orange: fingers domain. Red: thumb domain. The dsDNA template is shown in light blue with
coloured heteroatoms. B) Rotated view of the fingers, palm and thumb domains to show the structural
similarity with the human right hand. Protein structure figures were created using PyMol.

2.4. Catalytic cycle and reaction mechanism

The catalytic cycle of a polymerase is relatively complex and a simplified version is shown in
Figure 1.5 (35). The first step is the polymerase enzyme (E) binding to the primer-template
complex (p/t). Next comes the binding of the nucleotide, followed by conformational changes
from the open towards the closed state (an aligned state for correct nucleotides or a
misaligned state for mismatches (47)). The following step is the chemical reaction that binds

the a-phosphate of the nucleotide substrate to the 3’-OH group of the primer, thereby
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extending it. Pyrophosphate acts as the leaving group, which then dissociates, together with
a conformational change to restore the open state. Then the polymerase can either dissociate
from the p+1/t complex (distributive polymerization) or remain bound and bind the next dNTP
substrate. The essence of this mechanism is the same for all polymerases, but the rates of
each step can vary strongly between different polymerases, as well as which step is the rate-
limiting one or how many and which specific conformational changes occur. This reaction
mechanism also does not include reversing some of these steps due to exonuclease activity.

Some specific structural details are given for DNA polymerase Therminator.
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Figure 1.5: The catalytic cycle of a DNA polymerase.

Step 1: binding of enzyme E in the open state to primer-template complex p/t. Step 2: binding of the
nucleoside triphosphate to this E:p/t complex. Step 3: conformational change of the enzyme to the
closed state E’. Step 4: condensation of the nucleotide to the primer 3’ end with pyrophosphate (PP;)
as leaving group. Step 5: dissociation of the leaving group, followed by either enzyme dissociation, or
processive polymerization with the next dNTP after translocation of the p.1/t complex. Modified from
Rothwell & Waksman, 2005 (35) with permission of the rights holder, Elsevier.

2.4.1. Formation of the E:p/t complex

The binding of the primed DNA duplex happens primarily through the thumb domain. In DNA
polymerase Therminator, this thumb has a highly flexible C-terminal end and is relatively large
compared to the thumb of many other polymerases. It mainly interacts through positively
charged residues and with negatively charged phosphates of the DNA backbone, forming a
positively charged cleft through which the DNA can translocate. Closer to the active site there

are also several positively charged residues that move into the minor groove of the newly
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formed helix. The palm domain also interacts with the minor groove. In the Klentag DNAP, the
first single-stranded templating base is separated from the rest of the template bases through

insertion of a Tyr residue that stacks aromatically with them (35).

2.4.2. Formation of the E:p/t:dNTP complex

The binding of the dNTP occurs through binding with and movement of the fingers domain.
The fingers domain consists of two a-helices. The region of the helix closest to the active site
(the O-helix in DNAP Klentaq (35)) contains several positively charged residues that interact
with the phosphates of the dNTP. The fingers domain is hinged and can move towards and
away from the palm domain, forming the catalytically active complex when in the closed state
and the dNTP is bound. This movement of the bound nucleotide covers a distance of roughly
10-15 A. However, in family B DNAP RB69, kinetic studies suggest that this is not necessarily
the case, and dNTPs could also diffuse directly into the active site, where only those
nucleotides that fit due to Watson-Crick base pairing and the correct sugar moiety
(deoxyribose versus ribose for example) can stay bound long enough for the rate limiting step
to occur (48). Discrimination of incorrect nucleotides can happen during binding. Most
replicative polymerases have a much larger Kp for incorrect nucleotides, while for example
repair polymerases tend to have lower fidelity, although they still strongly favour correct
nucleotides. Therefore, mismatching dNTPs will bind less strongly or dissociate more easily.
Discrimination between RNA and DNA nucleotides in RNAPs and DNAPs usually happens with
a “steric gate” residue, which will either need an interaction with a 2’-OH group for RNA, or
takes its place in the case of 2’-deoxyribose which sterically hinders incoming NTPs in a DNA
polymerase. This discrimination is especially necessary in DNAPs, since in vivo, NTPs are about
an order of magnitude more abundant than dNTPs. The other recognition is the fitting of the
proper base pairs, adenine against thymine with two hydrogen bonds, and guanine against
cytosine with three hydrogen bonds. The pattern of H-bond donor and acceptor groups on the
nucleobases is important to sample and bind dNTPs in the correct orientation long enough for
polymerization to occur. However, a large part of the binding enthalpy also comes from
aromatic stacking of the bases, and hydrogen bonds are not necessary for successful specific
recognition between fully hydrophobic bases (49). The size of the base pair also matters:
purine-purine or pyrimidine-pyrimidine binding pairs are too wide or too narrow respectively

to fit in a normal DNA helix, which is a possible reason for why transition mutations occur
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more often than transversions (50). In T7 DNAP (47), the binding energy of nucleotide
substrates contributes to the formation of either a closed aligned or closed misaligned state,
meaning that binding a mismatched dNTP could actively influence the orientation of residues
necessary for catalysis, thereby decreasing the incorporation rate and increase the release

rate.

2.4.3. Catalytic step

The E":p/t:dNTP complex is the state in which the polymerase reaction occurs. While DNA
polymerases vary greatly in protein sequences and overall folds, the parts that catalyse the
incorporation of a dNTP on a growing primer strand function in the same way, and the catalytic
mechanism is universal (51). The active site residues coordinate the 3’-hydroxyl group of the

primer, the a-phosphate from the nucleotide and two catalytic Mg?* ions (see Figure 1.6).

Among the most important catalytic residues are the two universally conserved aspartates.
The reaction itself is a nucleophilic attack by the 3’-OH on the nucleotide a-phosphate, which
has a pentacoordinated transition state that is stabilized by both Mg?* ions (in turn correctly
oriented by the aspartates), releasing the pyrophosphate as the leaving group. Hydrolysis of
pyrophosphate makes this reaction irreversible and avoids product inhibition. E. coli DNAP IV
(family Y) has recently been shown to have an intrinsic pyrophosphatase activity (52), and
since PCR using many different DNAPs readily occurs without the need for additional
pyrophosphatases, it is likely that this is a general mechanism in DNA polymerases to drive the
polymerization reaction in the forward direction. One of the Mg?* ions also activates the 3’-

OH for the nucleophilic attack, while the other chelates and stabilizes the pyrophosphate

group.

Studying the reaction mechanism has seen a wide variety of techniques and strategies (16).
Chemical quenching methods were used first to outline the basic reaction pathway. Later, the
non-covalent steps, like conformational changes, have been studied using fluorescence-based

approaches.
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Figure 1.6: Schematic overview of nucleotide polymerization reaction mechanism.

Amino acids are numbered according to the Klenow fragment. A and B are the catalytic Mg?* ions.
Black dots are coordinated water molecules. Adapted from Brautigam & Steitz, 1998 (51) with
permission of the rights holder, Elsevier.

The covalent steps can be studied using steady-state, single-turnover, or burst kinetics.
Steady-state experiments are easier to carry out, and require less enzyme and no fast kinetics
instruments, but results are harder to interpret since the rate-limiting step is potentially a
mixture of different rates. The keat/Km ratio does allow for comparisons between the efficiency

of different substrates.

In single-turnover experiments, polymerase is in excess over DNA, and the observed rate kpol
is that of the slowest step up to the moment of phosphoryl transfer (53). These rates are
usually in the order of tens to hundreds of incorporations per second, requiring rapid-quench-
flow technology. Evaluating whether or not the chemical step is rate limiting can be done using
the sulphur elemental effect (from an a-thio-phosphate), comparing pulse-chase and pulse-
guench vyields (a difference implies a fast chemical step flanked by two slower steps) or the
solvent deuterium isotope effect (which suggests that in many polymerases, the transition

state is accompanied by two proton transfers).

In burst kinetics, the concentration of DNA and enzyme is comparable, with only two or three

times more DNA (53). The first primers are extended at a faster rate, followed by slower



General introduction | 19

dissociation and re-association, and if these rates differ about 20-fold, this is a biphasic
reaction. Observing this type of kinetics is then evidence for a rate-limiting step after
chemistry, while not observing it means the limiting step happens at or before the chemical

step.

In contrast to chemical quenching, fluorescence studies can also show steps that are not rate-
limiting, they can be independent of product formation, and are ideal for studying structural
rearrangements of substrates and enzymes. Examples of fluorescent probes are 2-
aminopurines or a variety of FRET probes. 2-AP is quenched by neighbour stacking, so when
2-AP is on the template +1 position, there is a large increase in fluorescence, which is
consistent with the next base being flipped out. Using Forster resonance energy transfer
(FRET) with a fluorescent base analogue FRET donor/acceptor within the primer-template
complex and a FRET partner bound to the moving part of the fingers domain (54-56), it was
shown that in Klentaq and Poll(KF) the fingers close before the chemical and rate-limiting
steps. Fluorescence-based probes are also useful for determining if DNA is in the bound or

unbound state.

2.4.4. Dissociation of the pyrophosphate leaving group and translocation

After the condensation of the nucleotide resulting in the elongation of the primer, a next
conformational change allows the release of the pyrophosphate group and translocation of
the DNA duplex by one base pair for the next incorporation event. Different polymerases have
different affinities for the PP; product and therefore the potential of product inhibition. In the
Klenow fragment, the affinity for PP; is only five times lower than for the p/t complex (57),
while it is nearly a 1000 times lower in T7 DNAP for example (58). Pyrophosphatases therefore
make the reaction irreversible. Given that the surface of the thumb domain that interacts with
the p/t complex is positively charged, it is hypothesized that the nucleic acid helix is relatively
free to move along its length axis within this electrostatic field, thereby making room for a

new nucleoside triphosphate (35).
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3. Protein design and molecular evolution

3.1. Mutant libraries

New proteins can be generated by modifying existing ones, or by designing them from scratch.
In both cases, a directed, rational approach can be taken using theories of structure-function
relationships, where specific mutations to an existing protein are made and then tested
experimentally, or a protein is designed from scratch. Another strategy is using molecular
evolution, where a large population of random variants are selected for a certain function.

These can be mutated variants of an existing protein, or consist of a fully randomized library.

While the total sequence space of all potentially existing proteins is enormous, natural
proteins only represent about 1000 to 1400 folds or topologies (59—61). Natural evolution has
therefore only sampled a tiny part of all possible proteins. Of course, natural proteins are
extremely rich in functional sequences compared to the total sequence space, the majority of
which is probably not functional. Still, certain unexplored “islands of function” may exist, as
shown by the finding of four different ATP-binding proteins in a single experiment with folds
that do not correspond to any known protein (62). These proteins were found in a library with
a size of 6x10*2, one of which was improved by further rounds of mutagenesis (63). Another
example is a study that restored fd phage infectivity after deletion of the g3p minor coat
protein, with a much smaller randomized library size of 108. It even proved possible to evolve
a functionally similar protein after seven generations of selection from a single random

starting point (64).

Designing de novo proteins therefore needs a good understanding of protein structure-
function relationships. Molecular evolution on the other hand requires no insight, but is
constrained by having to sample close by in the sequence space of existing proteins. If a
protein with the wanted function does not exist within a realistically close distance, it simply

is not practical to evolve it.

Still, the advantage of molecular evolution lies in the high throughput of sequences that can
be tested, which increases every time screening techniques allow for larger libraries to be
sampled. In this way, brute force can both cover all the rational options and also stumble on
solutions that a rational approach would have missed, which is popularly expressed by Leslie

Orgel’s second rule: “Evolution is cleverer than you are” (65).
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Molecular evolution has been used to evolve several polymerases with increased efficiency
for XNA production, usually from DNA templates (17, 66). The first step in molecular evolution
is usually to start with an enzyme that is likely or known to have promiscuous activity for the
wanted reaction or function (67-69). This promiscuous protein is then mutated, for which
many different methods exist that can differ greatly in how targeted they are. An alternative
is searching for proteins such as antibodies that are high-affinity binders for transition-state

analogues (70), although these tend to have low catalytic rates compared to regular enzymes.

One of the untargeted approaches is the addition of mutagenic chemicals to transformed cells
that contain the gene of interest (71). These are usually dNTP mimics. Since they will interact
with metabolism and replication of the whole cell and not just the gene of interest, these are
very toxic and can also mutate other genes. They can also have a very skewed mutational
spectrum, causing a heavily biased library. A slightly less invasive technique is using strains
that are naturally mutagenic, so called mutator strains, such as E. coli XL1-RED (72). These lack
mismatch repair enzymes, causing them to have up to thousand times higher background
mutation rates, and the absolute mutational load can be controlled by the amount of
generations. The plasmid is then isolated and cloned in a strain with higher fidelity for further
experiments. A more targeted approach is error-prone PCR (epPCR), where only the gene of
interest is mutated, by performing PCR using lower fidelity polymerases, unequal nucleotide
concentrations, or mutagenic cofactors such as the presence of Mn?* in addition to the
catalytic Mg?* (73). For example Tag polymerase has an error rate of 5.5x10%, which can
already be sufficient for mutagenizing long fragments. Mutational load can also be increased
by increasing the amount of PCR cycles and starting with low amounts of template. epPCR also
produces mutation spectra that are less biased. In error-prone rolling-circle PCR, a circular
template is replicated by $29 polymerase into many linear tandem repeats in one step and

used directly to transform, which increases efficiency (74).

Specific regions within the gene of interest can be rationally targeted, for example with
synthetic degenerate oligonucleotides (75, 76). This allows for high local diversity, without
introducing so many off-target mutations that the gene would likely become non-functional.
This strategy was used is this thesis, by performing PCR with high fidelity enzymes but with
primers that are partially or fully randomized in specific, well-chosen regions. This method

allows very tight control over the position and type of mutations that will occur. A necessity
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for good focussed libraries is a good understanding of the structure-function relationship of

DNA polymerases (77).

Variation does not always need to be introduced as new mutations to existing sequences. New
functions can be found be recombining existing sequences (78). These can be sequences that
have not yet been under selection, or mutant clones that have been found by screening. In
case of the latter, when mutations exert their beneficial effect at least in part in isolation, a
superior search strategy can be to combine multiple of these beneficial mutations in one
clone. This mirrors evolution as it works in nature. When fitness landscapes are sufficiently
flat, adaptive genotypes can be found by multiple small mutational steps over multiple
generations. Only fitness peaks that are separated from the starting template by wide fitness
valleys will necessarily require large mutational steps which are more unlikely. Combining
independent beneficial mutations also happens in nature and can accelerate the evolution of
traits, for example by homologous recombination or horizontal gene transfer (the movement
of genetic material between unrelated organisms, as opposed to the vertical inheritance of
traits from parent to offspring). All these processes allow the combination of beneficial

mutations without the need for independently “inventing” them.
3.2. Selection strategies

Once the variation is created, it is necessary to separate the variants that have more desired
functionality from those that are unchanged, less active, or inactive. Very small library sizes
allow for screening, where technically each variant can be tested individually. However, the
chance of this library to contain very good variants is low. The larger the library is, the larger
the odds of the wanted variants being present, but screening becomes practically unfeasible.
Selection can then be used by introducing a process where genotypes that code for more
functional phenotypes are allowed to amplify, hence enrich over the others, which can then
be analysed. It is important that the function (phenotype) remains physically linked with its
coding variant (genotype), since selection acts on the phenotype but analysis and further
manipulation requires the genotype. This genotype linkage can be achieved through physical
binding, such as through compartmentalization, for example in water-in-oil emulsions, or in

phage display. A schematic overview of the discussed selection strategies is given in Table 1.1.
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3.2.1. Compartmentalized self-replication (CSR)

CSR is an emulsion-based method of selection that is designed specifically for polymerase
evolution (79). A schematic overview is given in Figure 1.7. It is based on a feedback loop in
which a polymerase has to amplify its own gene. Polymerases that are more active in the
chosen selective environment will produce more copies of their own gene, increasing the
proportion of active variants in the population. The reactions take place in water
microdroplets surrounded by an oil phase. Each water droplet contains at most one E. coli cell
expressing the polymerase gene from a plasmid, and all the necessary components for the
amplification reaction that follows a cell lysis step, such as primers and nucleotides. The
resulting amplified fragments are then re-cloned, and the cycle can be repeated multiple times
to keep enriching the library in active variants, until only a small number of the best mutants
remain, which can then be characterized. There are several traits that can be selected for.
Among these are the reaction temperature optimum, resistance to inhibitors, increased
tolerance for DNA lesions in ancient DNA (which allowed amplification of paleo DNA from
47,000-60,000 year old cave bear DNA using an evolved version of Tag DNAP) (80). Even in
high temperature regimes in these PCR-like reactions, the droplets remain stable and do not
exchange large macromolecules like the plasmids or expressed proteins, preserving the
genotype-phenotype linkage. Because of the heat lysis and PCR-like reaction conditions, this
technique is usually limited to thermostable polymerases that do not denature together with
the native E. coli proteins. It is however also possible to achieve cellular lysis by freeze-
thawing, which made the molecular evolution of $29 DNA polymerase possible using

isothermal CSR (81).

In the case of XNA research, modified nucleotides can be used to evolve dedicated XNA
polymerases. When the products are XNA rather than DNA fragments, reverse transcription
to DNA during or after the selection step is necessary for re-cloning, which is not a trivial step

in most cases.

A variant on CSR is short-patch CSR (spCSR) (82). Here, rather than replicating the whole gene,
only a fraction of the gene is amplified, more specifically the part that contains the introduced
variation. This is useful when selection conditions are too harsh for most polymerases to
complete elongation of the full gene, even if some variants exist that do have increased

activity compared to the wild type.
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Finally, it is also possible to use this method to select on proteins other than polymerases, if
the activity of this protein can indirectly be linked to gene amplification. An example is a
nucleoside kinase in the presence of dANMPs or dNDPs and a source of phosphates, so that the
only kinases that efficiently produce dNTPs necessary for replication of their coding sequence

can be amplified (83).

A potential caveat that extends to all methods of selection is that “you get what you select
for” (65). This means that any mutation that confers higher fitness will be selected for, even if
it is not the activity the protein designers had in mind. For example, if thermal melting of the
DNA is a necessary and reaction-limiting step, mutations that lower the GC-content can be
selected for. There will also be selection on polymerase solubility and expression efficiency,
and when there can be no control for the effective protein concentration in a reaction that is
protein-limited, mutants with these traits will also be selected for, even if the activity of an
individual protein species is unchanged. And while these traits can at least be desirable side-
effects, truncation or deletion mutants that drastically lower the size of the fragment can be
much more rapidly amplified and cloned, even if they are completely inactive. If such genetic
parasites are produced in the re-cloning step with a selective benefit that outweighs the
selective benefit of active variants during the selection step, a library can become unusable

since it will keep becoming enriched in inactive variants.

3.2.1. Compartmentalized self-tagging (CST)

When CSR or even spCSR requires sequence amplification that is too long for the polymerase
under the selection conditions, or a reverse transcriptase that is necessary for the re-cloning
step is not available, CST can be used (84). As the name suggests, the polymerase will tag its
own coding sequence rather than replicating it. This tag can then be used to isolate the active
variants using affinity chromatography. This technique is especially useful for DNA-dependent
polymerases that can only incorporate a handful of xenonucleotides that are orthogonal to
reverse transcription. It is based on the same water-in-oil emulsion techniques of CSR. The
major difference is the presence of only one primer, which will carry a tag (see Figure 1.8A).
This tag can either be present on the primer itself, or on a nucleotide incorporated by the
polymerase. A necessity for this technique is that the primer, once elongation has occurred,
has increased affinity for the plasmid, or at least remains hybridized to the plasmid for long

enough for the plasmid-primer-tag complex to survive the isolation step, otherwise the
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genotype/phenotype link is broken. Extraction can be achieved with paramagnetic beads that
are coated in a molecule with high affinity for the tag, such as streptavidin for biotin tags (See

Figure 1.8B).
3.2.1. Phage display

Using this method, a target gene is inserted into a phage (usually filamentous bacteriophage
M13 or fd) or into a derived phagemid vector and fused to a gene coding for a viral coat protein
in such a way that when the virion is assembled, the target protein is displayed on the surface
of the phage particle (85) (See Figure 1.9). These phagemids can be amplified in E. coli F*
cultures together with a helper phage that produces the other necessary proteins for the
formation of the complete phage particle. Superinfection does not take place, which assures
that the protein variant that is displayed on the coat proteins is coded by the ssDNA inside the

phage. Phages displaying more active proteins are then selected for.

Phage display was originally developed as a way to select for short peptide binders (86) and
antibodies (87) but can also be used for evolving enzymes (88) such as DNA polymerases (89,

90).

A main advantage of phage display compared to emulsion-based techniques is the large library
sizes that can be used (larger than 10°) due to the small and highly stable phage particles. The
libraries can also be efficiently re-cloned by infection. More toxic proteins can also be used,
since their expression is delayed until phage infection. A prerequisite however is that
displayed proteins are efficiently transported through the cell membrane and do not interfere
with phage assembly and infection. Selecting on enzymatic activity is also less trivial than
selecting for binding affinity. However, the used proteins do not have to be thermostable since
no cell lysis or DNA melting is required, and in the case of polymerase evolution using phage
display, the genotype-phenotype linkage can be covalent and therefore strong and reliable

(90).
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Table 1.1: Comparison of different selection strategies for XNA polymerases

Select.lon Advantages Disadvantages
technique
(sp)CSR - direct selection on wanted activity - requires strong promiscuous activity for
long and accurate elongation
- thermal lysis deactivates enzymatic - necessity of reverse transcription to DNA
background
- (usually) reserved for thermostable
polymerases
CSsT - requires only low promiscuous - indirect selection on tagging rather than
activity for short extension high fidelity elongation
- no reverse transcription necessary - (usually) reserved for thermostable
polymerases
- thermal lysis deactivates enzymatic
background
Phage - high throughput - reserved for mesophilic polymerases
display

- strong (covalent) genotype-
phenotype linkage

- necessity of co-display of polymerase and
nucleic acid substrate

2. compartmentalize

primers
—_—

=
dNTP's

1. clone &
express

Figure 1.7: Schematic overview of CSR.

Each round of selection consists of a cloning and expression step, followed by mixing these cells in a
watery phase together with nucleotides, primers, buffer and other necessary or wanted components
depending on what is being selected for. This water phase is then emulsified in an oil phase. The red
circles represent polymerases that are much more active than the green hexagon polymerases, which
therefore are overrepresented in the population. These can then be re-cloned. Adapted from Ghadessy
et al., 2001 (79). Copyright 2001 Proceedings of the National Academy of Sciences USA.
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Figure 1.8: Schematic overview of the CST reaction.

A) As shown, the primer can either be tagged itself, or make use of tagged nucleotides. The reaction
takes place in a water droplet in a water-in-oil emulsion, after cell lysis brings the plasmid template,
expressed polymerase variant and nucleotides together. Adapted from Holliger et al., 2010 (91). B)
Overview of CST and extraction of active variants using paramagnetic beads. The polymerases
expressed from the red gene are able to tag the primer by elongating it, the ones from the blue gene
are not. The emulsion is then broken and the tagged complexes are captured by the beads. Only
plasmid-primer complexes that are tagged and bound together stably remain attached to the bead.
These beads are then washed and extracted using a magnet, and the supernatant containing plasmids
that code for less active variants is removed. Adapted from Steele & Gold, 2012 (92) with permission
of the rights holder, Springer Nature.
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Figure 1.9: Schematic of phage display.

The protein of interest is fused between the signal peptide and the N-terminal end of the g3p gene
with a linker peptide, causing it to be displayed on the outside of the phage particle. Figure adapted
from Fernandez-Gacio et al, 2003 (85) with permission of the rights holder, Elsevier.
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1. Introduction

This chapter summarizes the process of constructing, selecting and screening mutant libraries.
The process of molecular enzyme evolution starts with choosing a suitable protein, of which
variants are made that may have variable catalytic activities. Mutagenesis was performed to
create focused mutant libraries, which are collections of polymerases that are randomly
mutated in specific regions of the protein. These regions are chosen because mutations in
these regions are predicted to have strong and more direct effects on polymerase activity.
From this large pool of mutants, those with increased activity towards desired functions are
then selected for using a technique designed specifically for the evolution of DNA
polymerases: compartmentalized self-tagging (CST). This emulsion-based technique enriches
the library for mutant polymerases based with an improved ability to incorporate 2’-
deoxyxylonucleotides (dxNTs) and extend them with natural nucleotides. After selection, a
number of clones are screened for this activity, and the most promising ones are sequenced
and further characterized. This resulted in the discovery of a specific clone that consistently
outperformed other mutants and the wildtype polymerase in its ability to extend DNA primers

with up to two dxNTs followed by a larger number of natural nucleotides.
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2. Materials and methods

2.1. General materials

Enzymes were bought from Thermo Scientific (Waltham, Massachusetts), except Bsal and
commercial Vent exo” and Therminator exo" DNA polymerase which were bought from New
England Biolabs (Ipswich, Massachusetts). Oligonucleotides were bought from Integrated DNA
Technologies (Leuven, Belgium). 2’-Deoxyxylonucleotides (dxTTP and dxATP) were supplied
by the Herdewijn lab of Medicinal Chemistry from the Rega Institute and were synthesized as
described (19). Anhydrotetracyclin (AHT) and pASK-IBA2 vector were purchased from IBA Life
Sciences (Gottingen, Germany). Electrocompetent E. cloni® cells were purchased from Lucigen
(Middleton, Wisconsin). Biotinylated dCTP was purchased from Jena Bioscience (Jena,
Germany). For all PCR and polymerase extension reactions a T300 Thermocycler (Biometra,
Gottingen, Germany) was used. Kits for plasmid extraction, DNA purification and gel extraction
kits were bought from Thermo Scientific. Protein purification PD MiniTrap G-25 columns were
bought from GE Healthcare Life Sciences (Buckinghamshire, UK), Ni-NTA resin from Machery-
Nagel (Diren, Germany). DNA sequencing was performed by LGC Genomics (Berlin, Germany).
Images of protein structures are made with PyMol (Molecular Graphics System, Version 1.3

Schrodinger, LLC).
2.2. Agarose gel electrophoresis

DNA fragments were visualized using agarose gel electrophoresis. All gels were 1% (w/v)
agarose for fragments in the 700-7000 bp range, and 2% for fragments around 500 bp or less.
Gels were prepared by weighing the appropriate amount of agarose, mixing it with TAE buffer
(20 mM Tris-HCl, 20 mM acetic acid and 1 mM EDTA), dissolved by heating in a microwave and
cast in a mold. Gels were subjected to a constant potential of 120 V until the product was
sufficiently separated. Visualization was performed by soaking the gel in an ethidium bromide
(EtBr) bath for 15 min and illuminating with UV light. Gels containing DNA fragments to be
extracted for cloning were stained with crystal violet instead, to avoid DNA damage and

presence of EtBr in downstream reactions.
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2.3. Library construction
2.3.1. Target sequence analysis

The crystal structure of DNA polymerase 9°N-7 (PDB: 4K8X) was used as a guiding structure.
The only difference between the 9°N-7 and Therminator DNA polymerases are the A485L
terminator mutation (93) and presence of an N-terminal hexahistidine tag (see below). The
4K8X crystal structure is a binary complex of a short dsDNA helix bound to the enzyme. Using
the molecular visualization program PyMol, protein residues within a 6 A shell around the
nucleic acid were defined as potential mutation sites. These roughly 100 residues, which are
dispersed over the linear sequence, were then narrowed down to six regions according to
functional and structural constraints rather than mere distance to nucleic acid atoms.
Additional residues were targeted in between them to create contiguous regions. The
targeted regions include amino acids in the active site, sequences of amino acids that
constitute regions that directly bind the nucleic acid backbone or interact with the minor or
major groove, and amino acids in the vicinity of the incoming nucleotide substrate. The latter
is not present in the 4K8X structure, but its position was inferred from a DNA polymerase RB69
structure (PDB: 3NCI) that is structurally homologous (only 24% sequence identity, 25% gaps).
This was done by a superposition of both protein structures, creating a model of DNA
polymerase 9°N-7 with a bound dNTP. This model was created by Dr. Mathy Froeyen using the
Dali server (http://ekhidna2.biocenter.helsinki.fi/dali/).

2.3.2. Synthetic gene

The synthetic gene that codes for Therminator exo™ includes the A485L terminator mutation,
the D141A and E143A mutations that make it exonuclease-deficient (later referred to as exo
), and is fused with an N-terminal hexahistidine tag. The coding sequence is 2394 bp long and

codes for a 798 amino acid protein of 90 kDa.

The coding sequence was optimized for expression in E. coli by Dr. Wouter Delespaul using
the Optimizer program (http://genomes.urv.es/OPTIMIZER/) and the online rare codon
analysis tool by GenScript (http://www.genscript.com/cgi-bin/tools/rare_codon_analysis).
The codon adaptation index (CAl) is an index of how well the used codons matches the

proportional composition of the tRNA pool for highly expressed genes (94). The CAl of the



Isolation of improved XNA polymerases | 33

original sequence, if it were to be expressed in E. coli, was 56%. Codon optimization brought

this to 100%. The GC-content changed from 56.1% to 49.9%.

Using the online tool GeneDesign (http://54.235.254.95/gd/), 51 unique restriction sites were
introduced without changing the amino acid sequence to aid in later sequence manipulation

and analysis. This lowered the CAl to 83% and GC-content to 46.6%.

The synthetic gene for exonuclease-deficient DNA polymerase Therminator was ordered from
GeneArt Life Technologies (Thermo Scientific, Waltham, Massachusetts). It was delivered on
a pMK-RQ plasmid and was re-cloned into the pRSET-B vector using PCR amplification with
primers with BamHI and Ncol recognition sites for seamless cloning into a digested pRSET-B
plasmid (see Table 2.1, primers TermPol_FWD_BamHI and TermPol_REV_Ncol). Since this
plasmid is relatively large the gene was later re-cloned in a pASK-IBA2 derivative plasmid using
similar primers with the same restriction sites for BamHI and Ncol, from the pNIC-Bsa4 plasmid
(see Table 2.1, primers pASK_FWD_BamHI, pASK_REV_Ncol, Therm_pNIC_FWD_Ncol and
Therm_pNIC_REV_BamHl).

2.3.3. Mutagenesis

Six regions were defined that are more or less functionally distinct, consisting of either one or
two contiguous stretches of amino acids to be randomized. Partial randomization of these
regions was achieved using degenerate primers (75), which are primers that are partially
randomized at these specific regions. Within these randomized regions, each base has a 9%
chance to be substituted by any of the three other bases, 3% chance each. This would result
in roughly one substitution per five targeted residues, meaning that the average amount of

mutations per clone also scales with the region length.

Primer sequences used in inverse PCR for library generation are given in Table 2.1. They have
a 5’ six nucleotide long non-complementary “handle”, a Bsal restriction site, followed by a
sequence that binds a region of the Therminator gene. Each base represented by a lowercase

letter has a 9% chance of substitution into any of the three other bases (3% chance each).

Three of the libraries are made with just one spiked primer, the others with two. Region N
spans residues 383-390 and 400-411. Region F spans residues 486-501. Region A spans
residues 537 to 547, however catalytic residues D540 and D542 were left unchanged. Region
M spans residues 588 to 596 and 605 to 617. Region P spans residues 662 to 680. Region T
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spans residues 706 to 713 and 729 to 745. Libraries were generated by inverse PCR (iPCR).
Each library was made in 200 pl reaction volumes with 4 ng template DNA, 0.5 uM of each
primer, 0.2 uM dNTPs and 4uL Phire Hot Start Il Polymerase.

Table 2.1: List of used oligonucleotides in cloning, library construction and polymerase activity

assays.
Oligonucleotide Sequence (5’ to 3’)
TermPol_FWD_BamHI ATC TAG GAT CCG ATG ATC CTG GAC ACCGACTACATCACC
TermPol_REV_Ncol CTTATCCCATGG TTATITTTITACCTTT AACTTTCAGC
pASK_FWD_BamHI ATA TAT ATG GAT CCG ACC TGT GAA GTG AAA AAT GGC GC
pASK_REV_Ncol ATT ATT ATC CAT GGG TATATCTCCTTCTTA AAG TTA AAC

Therm_pNIC_FWD_Ncol TAT TAT TAC CAT GGCTCACCATCATCATCATCATTICTTCTGG
Therm_pNIC_REV_BamH]I TTA AAT AAG GAT CCT TAT TATTTT TTA CCT TTA AC

Therm_N_FWD CATTAGGGTCTCATGTGGGACAACatcgtttacctgGACttccgttctctgtaccegt
ctATCATCATCACC

Therm_N_REV CATTAGGGTCTCACACAGACCACGTTCCGGTTCtttaacgtaaccgececggegtaa
ccACCACGACGG

Therm_F_FWD CATTAGGGTCTCAGACTACCGTCAGcgtTTAattaaaatcctggctaactctttctac
ggttactacggttacgctaaaGCTCGTTGG

Therm_F_REV CATTAGGGTCTCAAGTCCAGCAGTTTTTTTTCCAGCGGGTCAAC

Therm_A FWD CATTAGGGTCTCAAGTTctgtacgctGACaccGACggtctgcacgctaccATCCC

Therm_A_REV CATTAGGGTCTCAAACTTTGAAACCGAATTTCTCCTCCAGTTCACGGATA

Therm_M_FWD CATTAGGGTCTCAATCACCacccgtggtctggaaatcgttcgtcgtgactggtctgaaAT
CGCTAAAG

Therm_M_REV CATTAGGGTCTCATGATTTTACCTTCTTCGTCGATaacagcgtatttttttttggta
acgaaGAAACC

Therm_P_FWD CATTAGGGTCTCACTAGTTatccacgaacagatcacccgtgacctgecgtgactacaaag
ctaccggtccgcacgtcGCTGTTGCT

Therm_P_REV CATTAGGGTCTCACTAGTTTTTCCGGCGGAACTTCGTATTTAGACAG

Therm_T_FWD CATTAGGGTCTCACGTTACGACgctgaatactacatcgaaaaccaggttctgectgea
gttgaacgtatcctgAAAG

Therm_T_REV CATTAGGGTCTCAAACGGTGTTTGGTCGGGTCGAATTCGTCGGCCGGGA
TGGCccggtcaccgatacgaccagaaccTTTCAGAAC

ELISA_primer BiotinTEG-GAA CAG ATC ACC CGT GAC CTG

ELISA_probe DIG-GTG CGG ACC GGT AGC

ELISA_linker GCT ACC GGT CCG CACCGTTCT GCG TTCCTG TCTGTT C

ELISA_oligo_1T GTT CTG CGT TCCTGT CTGTTC GCCCTT ATT CCCTTC AGG TCA CGG
GTG ATCTGT TCG TGG

ELISA_oligo_2T GTT CTG CGT TCCTGT CTG TTC GCC CTA ATT CCC TTC AGG TCA CGG
GTG ATCTGT TCG TGG

ELISA_oligo_3T GTT CTG CGT TCCTGT CTGTTC GCC CAAATT CCCTTCAGG TCA CGG
GTG ATCTGT TCG TGG

ELISA_oligo_2T1T GTT CTG CGT TCCTGT CTGTTC GCCCTT ATT CAATTC AGG TCA CGG
GTG ATCTGT TCG TGG

ELISA_oligo_2T2T GTT CTG CGT TCCTGT CTGTTC GCC CTA ATT CAATTC AGG TCA CGG
GTG ATCTGT TCG TGG

ELISA_oligo_1T1T GTT CTG CGT TCCTGT CTGTTC GCC CTT ATT ACC TTC AGG TCA CGG

GTGATCTGT TCG TGG
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PCR (30 cycles) was performed in two 100uL aliquots at annealing temperatures 5°C below
the Tm of the spiked primer with the lowest Tm. Each PCR reaction mixture was then purified
with a PCR purification kit, which yielded around 18 pug DNA per library. The eluted DNA was
then digested using Bsal (40U) and Dpnl (10U) for 4h at 37°C with an extra 1U of Bsal added
after the first 2h. The DNA was then purified again using the same PCR purification kit, and 5
pug DNA was ligated with T4 DNA ligase (50U) overnight at room temperature in a total reaction
volume of 5 mL. The reaction products were then concentrated using a Speedvac concentrator
and purified by PCR purification, where ligation yielded around 3.9 pg. Sample purity (as
measured by Azeo/A2s0 using Nanodrop spectrophotometer) remained high (close to 1.8) for
most samples, except for the purified ligation products, where the Aze0/A280 ratio was often

larger than 2.5. This purity was sufficient for successful transformation.

2.4. Selection and screening
2.4.1. Compartmentalized self-tagging (CST)

Electrocompetent E. cloni® cells were transformed with plasmid libraries and plated on LB
agar with ampicillin (Amp). Colonies grown overnight were harvested by adding LB medium
and gently scraping them from the plates. The suspension (~30 mL, ~30 ODeoo) was mixed with
glycerol (60%) in a 3:1 ratio, flash-frozen in 100 pL aliquots and stored at -80 °C. One aliquot
was used to inoculate a 4 mL starting culture grown overnight (37°C, 200 rpm). An aliquot of
50 ulL overnight culture was inoculated in 4 mL LB + Amp medium and grown at 37°C, 200 rpm
to 0.7 ODego, induced with AHT, and further grown at 25 °C overnight. Cultures were diluted
to 1 ODego, 100 pL cell suspension was centrifuged at 12000 g and supernatant was removed.

These cells were added to the aqueous phase before emulsifying.

Selection was performed using CST as described by Pinheiro et al. (84), but in the absence of
misincorporation-promoting Mn?* ions, and labelling by incorporation of biotinylated dCTP
during extension. An oil phase (mineral oil with 4.5% Span 80, 0.4% Tween 80 and 0.05% Triton
X-100) and aqueous phase (1x Thermopol buffer (New England Biolabs), MgS0Oa4 (1 mM),
biotinylated dCTP (20 uM), equimolar dATP/dGTP mix (200 uM), dxTTP (200 uM), primer (0.38
uM), BSA (1 mg/mL), DTT (1 mM), glycerol (10% v/v)) were emulsified in a 4:1 ratio by adding
the aqueous phase dropwise to the oil phase while stirring with a small magnet, according to

the protocol in reference (95).
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The elongation reactions were run for 10 min at 95 °C, 15 min at 58 °C and 15 min at 72 °C.
The primer for the first round of CST required minimal incorporation of GAAAAGdxTGC-biotin
for capture. In the second round the selective pressure was slightly increased by requiring
incorporation of AAAAAGGGAAdXTAAGGGC-biotin. While promiscuous activity of the wild
type has been shown to allow for up to two consecutive dxNT incorporations, the resulting
stalling could prove to be a high difficulty, and therefore the first selection round was kept
relatively low, with selection for DNA production, followed by a single dxNT incorporation, and
short extension with DNA. The next round increased the selective pressure by increasing the
extension length past the incorporated dxNT, thereby selecting for increased translocation

rather than increasing the amount of dxNT.

After CST, the emulsion was broken by centrifugation at 13000 g for 5 min and two water-
saturated diethyl ether extractions. Primer-plasmid complexes were purified using spin
columns (GE Healthcare S400 microspin columns) and incubated with magnetic beads
(streptavidin magnetic beads, 4 mg/mL, 1 um diameter, New England Biolabs) for at least 1h
at room temperature on a rolling platform. The beads were washed twice with a high salt
binding buffer (0.5 M NaCl, 20 mM Tris-HCI, 1 mM EDTA, pH 7.5), once with a lower salt buffer
(0.15 M NaCl, 20 mM Tris-HCIl, 1 mM EDTA, pH 7.5), and eluted in elution buffer (25 uL of 10
mM Tris-HCI, 1 mM EDTA, pH 7.5). Re-cloning was done by PCR amplification of the targeted
half of the Therminator gene using 2 uL of the eluted fraction as template, and PCR
amplification of the non-variable half of Therminator plus the rest of the plasmid backbone
from the original wild type, followed by restriction digestion and ligation of both fragments to

reconstitute the original plasmid.
2.4.2. Polymerase activity assay

After selection, libraries enriched in mutants with improved incorporation activity were
screened using a previously described polymerase activity assay (17). Colonies from the re-
cloned library were inoculated in 400 plL selective medium in a 96-well plate with deep,
rounded wells and were induced to express the polymerase with anhydrotetracyclin (AHT) at
25 °C and 200 rpm overnight. Lysates were prepared for each mutant by heating 20 min at 80
°C, centrifuging to remove the cellular pellet, and mixing the supernatant in 1X Thermopol
buffer (20 mM Tris-HCI, 10 mM (NH4)2S04, 10 mM KCI, 2 mM MgS0s4, 0.1% Triton X-100 at pH

8.8). The elongation reaction uses the cell lysate as a source of polymerase, and a biotinylated
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primer (ELISA_primer in Table 2.1) was elongated with a template (ELISA_oligos in Table 2.1,
where bases templating for dxT are shown in bold) that requires incorporation of the
sequence AAGGGAAdXTAAGGGC using dATP, dGTP, dCTP and dxTTP, followed by an non-T
containing sequence used for detection by hybridization with a digoxigenin-containing DNA
probe (ELISA_probe in Table 2.1) through an intermediary linker (ELISA linker in Table 2.1).
Polymerase mutants that succeed in incorporation of dxTTP opposite of the templating
adenine and elongation beyond the resulting distortion produce elongated primers that can
bind this DNA probe (see Figure 2.1). After capture of the primers to a streptavidin-coated 96-
well plate, duplex denaturation and washing with PBST (125 mM NaCl, 16.6 mM Na;HPOa,
8.43 mM NaH;PQ4, 0.2% (v/v) Tween 20, pH 7.2), the samples are incubated with an anti-
digoxigenin antibody fused to horseradish peroxidase (HRP) (dilution 1:10,000). After washing
away non-specifically bound probes and antibodies with PBST, the chromogenic substrate
3,3’,5,5'-tetramethylbenzidine (TMB, 100 uL) is added which turns blue in the presence of
HRP. The ODaso nm is an indication of the amount of fully elongated primers, and stronger

signals correlate with more active polymerase containing lysates.
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Figure 2.1: Overview of XNA polymerase activity assay.

A biotinylated primer (light blue) is hybridized with a template (dark blue), and the lysate containing
expressed polymerase is added, together with buffer and the nucleotide substrates dATP, dGTP, dCTP
and dxTTP. When full extension occurs, a probe sequence with a DIG-probe (red) can bind through an
intermediary linker (purple) when the primer is elongated (green dashed line). The single-stranded
part of the extended primer will contain the dxT nucleotides and needs to be produced and fully
extended for the probe to bind. Visualization occurs by the horse radish peroxidase (HRP) fused to an
anti-DIG antibody that acts on the chromogenic substrate TMB, where the rate of colouring depends
on the amount of successfully extended primers.
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2.4.3. Sodiumdodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Cell cultures that expressed DNA polymerases were subjected to SDS-PAGE to analyse the
amount of expressed protein, and in case of protein purification it was used to show the
presence of the DNA polymerase in different fractions and to estimate the protein

concentration in the purified eluted product.

Samples for SDS were diluted to account for cell density and running gels were composed of
10% acrylamide. Sample and gel preparation and visualization were performed according to

the Sambrook laboratory manual protocol.
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3. Results

3.1. Construction of large, high quality targeted libraries

Focused libraries were designed based on the crystal structures of the binary complex of the
precursor protein 9°N-7. The position of the incoming dNTP was predicted based on the
ternary complex of a crystal structure of polymerase RB69. This means that rather than
mutagenizing the whole gene, like when using error-prone PCR amplification, mutations can
be restricted to a specific region of interest. This also increases the total mutational load,
which means that a larger part of sequence space can be probed, albeit in only a part of the
enzyme. The underlying rationale for this is that it is more likely to find mutations that change
specificity and catalytic activity when they are in close proximity to the DNA, as was the case
for most of the mutations conferring XNA polymerase activity for six different XNAs that were

selected for using CST by Pinheiro et al. (17).

The synthetic gene expressed well from the pNIC28-Bsa4, pRSET-B and pASK-IBA2 plasmids.
However, given the small size of the latter two plasmids (which increases transformation
efficiency), and the most consistent protein expression levels from the pASK-IBA2 vector, the
latter vector was used for all selection experiments after which screening and mutant analysis

took place.

Six libraries were constructed with iPCR, each of a different region of the polymerase in close
contact with the bound nucleic acids (see Figure 2.2). Based on dilution series of E. cloni® cells
transformed with these libraries, library sizes were estimated. They ranged between 3x10*

and 1.2x107 independent clones.

Region N contains part of the nucleotide-binding pocket, as well as a less structured part that
lies close to the template backbone (yellow in Figure 2.2). Mutant phenotypes are expected
to influence nucleotide and template binding. The corresponding library contained around

9.5x10° clones.

Region F is located at the basal part of one of the finger domain alpha helices (orange in Figure
2.2), and mutants are hypothesized to mainly influence nucleotide binding and recognition, as

well as dynamics of the finger domain as a whole. The F library size was approximately 1.2x10’.
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Region A contains most of the active site residues (purple in Figure 2.2), and mutations in this

region will likely affect catalysis directly. The A library size was approximately 8x10°.

Region M mostly interacts with the minor groove of the duplex DNA, as well as part of the

active site (red in Figure 2.2). The M library size was approximately 1.2x107.

Region P contacts a large stretch of the primer backbone in the thumb domain (magenta in

Figure 2.2). The P library size was approximately 3.7x106°.

Region T is also a part of the thumb domain, but is situated more towards the C-terminus, and
mostly interacts with the upstream template backbone (pink in Figure 2.2). Mutants in these
last two regions will likely affect nucleic acid binding strength, specificity and translocation.

The T library size was approximately 3x10%.
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Hexa-His tag N-terminal domain
B MAHHHHHHSSGVDLGTENLYFQ#MI LDTDYITENGKPVIRVFKKENGEFKIEYDRTFEPYFYALLKDDSAIEDVKKVTAKRHGTVVKVKRAEKVQK
Exonuclease domain
KFLGRPIEVWKLYFNHPQDVPAIRDRIRAHPAVVDIYEYDIPFAKRYLIDKGLIPMEkDEELTMLAFAIATLYHEGEEFGTGPILMISYADGSEAR

VITWKKIDLPYVDVVSTEKEMIKRFLRVVREKDPDVLITYNGDNFDFAYLKKRCEELGIKFTLGRDGSEPKIQRMGDRFAVEVKGRIHFDLYPVIR

Interdomain
RTINLPTYTLEAWEAVFGKPKEKVYAEEIAQAWESGEGLERVARYSMEDAKVTYELGREFIFPMEAQLSRLIGQSLWDVSRSSTGNLVEWFLLRKA

Palm Fingers
YKRNELAPNKPDERELARRRGGYAGGYVKEPERGLWDNIVYLDFRSLYPSIIITHNVSPDTLNREGCKEYDVAPEVGHKFCKDFPGFliPSLLGDLL

Palm
EERQKIKRKMKATVDPLEKKLLDYRQRAIKILANSFYGYYGYAKARWYCKECAESVTAWGREYIEMVIRELEEKFGFKVLYADTDGLHATIPGADA

Thumb
ETVKKKAKEFLKYINPKLPGLLELEYEGFYVRGFFVTKKKYAVIDEEGKITTRGLEIVRRDWSETAKETQARVLEAILKHGDVEEAVRIVKEVTEK

LSKYEVPPEKLVIHEQITRDLRDYKATGPHVAVAKRLAARGVKIRPGTVISYIVLKGSGRIGDRAIPADEFDPTKHRYDAEYYIENQVLPAVERIL

KAFGYRKEDLRYQKTKQVGL GAWLKVKGKK

Figure 2.2: Targeted regions in Therminator DNA polymerase.

A) Crystal structure of Therminator DNAP showing the targeted regions. Non-variable parts of the
protein are shown in grey. The template dsDNA is shown in light blue. Region N is shown in dark blue,
region F in orange, region A in purple, region M in red, region P in magenta and region T in green. B)
Linear sequence of Therminator DNAP, including the N-terminal His tag and TEV protease cleavage site
(ENLYFQS) fusion. Targeted regions have the same colours as in the crystal structure.
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To test whether the produced mutants had the expected number of substitutions, up to 16
randomly picked clones were sequenced per library, and the amount of nucleotide and amino
acid substitutions was compared to the predicted averages. Most libraries had average
amounts of mutations close to these expected values. Figure 2.3 shows such a histogram of
clones from library F, where the expected average amount of nucleic acid mutations across
the region was 4.6, resulting in 3.6 amino acid mutations (since some of the nucleic acid
mutations are silent). Given that these histograms tended to largely cluster around expected
values, it was concluded that the primer composition was made to expectations and the

libraries were of expected quality.
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Figure 2.3: Mutation histogram of 11 clones from library F.

The expected frequency value for the F library is calculated to be 4.6 for nucleotide substitutions
(blue) and 3.6 for amino acid substitutions (orange).

3.2. Enrichment of mutants with higher activity by CST

The effectiveness of the CST procedure was evaluated using mock libraries in parallel with
mutant libraries. Such mock libraries were composed of various proportions of “wild type”
DNA polymerase Therminator (WT) and a knockout mutant (KO). Tested ratios of WT:KO were
1:1, 1:10 and 1:100. The knockout mutant was created by Dr. Yves Peeters by substitution of
the two catalytic aspartates to alanine, which introduces a new Sacll restriction site at that
position. After one and two rounds of CST, clones were randomly sampled with colony PCR
(see Figure 2.4 for the 1:100 ratio mock library after two rounds). If there was no selection,
the ratio would be very similar to the initial WT:KO ratio. Slight deviations could be simply due

to genetic drift or sampling error. Large changes should be due to effective selection, and the
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more biased the ratio, the stronger the selective pressure. In Figure 2.4, 20 clones showed the
wild type pattern, versus nine knockouts and one anomalous clone that is most likely a
deletion mutant. Two CST rounds therefore increased the frequency of active variants from
1% to 67% when in competition with inactive variants. After the first round, the wild type
frequency was 44% (data not shown). This was taken as a proof of concept that active

polymerase genes can be significantly enriched even after few selection rounds.
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Figure 2.4: Electrophoretic analysis of sampled clones after two rounds of CST in a 1:100 mock library
of wild type and knockout Therminator.

Wild type clones are marked with WT, knockout with KO. When the Therminator gene is amplified it
forms a 2557 bp fragment. Wildtype fragments have one Sacll site, and digestion will result in a 2092
bp and 465 bp fragment. Knockout mutants with an extra restriction site result in fragments of 465 bp,
781 bp and 1313 bp, thus easily distinguishing it from the wild type. A question mark indicates an
anomalous clone.

To monitor library quality during CST, the successive plasmid libraries were analysed and
compared with regards to plasmid size, which was a good indicator of correct re-cloning.
Plasmids libraries from different selection rounds were compared by electrophoretic analysis
of both plasmids that are either undigested or digested with BamHI and Ncol. Figure 2.5 gives

an example of libraries A and M after zero to four CST rounds. This revealed that some
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libraries, after two or more rounds of selection, contain increasing numbers of deletion
mutants, to the point where almost no plasmids of normal lengths were present. These are
likely to be genetic parasites, such as shorter plasmids that clone more easily with higher
transformation efficiency, even if they code for polymerases that are less or not active, or
deletion mutants that were not present during selection but are artefacts formed during re-
cloning. Similar problems were seen for library T after three CST rounds (data not shown).
Because of this, subsequent rounds of selection were always followed by overall library

analysis, using plasmid length distributions as a proxy for overall library quality.

Mutant screening was therefore only done for libraries that still exhibited large fractions of

intact plasmids, to avoid inactive deletion mutants being present in most of the screening.
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Figure 2.5: Gel electrophoresis of native and digested plasmid libraries of A and M libraries after
various rounds of CST.

A0, A2 and A4 are of library A after 0, 2 and 4 CST rounds respectively. MO to M2 are of library M from
0 to 2 rounds of CST. The seven samples on the left are undigested plasmids, those on the right are
digested with BamHI and Ncol. Lanes marked WT are wildtype controls. Complete plasmids of 5500 bp
should produce fragments of 3100 and 2400 bp. Shorter fragments indicate deletion mutants, which
started becoming extremely prevalent in library A after 4 rounds, and already after two rounds in
library M. The ladder at the left and centre of the gel is the GeneRuler 1 kb plus ladder.
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3.3. Screening of enriched libraries using ELISA

High quality libraries that underwent one or two rounds of CST were analysed with an ELISA
based DNA polymerase activity assay. Results are shown for library M after one round of CST,
and library A after two in Figure 2.6A and 2.6B. Initial screening was performed with a
template requiring a single dxTTP incorporation after seven natural nucleotides, which is then
further extended with 27 dNTs. The sequence that needs to be made in the screening
procedure is very similar to the sequence with which the CST primer was extended. Because
variation in the output signal was relatively large and because of the risk of false positives, the
best performing clones were tested again in threefold from different colonies of each clone
and grown and induced separately (see Figure 2.6C). More demanding templates were also
tested, but only the two least demanding ones showed a signal. Reactions requiring the
incorporation of one dxTTP gave a much larger signal than when two dxTTP were needed. The

clone that consistently outperformed all other mutants and wild type was clone E2.

Negative controls without added nucleotides, or any of the necessary oligonucleotides, or
active polymerase, all consistently showed no signals above background. However, negative
controls where one nucleotide out of four was omitted (either dTTP or dxTTP) gave very high
signals, often higher than reactions where dATP, dCTP, dGTP and dxTTP were all present. This
is seen as evidence for the ability of DNA polymerases, both promiscuous and exo” variants as
well as high fidelity ones with repair activity, to bypass template sequences for which the
matching nucleotide is missing, presumably by extending downstream of a misincorporation.
Negative controls in other related experiments have shown that it takes around three or four
consecutive template bases lacking their cognate partner nucleotides to completely stop a
polymerase from advancing over such a template. (Dr. Yves Peeters, personal communication)
The presence of residual cellular dNTPs could also act as a potential low concentration source

of dTTP.
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Figure 2.6: ELISA-based DNA polymerase activity assays of two libraries after CST and some of their
best performing clones.

A) Activities in 96-well plate of 92 randomly picked clones from library A after two CST rounds. Two
wild type (wells A2 and B2) and two knockout polymerase clones (wells A1 and B1) were used as
positive and negative controls. The intended wild type control did not give a signal above background,
but wells A8, D3, D10 and G7 are clones carrying only silent mutations, effectively serving as wild type
controls on this plate. The majority of the sampled clones are either inactive or less active than the
wild type. Only three clones (E2, G1 and H4) show a drastic increase in activity compared to the wild
type. B) A similar 96-well plate screening but with library M clones after one CST round. Eight clones
(including G4 and G8) have higher signal than the wild type. Wells A1 and A2 are wild type controls, B1
and B2 are knockout controls. C) ELISA of the four most promising clones from these two screens with
five different templates. The sequences that should be produced by the polymerase are shown, where
A, Gand Care dNTs and T is a dxT. The more dxNTP needs to be used, the lower the efficiency resulting
in a decreased ELISA signal. Only primers requiring one or two consecutive dxTs could be fully
elongated. The template used in A) and B) corresponds to template 1T. Error bars represent the
standard error of mean of reactions that were run in triplicate using the same lysate.
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3.4. Mutant polymerases with increased activity

Several clones present in the 96-well plate screens were sequenced. These include all the
clones with drastically higher activity, most of the ones with slightly higher activities, a few
that perform comparable to the wild type, and a small number of less or inactive clones. These
sequencing results are summarized in Table 2.2. Library A clones underwent two rounds of
CST, library M clones underwent one. The variable region of library A spans residues 537 to

547, library M spans residues 588 to 596 and 605 to 617.

While it is not possible to derive a strong structure-function relationship from these data,
there are some overall patterns. Mutations tend to fall in two classes (with exceptions). Based
on the crystal structure, many overrepresented positions that cause more drastic phenotypic
differences are those that either directly contact the nucleic acid and other important amino
acid residues, or that point away from the nucleic acid and are instead positioned in between
two alpha helices. The terminator mutation A485L that conferred the increased promiscuous

activity for xenonucleotides to 9°N-7 DNA polymerase would fall in this latter class.

Table 2.2: Amino acid mutations in polymerases that were found in ELISA screening.

Clone ID library Mutations (bold) in targeted region Activity compared to WT
E2 A S3'LYADTDGLRAT increased
H4 A LFADTDGLHAT increased
G1 A LYADNDGLHVT increased
E6 A LYADTDGLLAT similar
cs A LSADTDGLYAA similar
F11 A LYADTDGLQAT similar
B12 A LYADIDGLHAT similar
H1 A LYADPDGLHAT inactive
GS8 M S88FVTKKKYAV-%9STRGLEIVHRDWSR increased
G4 M FVTKKNYAA- TRGLEMVRRDWPE increased
H10 M IVTTKKLAV- TRGLEIVRRDWSD increased
A9 M FVTKKKYAV- TRGLEMVRRDWSV increased
B11 M YVTRKKYAV- TRGLEIVRRDSSE increased
G5 M FVNKKKYAV- TRGLEVVRRDWSE increased
F3 M LVTKKTYAE- TRGLEIVRRDWSV increased
iH4 M FVTKKKHAV- TRGLEIVSRDWSE increased
Cc7 M FITKKKYAV- TRGMEIVRRDWSE similar
H11 M FVTKKKYAV- TRCLEIVRRDWSE decreased
D9 M FITKKKDAV- SRDLEIVCRDWSE inactive
F10 M FVITKKYAF- SRGLEIVRRGWSE inactive
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4. Discussion

4.1. CST modifications

One of the modifications to the published CST protocol (84) was the omission of Mn?* from
the aqueous phase, leaving only Mg?* at a relevant concentration. Mn?* was added in the
original protocols because it has been shown to stabilize non-canonical nucleotides in the
active site to undergo incorporation more easily (96, 97). This could help a polymerase with
low promiscuous activity to incorporate it more efficiently. Mn?* was left out of the reaction
mixture in later CST rounds in this work for two reasons. The first is that any evolving system
that is aided by the environment can become dependent on that help. In the absence of Mn?*,
the polymerases are required to rely solely on mutations that change their function, rather
than an added metal ion. While in the long term an XNA polymerase that uses its own
dedicated catalytic metal ions compared to the natural Mg?* could become more functionally
orthogonal, it is likely that the intermediate evolutionary stages that are still transitioning
between DNA and XNA as substrates are hindered more than helped by addition of Mn?*. The
second reason is that there is no direct evidence that the presence of Mn?* helps incorporation
of dxNTPs, and could also aid misincorporation, which in turn would aid in bypassing through
misincorporation, “cheating” selection, resulting in more false positives. This assumption was
later tested with a PAGE experiment where the wildtype and E2 clone were tested in presence
of Mn?* (see Figure 2.7). No increase in dxTTP incorporation was seen for either polymerase
in the presence of 1 mM MnCl; and extension was completely absent at 10 mM. In the absence
of dxTTP however, misincorporation was drastically increased and the reaction looks inhibited
in either case at 10 mM. This justifies the exclusion of a mutagenic catalyst from polymerase

selection experiments in general.
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Figure 2.7: PAGE of wild type and E2 polymerases and the effect of Mn?%'.

0, 1 and 10 are concentrations of MnCl; in mM. AGC are natural nucleotides present in the reaction,
XT means dxTTP is present. The used template is template “2D” (see Figure 3.5A). A negative control
(unextended fluorescent primer) is labelled with a minus sign. Reactions were quenched and sampled
after 15 min.

The initial selective pressure during CST was set relatively low. It required the incorporation
of six dNTs, followed by a single dxNT, and minimal extension by only two dNTs. Since the
known promiscuous activity of the wild type was very low (up to two consecutive
incorporations), the rationale behind choosing a CST primer which requires only one dxNT
incorporation was to improve both incorporation and elongation. A polymerase that has an
improved incorporation rate for adding a single xenonucleotide will presumably also be
improved for all the following ones, but simultaneously selecting on elongation could select
against the observed stalling, even if it is extension with dNTs. Mutants that are less prone to
stalling and that tolerate translocation of the distorted primer backbone are assumed to be a
more useful evolutionary intermediate compared to a polymerase that can very efficiently

incorporate a low number of dxNTs and then stalls completely.
4.2, Library quality

One of the important aspects of molecular evolution experiments is having a good starting
point. This includes choosing a starting protein that has a binding pocket or catalytic activity
that already resembles the target substrate or reaction, since it is more likely that less
mutations are needed to increase affinity or activity. While DNA polymerase Therminator had

already been shown to have a promiscuous activity towards incorporation of dxNTPs (20), this
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activity is very low compared to other xenonucleotides. The starting activity that needs to be
increased therefore needs a lot more improvement to be comparable to, for example,
arabinose-, hexitol- or threose-based nucleotides (17, 98). And these xenonucleotides
themselves are in turn not efficiently incorporated when compared to dNTP incorporation by
DNA polymerases. However, since the reaction mechanism and protein structure are known
in sufficient detail, specific regions of the protein could be targeted that have higher chances
of containing mutations that increase this promiscuous activity. This choice is also based on
general trends in polymerase evolution experiments (17), where mutants with increased
specificity or higher catalytic rates carry mutations close to the nucleic acid, both around the
active site and in the thumb domain. This rational focusing of mutagenesis to specific
promising parts of the protein allowed for higher local mutation rates, thereby exploring a
larger part of sequence space in that region since more variation can be introduced.
Randomising the entire gene with a mutation rate that produces variants with several
substitutions close together in a specific location would most likely burden the protein with
unbearable mutational load. Created libraries were analysed before selection by sequencing
and were shown to have mutations confined to the desired regions, and at the expected rates.
A minority of these clones contained substitutions that create premature stop codons,
frameshifted sequences by single base insertions or deletions, or coded for the wildtype
sequence, some of the latter with silent mutations but overall, the majority of the clones were

those with one or more amino acid substitutions.

Several of these libraries were subjected to CST selection. Mock libraries with a mix of wild
type and knockout Therminator genes where the active variant was underrepresented in the
population showed that a much more active variant could be increased in allelic frequency by
over an order of magnitude by one or two rounds of CST. However, while some libraries
underwent up to four rounds of CST, most plasmid libraries were shown to degrade in quality
after the second round. This was discovered by gel electrophoresis for re-cloning procedures,
where many fragments were shown to be too short, indicating deletion mutants. The exact
nature of these deletions was not determined, so it is not possible to know whether these
deletion mutants are the result of a specific repeatable cloning artefact or represent
spontaneous deletion mutations that occur independently, and if these genetic parasites have

been present at undetectably low frequencies in the first library generations or are the
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unintended result of a change in selection or re-cloning procedures. Since these constructs
were so numerous in the last libraries to undergo CST, screening for these libraries would have
likely resulted in mainly screening deletion mutants that are probably completely inactive.
Therefore, screening was only performed on the secondary libraries that were found to consist

mostly of plasmids of the correct size.

To solve this problem of library quality decrease, each step in the re-cloning could be tested
and optimized to find out in which step the deletion mutants are formed. This includes
potential off-target primer binding that could create smaller PCR product fragments,
restriction enzyme star activity and biased or incorrect ligation. Alternatively, if the yield of
longer, correct fragments in the reactions is still high enough to contain all library diversity,
longer fragments can simply be separated from the shorter ones by gel electrophoresis and
gel extraction, in effect adding an extra, strong selection step for correct plasmid size. If this
strategy is followed, CST could be performed for many more cycles, thereby reducing library
size but increasing the fraction of active variants. Screening will yield more than the handful
of clones per 96-well plate after one or two rounds, the chance of hitting improved clones in
the library increases, and clones that share some of the same substitutions would show which

specific ones are responsible for the beneficial effect.

4.3. Library screening and analysis of promising mutants

Since the library size was assumed to be still quite large after one or two rounds of selection,
screening would explore only a portion of the selected clones. The advantages of a polymerase
activity assay such as this is the feasible scale, the more direct and semi-quantifiable measure

of enzymatic activity, and the repeatability.

Several hundred mutants can be sampled on a few 96-well plates. Assuming for the sake of
argument that only 0.1% of mutants in a library of 10> independent clones have increased
activity (that is, one in a thousand mutations is beneficial), and a 50-fold enrichment took
place due to selection, then we expect about 100 beneficial mutants to exist in the starting
library that will represent 5% of the population after selection. Using 96-well plates, there
should then be about 5 “hits” per plate. This is more or less the observed order of magnitude

of clones that score higher than the wild type in these ELISAs.
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Screening the activity of a polymerase is most relevant when the reaction strongly resembles
the selection conditions during selection. To be a selectable product during CST, biotinylated
dCTP needed to be incorporated in the growing primer. Ideally, this only happens after the
incorporation of a few natural nucleotides, the dxTTP when the single templating base
adenine is encountered, other natural dNTPs, and then at least one biotinylated dCTP.
Elongation can then still continue, and it could be argued that the more the primer is
extended, the stronger the primer-plasmid binding is and the more biotin moieties will be
displayed on the complex, which both enhance affinity chromatography. However,
polymerase mutants with very low fidelity might bypass dxTTP use and instead misincorporate
dNTPs, or just add many dCTP-biotin to the growing strand. Such mutants do have high fitness
in this imposed environment, and will be selected for, but obviously do not have the wanted
activity. Such mutants will not perform properly in an ELISA screen, since here the
polymerization needs to be sufficiently accurate for an elongated product to be produced that
can specifically bind the probe sequence. This means that the activity of a mutant in the ELISA
screening is a more direct measure of the desired protein activity, which can also be quantified

relative to the wild type and other mutants.

Finally, ELISA measurements can be run in parallel, with replication of the experiment at the
level of the lysate, or independently grown colonies from the same clone, which gives a
measure of consistency and is capable of validating clones previously thought of as false

negatives, or dismissing false positives.

However, this is also one of the major downsides of the ELISA screening. False positives can
be clones that during their discovery had higher signals than they should have had. This can
be simply the case when during the last colouring steps, a pipetting or washing error occurred
causing the well to stain too rapidly. Another possibility is that the expression and purification
of the protein occurred exceptionally well. In a reaction where protein concentration is
potentially rate-limiting, higher effective expression levels could make an otherwise equally
or even slightly less active mutant look like an improved one. False negatives can be caused
by the same reasons: too stringent washing, a pipetting error, or a functional clone that did
not get expressed properly, will be missed in the screening. For this reason, most clones that
showed increased activity were expressed again to see if their improved activity could be

repeated, and all of them were sequenced. Some of these clones turned out to be wild type
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sequences present in the library, which could then serve as an internal control for wild type
activity and variation in activity. Some inactive clones were also sequenced, and some of them
were quite plausible (premature stop codons, substitution of Thr to Pro between the catalytic

Asp residues).

The other pitfall of ELISA is the inherently lower quality of analysis due to the higher
throughput. Variation between and within lysates can be substantial, adding uncertainty to
the interpretation of the results when differences in activity are within the same order of
magnitude as the signal variation. The usage of lysates as a source of the polymerase also
comes with the risk of introducing natural nucleotides in the reaction mixture, including the
natural counterpart of the dxNT that needs to be incorporated. In our case, even trace

amounts of dTTP could then disturb the diagnostic incorporation of dxTTP.

Finally, both the CST and ELISA conditions so far only required incorporation and extension of
a single dxTTP. These conditions were chosen because they exert a selective pressure with a
relatively low bar. The eventually desired activity is an XNA-dependent XNA polymerase, but
since XNA templates are unavailable and the protein obviously stalls upon two incorporations,
selection for multiple consecutive incorporations will make the vast majority of mutants
effectively incapable of performing the reaction. Finding an active mutant would then
presumably take extraordinary luck, which is not a consistently useful search strategy. For this
reason, the bar for selection was set rather low. (Ironically, these conditions would then also
select against a highly active and specific XNA-dependent XNA polymerase). To investigate
whether selected mutants are not simply better at incorporating and extending one dxTTP
within a dsDNA strand, ELISA was performed with more demanding templates, requiring two
or three consecutive dxNT extensions, or two consecutive ones followed by some natural
nucleotides, followed again by one or two consecutive dxNTs. This showed that increased
activity of one incorporation was often associated with increased activity for two
incorporations, but beyond this, no signal was detected. Since a signal in ELISA can only appear
once the probe-complementary sequence is produced, this can mean two things: either the
polymerase is stalled completely, or it can incorporate several dxTTPs and maybe even extend
them, but not beyond a certain point, stalling before the probe-complement can be finished.
The fact that intermediate, shorter products are invisible in ELISA means that other techniques

need to be used to visualize the activity in more detail.
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For this reason, PAGE was used. PAGE with high amounts of urea can resolve nucleic acids at
single base resolution, allowing each potential intermediate to be visualized. This means there
are no restrictions to the template sequence that necessitate long extensions. When using
fluorescent primers, the detection limit is also very low. Because of the much higher practical
investment, it is not feasible to do such experiments on large numbers of mutants, as is the
case with ELISA screening. While ELISA has its drawbacks, it was useful for initially finding a
small number of the most promising mutants, which could then be investigated with PAGE in
more detail. Among these mutants, the G8 clone was quickly shown to have only a narrow set
of activities that made it look initially promising, more specifically its faster incorporation of a
single dxNT compared to the wild type. This was after all what it was selected for. But it was
less active with regards to further extension with more dxNTs, compared to both the wild type
and the E2 clone. In contrast, the E2 clone still outperformed all others in both ELISA and initial
PAGE measurements. For this reason, all characterization efforts were focused on this E2
clone. The results of these experiments are published as a peer-reviewed research article,

which is included in this thesis as Chapter 3.

4.4. Mutation types and structure-function relationship

Although only the E2 clone carrying a H545R mutation was thoroughly investigated, a large
number of mutants have been found in the initial screenings. This allows us to speculate about
the function of specific residues and their tolerance to mutation. While it is not possible to say
which specific substitutions confer the phenotypic difference of a mutant with multiple
substitutions without studying each substitution mutant independently or in specific
combinations, overall trends can be discussed. This is possible because a crystal structure of
the DNA polymerase 9°N-7 is available, and most of the mutations are unlikely to cause drastic
differences in the peptide backbone structure and the folding of the enzyme. Looking at the
specific mutations and the predicted position of those residues in the protein, many of these
mutations fall into two classes. They are often either pointed directly towards the bound

nucleic acids or other functionally relevant residues, or pointed away from them.

An example of the former is M-region mutant B11, where one of the three consecutive lysine
residues (positions 591-593) is mutated to arginine. These three positively charged residues
make intimate contact with the DNA minor groove and backbone and form a positively

charged cleft, and this substitution is likely to be (nearly) neutral. Functional mutants have
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also been found with substitutions to Asn or Thr at these positions, indicating at least some
freedom to mutate, as long as an overall positive charge or hydrogen bonding potential

remains.

The latter are mutations that do not contact the nucleic acid at all, but rather form contacts
with other secondary structure elements that themselves are also not interacting with the
nucleic acid. This is mostly the case for the many alpha helices surrounding the mutagenized
regions (see Figure 2.2). Most of these substitutions involve residues that usually are not that
distinct biochemically, but sterically larger or smaller. An example is the I609M mutation that
independently occurred in both promising clones G4 and A9. Another example is the A485L
terminator mutation itself, which made the 9°N-7 pol more promiscuous. This bias is
presumed to be due to sterically forcing secondary structure elements such as these alpha
helices apart or closer together, thereby changing distances and relative orientation angles of
these helices to each other and the nucleic acid. After all, the changes necessary to
accommodate a dxNA/DNA hybrid strand in the nucleic acid-binding regions will still require
positive charges and hydrogen bonds to compensate for and bind with the negative phosphate
groups in the backbone while it is bound or translocates, and reorienting a secondary structure
element within the region itself is presumably not likely to be due to changing a small number
of residues in isolation. Rather, a mutation such as the terminator mutation could exert its
effect by changing the folding and dynamics of the protein itself. Since this A485L mutation
increases this residue in size, steric hindrance could force the finger domain helices away
slightly from the exonuclease domain, thereby shifting the dynamic equilibrium between the

open and closed state more towards the latter.

A large fraction of the mutations in clones with higher or unchanged activity are substitutions
to biochemically similar amino acids, while mutations in inactive clones tend to be more
drastic. The most striking example is the inactivating T541P mutation, which is hypothesized
to introduce a large backbone structure change right between two catalytic residues. Another
particular position is E616, since mutations at this position are common in many clones, with
Glu often being changed to the almost identical Asp, but also to the hydrophobic Val. The
position of the mutation in the most active clone, H545R, was also shown to tolerate mutation

to Leu, Tyr and GIn without losing function, even though these are biochemically distinct.
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Several cases of seemingly interchangeable amino acids are the large aromatic ones, or the

hydrophobic branched-chain ones (Leu, lle and Val).

To increase the odds of creating mutants in a library with strong functional differences, it could
therefore be useful to take into account more than mere Cartesian distance of residues to the
nucleic acid, but specifically target those residues that either have direct points of contact
with the nucleic acid, or with other residues in neighbouring secondary structure elements.
Residues that are merely solvent exposed will likely be less relevant, as they are constrained
within a more or less neutral set of polar amino acids that influence solubility more than
binding affinity or protein dynamics. This decrease in positions to undergo mutagenesis within
a given region then also directly reduces the sequence space that needs to be searched. This
in turn makes sampling from such libraries more efficient. In addition, residues that
themselves are too far away for direct contact with the nucleic acid, but are oriented towards
alpha helices that are in contact with the nucleic acid on their other side, become potentially

interesting targets for further mutagenesis.
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This chapter has been published as a peer-reviewed paper: Bauwens B., Rozenski J., Herdewijn
P., Robben J., 2018, “A single amino acid substitution in Therminator DNA polymerase
increases incorporation efficiency of deoxyxylonucleotides”, ChemBiochem, 19(22), p. 2410-

2420. (doi.org/10.1002/cbic.201800411) (99)
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2. Abstract

Deoxyxylonucleic acid (dxNA) is a synthetic polymer which may have the potential of heredity
and evolution. Because of its unusual backbone geometry, sequence information stored in
dxNA is presumed to be inaccessible to natural nucleic acids or proteins. Despite a large
structural similarity with natural nucleotides, 2’-deoxyxylonucleotide (dxNT) incorporation by
polymerases is limited. We present the identification of a mutant of DNA polymerase
Therminator with increased tolerance to deoxyxylose-induced backbone distortions. Where
the original polymerase stops after incorporation of two consecutive dxNTs, the mutant is able
to extend incorporated dxNTs with 2’-deoxyribonucleotides (dNTs), and to incorporate up to
four dxNTs alternated with dNTs, thereby translocating a highly distorted double helix
throughout the entire polymerase. A single His to Arg substitution very close to the catalytic
site residues is held responsible for interaction with the primer phosphate groups and for

stabilizing nucleotide sugar-induced distortions during incorporation and translocation.
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3. Introduction

Nucleic acids are a versatile class of molecules that can store genetic information or fold into
three-dimensional structures such as aptamers and aptazymes that allow for complex
molecular recognition or catalysis, respectively. Xeno nucleic acids (XNA) are their synthetic
analogues that can increase this chemical, structural and functional versatility and are
potentially evolvable (3, 100). XNA might have a use, e.g., in biosafety, as a “genetic firewall”
that prevents sequence information transfer to DNA or RNA (1). Such XNAs are said to be
genetically orthogonal. For applications where the XNA polymerase that produces this XNA is
present in vivo, enzyme orthogonality is also required to avoid interference with the
endogenous DNA/RNA systems. XNAs have been produced that differ from natural nucleic
acids by modifications of the nucleobases, ranging from small changes to a completely
different scaffold (8, 12, 101). It is also possible to modify the universal pyrophosphate leaving
group (5) (which would produce natural nucleic acids from xenonucleotides) or the sugar
phosphate backbone (8, 102, 103). A large number of substitutes for the (deoxy)ribose sugar
and/or the phosphate group has been explored. Even the backbone itself can be
fundamentally changed like the glycerol-phosphate backbone of glycerol nucleic acids (GNA)
(104) or the N-(2-aminoethyl)glycine polyamide backbone of peptide nucleic acids (PNA)
(105). One very relevant property of XNA is the potential for structural and/or coding
orthogonality in vivo, which applies when it does not interact with biological processes like
replication, transcription or translation. While there is a large group of potential alternative
synthetic nucleotide building blocks to choose from, currently only a fraction of these can be
efficiently and accurately incorporated by polymerase enzymes with a broadened substrate
spectrum. For example Therminator DNA polymerase can transcribe DNA into threose nucleic
acid (TNA) sequences (106) (much more than the closely related Vent polymerase (107)), up
to five GNA (108) and up to seven flexible nucleic acid (FNA) nucleotides (109). Evolved
variants of TgoT DNA polymerase have allowed for the enzymatic production of 1,5-
anhydrohexitol nucleic acids (HNA), arabinonucleic acids (ANA), 2'-fluoro-arabinonucleic acids
(FANA), cyclohexenyl nucleic acids (CeNA), 2'-0,4'-C-methylene-B-D-ribonucleic acids or
locked nucleic acids (LNA), TNA (17) and 5'-O-phosphonomethyl-threosyl nucleic acids
(tPhoNA) (66). Most of the XNAs with altered backbones that have been produced by existing

or evolved polymerases maintain canonical base pairing with DNA and/or RNA. Enzymatic
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production of a structurally orthogonal XNA that does not hybridize to natural nucleic acids
has not been achieved so far, presumably because the XNAs with large structural differences
are hard to accommodate and translocate in an active site that is optimized for DNA or RNA,
even by a polymerase with promiscuous activity. Enzyme engineering that relies on evolution
is also limited to polymerases dependent on primer-template complex formation, and
assumes that the distance in sequence space between a DNA polymerase and XNA polymerase
is not too large to be bridgeable by mutagenesis. One such orthogonal nucleic acid would be
2’-deoxyxylonucleic acid (dxNA) which is identical to DNA except for the ribose C3’
stereochemistry, thereby replacing 2’-deoxyribose by its epimer, 2’-deoxyxylose (Figure 3.1).
Because the C3’ oxygen atom is part of the backbone, this inversion drastically changes the

backbone structure.
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Figure 3.1: Backbone configuration of 2’-deoxyribose-based DNA, 2’-deoxyxylose-based dxNA and
arabinose-based ANA.

The B-oriented 3’ hydroxyl in dxNA drastically alters the nucleic acid backbone geometry. dxNA has a
C3’-endo pucker, while B-DNA has a C24-endo pucker.

It has been reported that in vivo, ROS-induced epimerization of 2’-deoxyribose to 2’'-
deoxyxylose in DNA can hinder replication and induce mutation (110). Studies based on
molecular dynamics (22) and NMR and CD (20, 111) have shown that a fully substituted dxNA
strand forms extended, left-handed double helices with an antiparallel strand where Watson-
Crick base pairing rules still apply. Complementary dxNA strands anneal with affinities similar
to that of DNA, but show no hybridization with either RNA or DNA. Comparing dxNA to
multiple other XNA structures (103) shows that dxNA is one of the XNAs with the most
drastically altered backbone conformation: the helix is much more elongated, with a very large

major groove and the backbone tracing a zig-zag path. The large difference in structure makes
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dxNA a promising, truly orthogonal, but polymerase-challenging XNA candidate: even
sequences with canonical bases would be invisible to natural replication, transcriptional or
translational machinery because of a lack of recognition through strand hybridization or
backbone interactions. In vivo studies using plasmids carrying templating dxNTs (112) have
shown that these dxNTs might be read through by cellular polymerases, but the capability to
do so drastically lowers with increasing amounts of templating dxNTs. This further strengthens

the case that orthogonality is already achieved around two dxNT codons or more.

While chemical synthesis of (oligo)nucleotides is possible, enzymatically manipulating or
sequencing dxNA strands is difficult and inefficient. Enzymes like polymerases, primases,
ligases, endonucleases etc. that are specific for dxNA would open up the same possibilities
that exist for DNA and RNA, but would either need to be designed or obtained through
molecular evolution (113). Precisely because of the orthogonal character of these 2’-
deoxyxylonucleotides, no enzymes are available that efficiently catalyse their polymerization.
Experiments with different polymerases have revealed dxNTs to be very resistant to
incorporation and extension, with no more than three consecutive incorporation events on

homopolymeric templates (20).

In this study, we attempted to improve on the existing promiscuous activity using molecular
evolution of Therminator DNA polymerase, derived from Thermococcus sp. 9°N-7 DNA
polymerase by mutation A485L and made exonuclease-deficient by mutations D141A and
E143A (93). Using compartmentalized self-tagging (CST) (84), targeted libraries of this
thermostable, archaeal family B polymerase were selected for incorporation of one or two 2’-
deoxyxylothymidine nucleotides (dxTs), followed by a number of natural nucleotides (dNTs).
We report here on the characterization of selected mutants that allowed us to pinpoint a

single amino acid substitution improving dxNT incorporation and translocation.
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4. Experimental section

4.1. Mutant libraries

The synthetic gene was subcloned in a pASK-IBA2 plasmid derivative kindly provided by Misha
Soskine. Mutant libraries were constructed using inverse PCR with partially degenerate spiked
primers. Every nucleobase within a targeted region had a 3% chance of being mutated into
one of the other three bases. Seven positions were partially randomized, the two catalytic
aspartates were not subject to targeted mutation. Nucleotide substitutions within the active
site library (L537 to T547) were calculated to average around 2.4 per mutant, resulting in an
average of 1.8 amino acid substitutions within this nine-amino acid region. Library diversity
was estimated at 8x1075. The minor groove binding region library spanned residues F588-

V596 and T605-E617.
4.2. Compartmentalized self-tagging (CST)

Selection was performed using CST as described by Pinheiro et al. (84), but in the absence of
misincorporation-promoting Mn?* ions, and labelling by incorporation of biotinylated dCTP
during extension. This dCTP was linked to biotin through a 16 atom linker between the biotin
COOH group and the cytosine C5 (forming y-[N-(Biotin-6-amino-hexanoyl-6-aminobutanoyl)]-
5-(3-propargylamino)-2'-deoxycytidine-5'-triphosphate). An oil phase (mineral oil with 4.5%
Span 80, 0.4% Tween 80 and 0.05% Triton X-100) and aqueous phase (1X Thermopol buffer
(New England Biolabs), MgS04 (1 mM), biotinylated dCTP (20 uM), equimolar dATP/dGTP mix
(200 uM), dXTTP (200 uM), primer (0.38 uM), BSA (1 mg/mL), DTT (1 mM), glycerol (10% v/v)
were emulsified in a 4:1 ratio by adding the aqueous phase dropwise to the oil phase while

stirring with a small magnet.

Electrocompetent E. cloni® cells were transformed with plasmid libraries and plated on LB
agar with ampicillin. Colonies grown overnight were harvested by adding LB medium and
gently scraping them from the plates. The suspension (~¥30 mL, ~30 OD) was mixed with
glycerol (60%) in a 3:1 ratio and flash-frozen in 100 pL aliquots. One aliquot was used to
inoculate a 4mL starting culture grown overnight (37°C, 200 rpm). 50 pL overnight culture in
4 mL LB + Amp medium was grown at 37°C, 200 rpm to 0.7 ODggo, induced with AHT, and

grown at 25°C overnight. Cultures were diluted to 1 ODeoo, 100 pL cell suspension was
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centrifuged at 12000 g and supernatant was removed. These cells were added to the aqueous

phase before emulsifying.

The elongation reactions were run for 10 min at 95°C, 15 min at 58°C and 15 min at 72°C. The
primer for the first round of CST required incorporation of GAAAAGXTGC-biotin. In the second
round the selective pressure was increased by requiring incorporation of

AAAAAGGGAAXTAAGGGC-biotin (See Figure S5).

After CST, the emulsion is broken by centrifugation at 13000 g for 5 min and two water-
saturated diethyl ether extractions. Primer-plasmid complexes are purified using spin columns
(GE Healthcare S400 microspin columns) and incubated with magnetic beads (NEB
streptavidin magnetic beads, 4 mg/mL) for at least 1h at room temperature on a rolling
platform. The beads are washed twice with binding buffer (0.5 M NaCl, 20 mM Tris-HCI, 1 mM
EDTA, pH 7.5), once with low salt buffer (0.15 M NaCl, 20 mM Tris-HCIl, 1 mM EDTA, pH 7.5),
and eluted in elution buffer (25 pL of 10 mM Tris-HCI, 1 mM EDTA, pH 7.5). Re-cloning is done
by PCR amplification of the variable half of the Therminator gene using 2 uL of the eluted
fraction as template, and PCR amplification of the non-variable half of Therminator and the
rest of the plasmid backbone from the original wild type, followed by restriction digestion and

ligation of both fragments to reconstitute the original plasmid.
4.3. Polymerase activity assay

After selection, libraries enriched in mutants with improved incorporation activity were
screened using a previously described polymerase activity assay (17). Re-cloned plasmid
libraries were used to transform E. cloni® cells (Lucigen) using electroporation and plated on
LB + Amp agar plates. Colonies were inoculated in a 96-well plate with deep, rounded wells.
Cells were grown in 400 pL cultures, induced to express the polymerase with
anhydrotetracyclin (AHT) at 25°C and 200 rpm overnight, and lysates were prepared for each
mutant by heating 20 min at 80°C, centrifuging and resuspension in 1X Thermopol buffer (20
mM Tris-HCI, 10 mM (NH4)2S04, 10 mM KCI, 2 mM MgSQg, 0.1% Triton X-100 at pH 8.8). The
elongation reaction uses the cell lysate as a source of polymerase, and a biotinylated primer
is elongated with a template that requires incorporation of the sequence
AAGGGAAXTAAGGGC using dATP, dGTP, dCTP and dxTTP, followed by an non-T sequence that

will hybridize with a DNA probe (through an intermediary linker). Polymerase mutants that
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succeed in incorporation of dxTTP opposite of the templating adenine and elongating past the
resulting distortion produce elongated primers that can bind this DNA probe, which carries a
digoxigenin group. After binding the primers to a streptavidin-coated 96-well plate, duplex
denaturation and washing with PBST (125 mM NaCl, 16.6 mM Na;HPOQO4, 8.43 mM NaH,PO4,
0.2% (v/v) Tween 20, pH 7.2), they are incubated with an anti-digoxigenin antibody fused to
horseradish peroxidase (HRP) (dilution 1:10,000). After washing away non-specifically bound
probes and antibodies with PBST, the chromogenic substrate TMB (100 pL) is added which
turns blue in the presence of HRP. The ODaso nm is an indication of the amount of fully
elongated primers, and larger signals correlate with more active polymerase containing

lysates.

4.4. Polyacrylamide gel electrophoresis (PAGE)

Elongation of 5’ Cy5 tagged fluorescent primers was performed with templates that introduce
different or increasing requirements for the DNA/dxNA polymerases. Reactions of 20 pL (1x
Thermopol buffer, 1 mM MgS0a, 250 nM template, 125 nM primer, 100 uM d(x)NTPs [unless
specified otherwise] and 2 plL purified polymerase) were incubated in a T300 Thermocycler
(Biometra, Gottingen, Germany) at 72°C, 5 pL samples were taken at indicated times after a
short spin using a tabletop centrifuge and quenched in 10 pL quenching buffer (95%
formamide, 18mM EDTA, 0.025% SDS and 0.05% bromophenol blue). Denaturing
polyacrylamide gels were prepared with acrylamide (15%) and urea (7 M) in TBE buffer (89
mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8) with 0.08% APS and 0.04% TEMED. Samples of
2 pL were loaded (estimated to contain roughly 70 pmol primer per sample). Constant
currents were set at 25 mA (single gel) or 50 mA (two gels). Gel dimensions were 20 cm x 30
cm x 1 mm. Gels were imaged on a Typhoon FLA 9500 (GE Healthcare Life Sciences) at 635

nm.

4.5. Protein purification

E. coli cell cultures containing the pASK-IBA plasmid encoding the Therminator exo” wild type
or mutant polymerase were grown in LB with ampicillin (4 mL) at 37°C, 200 rpm up to an ODsoo
of 0.7. Expression was induced using AHT and 100 mL cultures were grown overnight in LB
with ampicillin at 25°C. These were then centrifuged at 3400 g in 50 mL falcon tubes for 12

min. The cell pellet was resuspended in 30 mL phosphate buffer (50 mM, pH 7.5) with 1 mM
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MgCl; and 20 pL of DNasel (1 U/uL), frozen at -80°C for 20 min, thawed at 37°C, and ~10 mg
of lysozyme and 60 uL Triton X-100 were added and incubated at room temperature for 30
min. This suspension was then sonicated twice for 90 s and centrifuged at 4°C at 3400 g. The
supernatant was heated to 80°C for 20 min and centrifuged (15 min at 4°C, 3400 g). His-tag
carrying polymerases were purified from the supernatant using Ni-NTA resin in PD miniprep
G-25 columns. Expression levels were estimated using SDS-PAGE and relative concentrations

(mass per volume) were normalized by dilution to roughly 25 pg/mL.

4.6. Mass Spectrometry

Elongation reactions of 80 uL each were run for 6 cycles of 30 min at 72°C and 1 min at 30°C,
with 20 UM primer (5'"CAGGAAACAGCTATGAC3'), 20 Y template
(5’CGCTGCCGCAGTCATAGCTGTTTCCTGCC3’ for dxTTP, 5"CGCAGCCGCTGTCATAGCTGTTTCCTG
CC3’ for dxATP), 100 uM d(x)NTPs, Thermopol buffer,) MgSOa4 (1 mM) and purified polymerase
(8 pL). Samples were purified twice by ethanol purification. Electrospray ionization mass
spectra were obtained in negative ion mode on a quadrupole/time-of-flight mass
spectrometer (Synapt G2, Waters, Milford, MA) equipped with a standard ionization source.
The instrument was tuned to a resolution of 15000 (full peak width at half maximum) and the
mass accuracy of the instrument was 1 ppm or better using leucine enkephalin as internal
calibrant (lock mass). Masses for the oligonucleotides were obtained by deconvolution of the

spectra using the MaxEnt algorithm of the software (MassLynx 4.1, Waters).
4.7. High-Performance Liquid Chromatography (HPLC)

HPLC on a C18 reversed-phase column (PepMap 0.5 x 15 mm, LC Packings, Amsterdam, The
Netherlands) was performed using a buffer containing N,N-dimethylaminobutane (DMAB,
Acros, Geel, Belgium) as ion pairing reagent and 1,1,1,3,3,3-hexafluoro-2-propanol
(hexafluoro isopropanol, HFiP, Acros, Geel, Belgium). In brief, the solvent system consisted of
acetonitrile 84% (vol/vol) (Fisher Scientific, Loughborough, UK) as organic phase and DMAB
0.05% (vol/vol) with HFiP 1% (vol/vol) in water as aqueous phase (pH 8.0). Oligonucleotides
were eluted with a flow rate of 12 uL/min applying a gradient starting at 2% organic phase
and increasing by 2% per minute during 15 min. The concentration of the oligonucleotide

samples was around 10 uM and between 30 and 480 pmol product was injected per run.
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5. Results

5.1. Library construction, selection and screening

Mutant libraries were designed based on the crystal structure of the Therminator precursor,
9°N DNA polymerase bound to DNA (PDB 4K8X). Six regions of the protein in close contact
with DNA were defined and partially randomized in exonuclease deficient (exo’) Therminator,
so as to allow for a local high amount of mutations. Of the six libraries, two were used in this
study (active site library and minor groove binding region library; see Experimental section).
The polymerase catalytic Asp residues themselves were left unchanged. These libraries
underwent selection by compartmentalized self-tagging (CST) (84) for the incorporation of
dxT. Two modifications of this CST protocol were made: primers were tagged by biotinylated
dC incorporation, given that short and destabilizing extension was expected, and no Mn?* was
added. The template sequences were chosen such that 9 nucleotides needed to be
incorporated (the 7t" of these being a dxT) in the first round of selection, and 18 in the second
round (the 12t™ being a dxT), before incorporation of a first biotin-dC. This relatively low
selective pressure was meant to initially select for mutants that can build in one or two dxTs
into DNA and translocate the dxT-induced backbone distortions along the polymerase. The
next logical step would then be to further evolve distortion-tolerant mutants by gradually

increasing the dxT incorporation load.

Resulting clones were screened using a DNA-based ELISA of cell lysate for the presence of
polymerase variants capable of elongating a primer-template complex. Full elongation
required the incorporation and elongation of seven natural non-T nucleotides, a single dxT
and 27 natural non-T nucleotides, consecutively. Elongation downstream of the introduced
modification was probed with a complementary, fluorescently labelled oligonucleotide. Three
of 184 clones scored much higher in signal intensity compared to wild type, the highest of
which was clone E2 (Figure 2.6A). Several clones from the active site library and the minor
groove binding region library were further tested using purified protein and more demanding
templates requiring consecutive and intermittent incorporation of up to four dxTs. The clones
E2 and G8 consistently showed higher ELISA activity compared to wild type and the other
mutants (Figure 2.6C). DNA sequencing revealed E2 to contain a single amino acid

substitution, H545R, and G8 to contain mutations R613H and E617R. Incorporation efficiencies
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of purified polymerase variants E2 and G8 were further characterized by analysis of primer

elongation products with denaturing polyacrylamide gel electrophoresis (PAGE).

5.2. Homopolymeric templates

Three polymerases (Therminator, E2 and G8) were tested with different nucleotide types,
concentrations and incubation times for comparison with previously published (20) dxNTP
incorporation data on Therminator and other polymerases. Both Therminator exo’, for
simplicity further denoted as Therminator or wild type, and mutant E2 are capable of
incorporating up to two consecutive dxTs and up to three dxAs on homopolymeric polyA and
polyT templates, respectively (Figure 3.2). Mutant G8, which had shown promise in the ELISA
screening, performed similar to E2 with dxA as a substrate, however incorporated virtually no
dxT. Because the E2 mutant performed much better than G8, G8 was not tested further. While
both wild type and E2 polymerases extended all primers with at least one dxNT within 5 min,
the wild type took 45 min to elongate all primers with a second dxNT. In contrast, E2 only

partially added a second dxNT under the same conditions.

Incubation with different equimolar nucleotide concentrations of dNTPs and dxNTPs showed
that the lowest concentration of 100 uM was optimal to evaluate incorporation. Increased
concentrations of up to 200 and 500 uM did not visibly improve the dxNT incorporation rate,
but did increase misincorporation rates in the otherwise more accurate E2 polymerase.
Therefore, all further elongation reactions were performed with 100 uM nucleotides. These
were kept equimolar to minimize anticipated incorporation bias due to concentration

differences.

To investigate effects of dxA and dxT combination on primer elongation by wild type and E2
polymerase, templates were used requiring the incorporation of different combinations of
three dxA and dxT nucleotides (Figure 3.3). For all these templates, only up to two dxNTs were
incorporated, with no visible difference in incorporation efficiencies between dxA and dxT.
The only exception was incorporation against the ATT template where trace amounts of +3
product was possibly formed by E2, quantifiable by digital image analysis. The presence or
absence of dGTP and dCTP in the reaction mixture showed no significant difference, neither

did TAT or ATA templates (Figure S2).
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Figure 3.2: Effects of nucleotide type, nucleotide concentration, and incubation time on primer
elongation products from homopolymeric templates by Therminator exo  (TH) and mutant
polymerases E2 and G8.

A) Primer-template complex requiring incorporation of dxNT (template in bold). Elongation products
after 5, 15 and 45 min. Lanes 0, 1, 2 and 5 are with dxTTP concentrations of 0, 100, 200 and 500 uM
dxTTP. Misincorporation controls are with dATP, dGTP and dCTP but without either dTTP or dxTTP.
Positive controls (top right) with 100 uM dTTP. B) Primer-template complex requiring incorporation of
dxNA (template in bold). Elongation products with 100 uM dxATP. Lanes 5, 15 and 45 are samples
taken after 5, 15 and 45 min. P = unextended primer.
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Figure 3.3: Primer elongation with both dxATP and dxTTP by wild-type Therminator exo (TH) and
mutant polymerase E2.

The TAA template (XXX = TAA) was designed to allow incorporation of one dxA and two dxT, the inverse
with the ATT template. Reactions ran with dxNTPs in the absence or presence of additional dGTP and
dCTP. Samples were taken after 5, 20 and 90 min. Right: positive control with natural dNTPs. P =
unextended primer.

5.3. Elongated of two incorporated dxTs with dNTPs

Our observation that extension blocks after two dxNTP incorporations brought up the
guestion whether elongation stops because no more nucleotides can be incorporated beyond
two consecutive dxNTs, or because the polymerase cannot incorporate three consecutive
dxNTs. When templates are used that require not only the incorporation of two initial dxTs
but also elongation with non-T dNTs, E2 showed a distinctly higher activity compared to
Therminator exo™ (Figure 3.4). It took the wild type up to 45 min to produce small amounts of
full-length products, while E2 already showed some complete elongation within 5 min and
38% of primers are fully elongated after 45 min. However, in the absence of dTTP and dxTTP,
full-length products were also produced. This indicates that two consecutive mismatches did
not stall either polymerase and raises the question whether full-length products observed in
the presence of dxTTP were formed after genuine dxT incorporation, or were due to non-T
mismatches (see further mass spectral analyses, which show the presence of extended

products containing a dxNT).
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Figure 3.4: DNA elongation downstream of incorporated dxTTP by wild-type Therminator exo and
the E2 and G8 mutants.

Samples were taken after 5, 25 en 45 min. P = unextended primer. All reactions were in presence of
dATP, dGTP and dCTP. Either dxTTP, dTTP or no further nucleotides were added. Bold: templating
bases requiring incorporation of dxNT.

5.4. Elongation with alternating dxNTs and dNTs

Because two consecutive dxNTs impede elongation with a third dxNT while extension with a
large number of dNTs is possible, we tested how many local dxNT-induced distortions could
be tolerated, and how close they can be spaced. Elongation reactions that required the
immediate incorporation of one or two dxNTs, followed by either 1, 2, 4 or 6 natural
nucleotides, another dxNT and a stretch of dNTs showed very little end product with the wild
type polymerase, while E2 did produce measurable amounts (Figure 3.5). Either dxTTP or
dxATP was used as substrate, in combination with the other three normal dNTPs. dxA was
incorporated and extended more efficiently, and the amount of full-length product was
substantially increased, but the overall patterns were the same. Unextended +1 and +2
products were present in E2 polymerase reactions, but mostly in wild-type reactions,
especially with dxTTP as substrate. Yields were higher for the incorporation of a single dxNT
compared to two consecutive ones. However, increasing the distance to the next dxNT did not
significantly affect full-length product vyields, rather the total number of dxNTs in the

elongated sequence seems to be the determining factor for production of full-length products.
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Intermediate products accumulated at the first two incorporation steps, as well as at the step

prior to incorporation of a next dxNT.

To investigate the effects of the number and distance between 2’-deoxyxylose-induced
distortions on polymerase activity, templates were used that required the incorporation of
between 1 and 5 equally spaced dxNTs within a stretch of 10 nucleotides, followed by further
incorporation of dNTs to a total length of +20 (Figure 3.5). Again, dXATP appeared a better
substrate than dxTTP. Main intermediate elongation products accumulated prior to
incorporation of the second dxNT (roughly one third of the elongation products made by E2
in the presence of dxTTP substrate after 90 min). For templates where the dxNT spacing is
close, intermediates were formed at nearly every incorporation step. The wild-type
polymerase did not produce full-length products, except small amounts (5%) from the least
challenging template requiring incorporation of one dxT, and did not produce measurable
amounts of intermediates longer than +5. In contrast, E2 produced full-length products for all
but the most demanding template requiring five dxNT incorporations in close succession,
although in very low amounts, which are probably in part the result of misincorporation
elongation. Nevertheless, synthesis of a dxNT-containing primer strand (as in reaction 3B,
Figure 3.5B) implies the possibility of elongating and translocating a large amount of steric
distortions. While the data cannot conclusively show that this sequence is produced with high
fidelity, it does show that E2 can nevertheless tolerate substantial distortions. In the case
where a single dxT was to be incorporated, followed by 19 dNTs (Figure 3.5A, reaction 3D),
the majority of primer molecules were fully elongated, showing that in a reaction very similar
to that in CST selection, E2 readily incorporates a dxNT into DNA and clearly outperforms the

wild type.



P 1A 1B 1C 1D

74 | Chapter 3

1A: ACACCGTCGC
1B: ACGACGTCGC
1C: ACGCCATCGC
1D: ACGCCGTAGC

5'Cy5-CAGGAAACAGCTATGAC

3!

2A° AAGACGTCGC
2B. AAGCAGTCGC
2C: AAGCCGACGC
2D: AAGCCGTCAC

GTCCTTTGTCGATACTGXXXXXXXXXXTTCGGTCTTG

3A: ACACAGACAC
3B. ACGACGACGA
3C: ACGCAGTCAC
3D: ACGCCGTCGC

1A 1B 1C 1D 2A 2B 2C 2D 2A 2B 2C 2D 3A 3B 3C 3D 3A 2B 3C 3D

TH

E2

TH E2

TH

E2

+ 3A 3A 3B 3B

TH E2 TH E2

1A TCTCCGACGC
1B: TCGTCGACGC
1C: TCGCCTACGC
1D: TCGCCGATGC

+ dxTTP, dATP, dGTP, dCTP

5'Cy5-CAGGAAACAGCTATGAC

3!

2A: TTGTCGACGC
2B: TTGCTGACGC
2C: TTGCCGTCGC
2D: TTGCCGACTC

GTCCTTTGTCGATACTGXXXXXXXXXXAACACAAGGG

3A: TCTCTGTCTC
3B: TCGTCGTCGT
3C: TCGCTGACTC
3D: TCGCCGTCGC

+ dATP, dGTP, dCTP

1A 1B 1C 1D 1A 1B 1C 1D P 2A 2B 2C 2D 2A 2B 2C 2D 3A 3B 3C 3D 3A 3B 3C 3D *

3A 3A 3B 3B
TH E2 TH E2

+dTTP, dGTP, dCTP

TH E2 TH E2 T™H E2
+ dxATP, dTTP, dGTP, dCTP

Figure 3.5: Elongation by polymerases Therminator exo” (TH) and E2 using templates requiring mixed
dxNT and dNT incorporations.

Samples were taken after 90 min. A) Elongation with dxT. Templates 1A, 1B, 1C and 1D require
incorporation of one dxT, followed by 1, 2, 4 or 6 dNTs respectively, another dxT, and dNTs to a total
length of +20. Templates 2A, 2B, 2C and 2D require the same but with two initial dxTs instead of one.
Templates 3A, 3B, 3C and 3D require incorporation of 5, 4, 3 or 1 dxT over 10 bases, followed by 10
dNTs. B) Elongation with dxA, similarly to panel A, with the exception that template 3D requires two
spaced dxA instead of one. + = positive control with TH and dNTPs. Misincorporation controls (right
gels in panels A and B) are performed without dxNTP using templates 3A and 3B.
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5.5. Terminal transferase activity

Because the full-length products often showed distinct bands that were longer than
anticipated, and to find out if these polymerases are able to perform template-independent
elongation, elongation reactions were performed with a blunt-ended primer-template
complex (Figure 3.6). Reactions with each of the four natural nucleotides were incubated in
parallel. Wild-type polymerase extended the majority of the primers with an untemplated
nucleotide already within 15 min, the exception being dC, which was added to only half of the
primers. In contrast, E2 took 45 min before showing visible +1 products in the presence of
dATP or dGTP, which did not increase by much over the next 45 min. Wild-type polymerase,
on the other hand, showed partial addition of a second purine nucleotide in the absence of a

templating base after 90 min of incubation.

5'Cy5-CAGGAAACAGCTATGAC
34 GTCCTTTGTCGATACTG

15 min
45 min g
+2 +2
+1 ' : +1
+0 .. e 0
- AT GC - AT G C
90 min : '
+2 - - +2
+1 - = +1
+0 - D - —— O
- AT GC - ATGC

Figure 3.6: Terminal transferase activity by polymerase Therminator exo  (TH) and the E2 mutant on
a blunt primer-template complex.

Either dATP, dTTP, dGTP or dCTP (100 uM) was tested as substrate.
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5.6. Specificity for 2’-deoxyxylose versus arabinose nucleotides

Successful selection on dxNT incorporation can result in increased specificity for dxNT but also
a more general broadening of promiscuous activity, while at the same time being constrained
by the need to be able to still produce DNA. Based on previous results in our lab, promiscuous
activity for ANA by Vent polymerase was shown. We therefore tested incorporation of
arabinonucleotides, which have a sugar pucker very similar to DNA, even though the arabinose
sugar in the backbone is an epimer of the ribose in RNA nucleotides. We expect that a
tolerance mechanism that merely removes steric hindrance created by backbone distortions,
which makes DNA-protein interactions less specific (for example by widening the groove
through which the formed nucleic acid translocates) would also show improved activity for
other xenonucleotides that can be promiscuously incorporated by the wild type. On the other
hand, increasing specificity for dxNTPs can come at the expense of activity for other
(xeno)nucleotides. A homopolymeric polyT template (T20) and a template with five Ts
alternated with single non-Ts ((TV)sVi0) were used to elongate a primer in presence of

arabinose adenosine triphosphate (araATP) and natural nucleotides as a control (Figure 3.7).

Using the template T,o, the wild-type polymerase readily incorporated 15 to 18 araA within 15
min, while E2 stalled after two and incorporated no more than four nucleotides. The ladder of
products extending beyond the expected maximal length may be explained by polymerase
slippage by cycles of polymerase dissociation, followed by mismatched reannealing of the

primer-template complex, polymerase re-association and further elongation(114, 115).

Reactions requiring either incorporation of five araAs alternated with a non-A dNT, or of araAs
only, quickly yielded full-length products (of both expected length and slightly longer ones) by
the wild type. On the (TV)sVio template, E2 first accumulated araA-containing +6 extension
products, and produced a majority of full-length products after 90 min only, and could

incorporate no more than four consecutive araAs on the T,o template.
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Figure 3.7: Specificity for arabinose adenosine triphosphate (araATP) versus natural dATP substrates
of wild-type polymerase (TH) and the E2 mutant.

dGTP, dTTP and dCTP were also added when using template (TV)sV1o, with V = non-T. Samples were
taken after 15, 45 and 90 min. P = unextended primer.
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5.7. dxNT versus mismatch incorporation

Mass spectrometry was used to distinguish genuine dxNT from mismatch incorporation.
Templates required incorporation of one dxNT and nine dNTs. Because dxNTs and their
natural isomeric counterparts cannot be distinguished by mass alone, none of the reactions in
this study were incubated with both isomers combined. Therefore, masses consistent with the
addition of a matching nucleotide in the absence of the natural one were used to indirectly
verify of incorporation of the correct dxNT. Elongation products were shorter than expected
from PAGE gels, presumably due to the much larger DNA-to-polymerase ratio in the reactions.
Nevertheless, elongation products were found where either dxA or dxT was incorporated and
extended with the correct natural nucleotide (Figure S3). In the presence of an obligate dxTTP,
the Therminator (exo”) polymerase performs purine misincorporations but in lower relative
amounts compared to dxT incorporation (Figure S4). Such misincorporations were not
observed using E2, or in the presence of an obligate dxATP for either polymerase. Mixtures of
only three of the four dNTPs yielded misincorporation and elongation products to up to +7
nucleotides. All four bases were prone to misincorporation, with dA misincorporation
dominating in the absence of d(x)TTP (Figure S4). Misincorporated dNTs were also less
elongated by E2 compared to wild type. Using wild type in the presence of four natural dNTPs

produced mostly full-length product extended by one extra dA (Figure S4).
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6. Discussion

Despite their chemical similarity to natural nucleotides, dxNTPs are a challenging substrate for
DNA polymerases. Their sugar ring conformation in dxNA has an C3’-endo pucker (see Figure
3.1), like RNA and A-DNA, compared to C2’-endo pucker of B-DNA (19). The 3’-hydroxyl is
inverted compared to DNA (Figure 3.1), and even though this structural difference with a dNTP
is limited, they are still incorporated less efficiently by most tested polymerases (20), including
Therminator DNAP and the Therminator M3 mutant. This M3 mutant has a single substitution
(L408Q) that confers increased activity for ribonucleotides and C5-modified nucleotides (116),
and also shows promiscuous but low activity for dxTTP and dxATP incorporation, comparable
to the activities of wildtype Therminator and 9°N exo”. We confirmed that the incorporation
of a first dxT or dxA by the 9°N and related DNA polymerases is still relatively fast compared
to producing full-length products. The latter can take up to 90 min to yield visible bands in
PAGE, while substantial amounts of primer extended with at least one dxNT can already be
observed in 5 min samples. Once incorporated and further extended by a second dxNT, these
nucleotides are expected to introduce a steric distortion in the backbone that affects the
position of the phosphate and the relative orientation of the sugar ring and nucleobase,
potentially inducing additional distortions in upstream and downstream primer nucleotides
through neighbour effects, as well as in the opposite template strand. This is presumably the
main difficulty for elongation of a dxNA backbone by a DNA polymerase (more so than
incorporating the synthetic nucleotide substrates themselves). These distortions may interact
with multiple residues in the DNA polymerase thumb domain during translocation. Since there
are many points of contact between the thumb domain and the template and primer (Figure
3.8), and the thumb domain wraps tightly around most of the duplex for roughly one helical
turn, blocked translocation rather than incorporation of dxNTs may become the elongation

limiting step.
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Figure 3.8: Diagram of interactions between a primer-template DNA duplex and Therminator DNA
polymerase based on a 9°N crystal structure (PDB 4K8X).

Dark blue: template; light blue: primer; orange: phosphates of the nucleotide substrate. The primer
3’-0OH and incoming nucleotide are organized by a network of amino acid residues, catalytic Mg** ions,
the triphosphate group and water molecules (not shown). The DNA duplex is tightly bound by the
polymerase for roughly one helical turn, mostly by positively charged residues from the thumb domain.
Solid lines: hydrogen bonds and ionic interactions. Dotted lines: polar contacts. The side chain of the
mutated Arg (red) in the polymerase E2 mutant is positioned to make a potent additional interaction
with the primer phosphate backbone.

Bands of elongation products right below the dxNT incorporation band are often observed
when a small number of dxNTs are spaced by at least 3 dNTs (Figure 3.5, templates 1C, 1D, 2C,
2D, 3C and 3D), indicating that incorporation and not extension of incorporated dxNTs limits
elongation. Stalling prior to dxNT incorporation would suggest poor nucleoside triphosphate
binding due to the different sugar ring conformation and/or presence of a 3’-B-OH. However,
when the number of incorporated dxNTs increases and their spacing decreases to one or two
dNTs (Figure 3.5, templates 3A and 3B), other intermediates become more abundant, even
when dNTs are incorporated directly on dNTs. In this case, hampered translocation is also

becoming a significant cause of stalling due to increasingly larger helix backbone distortions
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and potential steric clashes. Intermediates formed at consistent distances from an
incorporated dxNT could be explained by steric checkpoints where a backbone distortion is

most difficult to translocate.

E2 is capable of incorporating up to four dxA if each is spaced apart by two dNTs, and still
producing small amounts of full-length products, implying translocation of the distortions
throughout the polymerase. Incorporation of a dxA-dNT tandem series stalled after extension
of the fourth dxA, and failed to incorporate a fifth dxA. These results indicate that a double-
stranded hybrid dxNA/DNA with at least four closely spaced backbone distortions can be
produced. This is remarkable, given the expected strong backbone distortions in this nucleic
acid. After all, when in 9 bp DNA duplexes three deoxyribose moieties are replaced by 2'-
deoxyxylose, the Tm becomes so low that there is no longer a melting curve for the duplex
(21), meaning these strands do not hybridize in solution. Similar results of a polymerase being
able to elongate a primer-template complex that is not stable/hybridized in solution were
obtained by Tsai et al. with Therminator for DNA polymerization on a GNA template (117) and
by Liu et al. for tPhoNA synthesis and reverse transcription by a TgoT mutant (66). It cannot
be deduced from our data whether the distorted primer-template complex is translocated
while bound to the polymerase by processive elongation, or whether the polymerase
repeatedly dissociates and re-binds, forcing the reannealing of the primer 3’ end, although
advanced dissociation is expected because of the low enzyme concentration used, the
absence of processivity factors and the many instances of forced stalling. In either case, the

polymerase has to provide strong stabilization of a deformed duplex.

When incorporating two consecutive dxNTs, formation of the +2 product would imply
incorporation of a dxNT as well as its extension with a dxNT. Stalling at +2 is seen for every
template that requires either one or two initial dxNTs, which implies that the last
phosphodiester group of the primer (Figure 3.8) is specifically affected by a newly
incorporated and extended dxNT. We therefore hypothesize it to be a main steric checkpoint.
In the crystal structure, this phosphate is in very close contact with residues H545, R606 and
Y594 (Figure 3.9). H545 is packed in a hydrophobic pocket with several aromatic residues, and
interacts indirectly with the backbone through hydrogen bonding with water molecules and

residue Y594. In polymerase variant E2, the H545R substitution appears to tolerate larger
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backbone distortions, as well as to reduce misincorporation and template-independent

elongation, in spite of slower initial incorporation of dxNTs compared to the wild type.

We presume that the positive charge of R545 is positioned very close to this primer phosphate
group. Since R545 may undergo aromatic stacking with Y402, this could also change the
interactions with other residues and water molecules near or in the active site. Because Arg
has a longer side chain, offers better interaction geometry with phosphates and has a strong
positive charge, it is presumed that this interaction with the most distortion-sensitive
phosphate group stabilizes the +2 product by keeping the phosphate group, and thereby
indirectly also the 3’ hydroxyl group, closer to the conformation needed for extension, rather
than directly improving specificity for dxNT binding and incorporation. The modelling of
H545R suggests that it takes the place of two water molecules next to Y402, adopting their
polar interactions but bringing the positive charge much closer to the phosphate group.
Whereas the wild type can incorporate two consecutive dxNTs efficiently but stalls before
further extension, the H545R mutant incorporates dxNTs more slowly and is able to extend

them, albeit more readily with natural nucleotides.

Other possible effects of the H545R substitution are a general change in protein dynamics
which shifts the equilibrium more towards the closed state or facilitating translocation, or
more large scale secondary structure rearrangements that change the DNA-nucleic acid
interface or active site geometry, especially in the thumb domain where most of the
interactions between the DNA and protein are located. Whatever the mechanism of action, it
must be noted that the H545R mutant remains an efficient, accurate and thermostable DNA

polymerase.
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Figure 3.9: Diagram of the interaction between the primer backbone and residue 545 near the active
site of the 9°N DNA polymerase crystal (PDB 4K8X) and the modelled structure of the dxNT complex,
rainbow coloured from blue N-terminal domain to red C-terminal thumb domain.

Top: interaction between the wild type (WT) H545 and 2’-deoxyribose backbone. Bottom: interaction
between the E2 mutant R545 and 2’-deoxyxylose backbone. An asterisk indicates the inverted chiral
centre of the backbone sugar at position +2. This model was created using MOE (CCG, Canada)
implemented with the AMBER:EHT force field. The dxNT was modelled by inverting the
stereochemistry of the 3’-carbon-oxygen bond in the crystal structure of the wild type complex (PDB
4K8X). The H545R mutation was introduced followed by conjugated gradient energy-minimization of
the residues in a radius of 10 A around the R545 guanidinium head.
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Within archaeal family B polymerases, residue 545 (relative to Therminator) is taken by a
varying aromatic residue (His, Tyr or Phe) within an otherwise very strongly conserved active
site (Figure S1). The precise aromatic residue varies both within and between clades of 51
family B polymerases over a large phylogenetic distance. This implies there is some mutational
freedom at this position, as long as it does not destabilize existing interactions with the
conserved residue Y594 and other nearby aromatic residues. When this residue is mutated to
Lys (data not shown), polymerase activity assays show it to be still active as a polymerase, but
less than the E2 clone, and only for dNTs, implying that merely a positive charge on a long
flexible chain is not sufficient to elicit the improved phenotype for dxNT incorporation and
elongation. To the best of our knowledge, mutation of this residue has not been reported so

far in polymerases evolved to incorporate xenonucleotides.

With regard to fidelity, the H545R mutant appears more accurate than the wild type, at least
under the limited tested conditions. The latter readily adds one, and eventually a second,
untemplated terminal nucleotide (with a large preference for purines) to a blunt ended DNA
duplex, while H545R is nearly inactive. Forced misincorporations (caused by the absence of
one or more substrate nucleotide types) happen at lower relative rates in the H545R mutant,
and while intermediates accumulate, it takes several consecutive misincorporations to
completely stall the polymerases and prevent full elongation. Whether this lower mismatch
incorporation rate in the E2 polymerase is due to an overall lower intrinsic rate of the enzyme,
or mismatch incorporation rates have been lowered relative to canonical incorporation rates,
cannot be deduced from this data since rates of dNT incorporation are comparatively fast and

full-length products are formed within 5 min.

While misincorporation was observed by mass spectrometry in the presence of canonical
dxNTPs as well (Figure S3), the spectra indicated that canonical dxNT incorporation dominates,
especially for the E2 mutant and with dxATP as the modified substrate. Because a large
fraction of primers reaches full elongation from templates requiring one dxNT to be
incorporated, the majority of these full-length products are therefore presumed to contain a
correctly templated and fully translocated dxNT rather than dxNTs acting as extension or
elongation terminators. As expected, misincorporation downstream of a correctly
incorporated dxNT was not observed, implying that the suboptimal orientation and pucker of

the 2’-deoxyxylose sugar group slow down extension but do not negatively affect extension
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fidelity. Because sugar conformation and mispair geometry were suggested to be independent
(118), following nucleotides can still be accurately matched to the template and properly stack

on the nucleobase of the previously incorporated dxNT.

The promiscuity of the E2 mutant for other xenonucleotides was tentatively explored by
comparing incorporation of arabinose- with 2’-deoxyxylose-based nucleotides. The H545R
mutation caused a substantial decrease in incorporation activity for araA both on
homopolymeric dT templates and templates with dTs spaced by a few natural nucleotides.
This suggests that the tolerated distortions could be more specific to 2’-deoxyxylose, rather
than tolerating distortions in general. Evolving towards 2’-deoxyxylose-based nucleotides and
away from 2’-deoxyribose therefore presumably comes with a trade-off for arabinose too.
This difference between distortion tolerances is consistent with an increased preference for
dxNA (and potentially other, structurally similar XNAs), and contradicts a mechanism of merely
opening the thumb and thereby avoiding steric clashes by creating a wide, nonspecific tunnel
that indiscriminately extends everything it can incorporate. This could be tested further with
xenonucleotides that have pseudorotation phase angles which are different from both DNA
and dxNA such as FRNA or TNA (103), as well as those that have modified nucleobases rather

than backbones.
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7. Conclusion

In summary, a polymerase was isolated, using CST, that improved elongation of accurately
incorporated dxNTs by a single H545R amino acid substitution. Many substitutions in
published polymerases that incorporate synthetic nucleotides with sugar modified backbones
are found in the thumb domain and, when present in or near the active site, are rarely in direct
contact with the nucleic acid. This makes the residue at this position, and the other residues
that directly or indirectly interact with it, promising candidates for further targeted
mutagenesis to evolve polymerases that not only incorporate modified nucleotides but are
also able to extend them, thereby aiming at efficient enzymatic transcription of DNA into long-

chain dxNA.
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1. Introduction

This chapter summarizes the efforts of recombining existing mutations to probe for synergistic
epistatic interactions, as well as devising methods for a combinatorial approach on a larger

scale for molecular evolution of DNA polymerases.

A small number of substitutions from the best performing clones were combined in single
proteins, and new ones were introduced to analyse the mutational freedom at these
positions. This however did not result in proteins that are more efficient than either parent

clone.

Based on the best performing mutants so far, new libraries for the T region were also made
on top of these genetic backgrounds. Polymerase activity assays were performed on randomly

picked clones that underwent one round of CST.

Because recombination of promising mutations on a larger scale and in a consistent manner
is not feasible by simply performing separate mutagenesis for each one, a method called
Golden Gate Shuffling (119) (GGS) was used to allow the shuffling of variation between two
or more regions of the polymerase. This is a method where at least nine different DNA
fragments can be combined in a fixed order in a single pot reaction. Each of these fragments
can be a fixed sequence or a library. The potential for recombination is very large. For example,
if one would have a gene with three independently mutated regions that underwent selection,
resulting in enriched libraries of 100, 500 and 1000 different mutants from initial libraries of
size 10°, there are 1600 clones available from the original 3x10°. Recombining these using GGS
can theoretically produce 5x107 new variants, which is more than the three starting libraries
combined, and all of these are already strongly biased towards functionality. This then allows

new rounds of selection but from larger and higher quality libraries.

Efficient and well controlled GGS reactions could, in theory, generate large amounts of new
variation after selection has strongly reduced it. This new variation will then consist of
combinations of mutants that are already more likely to be beneficial. Additionally, it allows
the combination of mutations that are too far apart in their sequence to be part of the same

library region.
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Figure 4.1: Overview of the Golden Gate Shuffling strategy.

PCR is performed on mutant plasmid libraries to produce linear DNA fragments flanked by two
consecutive unigue position marker sequences (labelled “f’) on each side. Simultaneous digestion and
ligation with a first type Il restriction enzyme allows ligation into an entry vector. Digestion and ligation
with the second type Il restriction enzyme together with the destination vector (shown with the SacB
fragment already cut out) reconstitutes the complete plasmid. The resulting recombined proteins can
then be selected on or screened for improved activity. Digestion/ligation insert adapted from Engler
et al. (119). Copyright 2009 Public Library of Science.

Finally, a technique called VersaTile Shuffling (120) (VTS) was implemented as a proof of
principle method for introducing new variation in a protein evolution experiment. The VTS
technology was used in collaboration with Prof. Rob Lavigne (Laboratory of Gene Technology)
and Prof. Yves Briers (Laboratory of Applied Biotechnology, Ghent University) in the context

of a patent application for this VTS technology.

While GGS is limited by homology at the sites of overlap, VTS allows for recombining
completely independent protein fragments in fusions, by introducing flexible, short linkers
between the fragments of two amino acids long. Because homology is no longer a constraining
factor, any protein fragment can be fused and shuffled in principle. However, in the case of a
thermostable DNA polymerase the high reaction temperatures require that the shuffled
fragments fold independently and remain stable, without hindering the folding of the rest of

the enzyme as well.
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This method was used to exchange a peptide loop from the bacteriophage $29 DNA
polymerase with the structurally homologous, but sequence-divergent, loop in DNA
polymerase Therminator. This loop was chosen because it is known to be responsible for the
high processivity and strand displacement activity of $29 polymerase. Grafting this loop in
Therminator polymerase, which has a similar fold and DNA binding location, could therefore
potentially introduce higher processivity, which in turn could decrease the chance of

dissociation during stalling when incorporating dxNTs.
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2. Materials and methods

2.1. Quickchange mutagenesis

Primer couples for mutagenesis were designed to be complementary to each other at their 5’
ends. Primers are complementary to the plasmid template, except at positions to be mutated,
with at least 10 matching bases upstream and downstream of the introduced mismatch. Non-
strand displacing polymerase (Pfu) was used to synthesize nicked circular strands. The
parental plasmids were digested by Dpnl at 37 °C for one hour to reduce template background.
The nicked circular dsDNA carrying the wanted mutations was then used for transformation

directly as previously described (see section 2.4).
2.2. Golden Gate Shuffling (GGS)

GGS fragments were designed in such a way that each library region is contained in a separate
fragment, as well as the remaining non-variable part of the protein. The ends of each fragment
lay in a region of the genes for the DNA polymerases Therminator and Vent where both are
completely identical, as these are the position markers where the DNA fragments will be
ligated. GGS fragments are therefore constrained by the sequence identity of these four
nucleotides, and the two codons they are part of. An added constraint is that each Vent region
library prepared by Dr. Yves Peeters was also contained in these fragments, even though these
Vent and Therminator library sequences do not completely overlap. The fragment-encoded

protein segments are shown in Figure 4.2, each in a different colour.
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Figure 4.2: Therminator DNA polymerase protein segments delineated for GGS.

Protein segments corresponding to GGS fragments are shown in a different colour: beige for the non-
variable part of the protein (containing the N-terminal and exonuclease domains), orange for fragment
2 (region N), yellow for fragment 3 (region F), red for fragment 4 (region A), blue for fragment 5 (region
M), green for fragment 6 (region P) and pink for fragment 7 (region T). The DNA duplex is shown in
grey. The two amino acids that correspond to the junction between fragments are shown in purple.
The image was made in PyMol.

DNA fragments were produced by PCR, with each primer overlapping with the complementary
primers of the adjacent fragment at the junctions, and containing 5’ Bsal (GGTCTC(1/5)) and
Sapl (GCTCTTC(1/4)) or Bpil (GAAGAC(2/6)) restriction sites (see Table 4.1, where boxes
indicate recognition sequences and unique position markers are underlined). Fragments 1 and
7 required Sapl instead of Bpil because of the presence of a Bpil cutting site in those DNA
fragments. PCR reactions for fragments 2, 3, 4 and 6 were regular PCR reactions with an
annealing temperature of 3 °C above the Tm of the primer with the lower Tm of the primer
couple, and 35 cycles. Fragments 1, 5 and 7 did not produce a product in these conditions, for
these fragments a touchdown PCR was used with an annealing temperature of 10 °C above
the Tm of the primer with the lower T of the primer couple, decreasing by 0.5 °C per cycle,
with 20 cycles. PCR products were purified with a PCR purification kit, were eluted in 35 pL
elution buffer, of which 30 pL was loaded on an agarose gel for gel extraction. This procedure

was performed multiple times in parallel for reactions with lower yields.
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Table 4.1: PCR primers for generating DNA fragments for Golden Gate Shuffling.

Oligonucleotide Sequence

GGS_FralF TGT [GCT CTT] CTA GAG GTC TCA CCA TGA TCC TGG ACA CCG AC
GGS_FralR TGT |GCT CTT} CGC TT|G GTC TCA GTIT ACG TTT GTA AGC TTT ACG CAG
GGS_Fra2F TGT |GAA GA(Q TAT AGA |GGT CT(] ATA ACG AAC TGG CTC CGA AC
GGS_Fra2R TGT |GAA GAQ TAG CTT |GGT CTC TGA AGT CTT TGC AGA ATT TGT GAC C
GGS_Fra3F TGT |GAA GA(] TAT AGA |GGT CT(Q ACT TCC CGG GTT TCA TC
GGS_Fra3R TGT |GAA GA(Q TAG CTT |GGT CT(C ATC ACG GAT AAC CAT TTC GAT G
GGS_FradF TGT |GAA GA(Q TAT AGA |GGT CT(C AGT GAA CTG GAG GAG AAA TTC
GGS_Fra4R TGT [GAA GAQ TAG CTT [GGT CTC| ACA GGA ATT CTT TAG CTT TTT TTT TAA
CGa
GGS_Fra5F TGT |GAA GA(Q TAT AGA |GGT CTC ACC TGA AAT ACA TCA ACC CGA AAC TG
GGS_Fra5R TGT |GAA GA(Q TAG CTT |GGT CT(C ACA ACG TCA CCG TGT TTC AGG
GGS_Fra6F TGT [GAA GA(Q TAT AGA |GGT CT(C AGT TGA AGA AGC TGT TCG TAT C
GGS_Fra6R TGT [GAA GA(Q TAG CTT |GGT CTC AAC CAC GAG CAG CCA G
GGS_Fra7F TGT |GCT CTT] CTA GAG GTC TCA TGG TGT TAA AAT CCG TCC GGG TAC
GGS_Fra7R TGT |GCT CTT) CGC TTG GTC TCA TAC TTT TTA CCT TTA ACT TTC AGC C

PCR fragments were ligated into an entry vector (pVTSE) by mixing 100 ng of the entry vector,
50 ng of the fragment insert, 10 U Bpil or Sapl (depending on the fragment), 3 U T4 DNA ligase
and T4 DNA ligase buffer in 20 uL reaction volumes. This reaction was incubated for 2 min at
37 °Cand 3 min at 16 °C, which cycled 30 times, followed by 5 min at 50 °C and 5 min at 80 °C.
The presence of a restriction enzyme that cuts outside of its own recognition sequence
(removing it from the fragment) and a ligase makes ligation of the DNA fragments essentially
irreversible. The ligation mixture was used directly to transform E. coli TOP10 cells, which were
plated on LB agar plates with 5% sucrose for negative selection on entry vectors without insert
that still contain the SacB gene, and 100 pg/mL ampicillin to select for plasmid presence.
Colonies were then picked and grown for plasmid preparation. These pVTSE and pVTSD
vectors were designed for the VersaTile Shuffling protocol (see the following section) but

could be adapted for Golden Gate Shuffling.

The entry vectors then each contain one fragment, and can reconstitute the original plasmid
by repeating the previous digestion-ligation reaction, but with Bsal as the restriction enzyme,
a destination vector (pVTSD), carrying a SacB cassette and a kanamycin (Kan) resistance gene,
instead of the entry vector pVTSE, and 50 digestion-ligation cycles instead of 30. The resulting
plasmid, when reconstituted, is a slightly modified pASK plasmid with a Kan instead of Amp

resistance gene, and is used to transform electrocompetent E. cloni® cells and can be used for
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protein expression or CST. When needed, the Therminator gene can be re-cloned seamlessly

into the original pASK vector using the standard CST re-cloning primers.

2.3. VersaTile Shuffling (VTS)

The VersaTile Shuffling (VTS) protocol differs from GGS in the used primers (see Table 4.2,
primers are labelled similarly to Table 4.1), which introduce two-amino acid linkers between
the fragments to be shuffled. The entry and destination vectors (pVTSE and pVTSD) were
designed for VTS but could also be used for GGS. PCR fragments were ligated into an entry
vector (pVTSE) by mixing 100 ng of the entry vector, 50 ng of the Tile insert, 10 U Bpil, 3 U T4
DNA ligase and T4 DNA ligase buffer in 20 ulL reaction volumes. This reaction was incubated
for 2 min at 37 °C and 3 min at 16 °C, which cycled 50 times, followed by 5 min at 50 °C and 5
min at 80 °C. The ligation mixture was used directly to transform E. coli TOP10 cells, which
were plated on LB agar plates with 5% sucrose for negative selection on entry vectors without
insert that still contain the SacB gene, and 100 pg/mL ampicillin to select for plasmid presence.
Colonies were then picked and grown for plasmid preparation. Dennis Grimon (Laboratory of
Gene Technology) supplied pVTSE and pVSTD vectors and performed the ligation and

transformation reactions for both the GGS and VTS protocols.

VTS was used to exchange most of a specific loop (29 amino acids of the TPR2 loop) from the
®29 DNA polymerase with a structurally homologous loop in Therminator (3 amino acids
long). Tiles 1 and 2 did not yield PCR products in the fragment-generating PCR described above
in the GGS protocol. Therefore tile 1 was produced using the same touchdown PCR method
as described for GGS tiles 1, 5 and 7, and tile 2 was generated using 4 oligonucleotides (see
Table 4.2) that hybridize with each other so the fragment could be produced by filling in the

single-stranded gaps.
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Table 4.2: Primer and oligonucleotide sequences used in VTS.

Oligonucleotide Sequence

VT_TilF TGT |GCT CTT| CTA GAG GTC TCA CCA TGA TCC TGG ACA CCG AC

VT_TilR TGT [GCT CTT| CGC TT|G GTC TCA GCA CCA GCG TAA CCG TAG TAA C

VTS_oligo_1 TGT |GAA GAC|] TAT AGA |GGT CTC GGT_GCT CCG GAC GTG ACC GGG AAG

VTS_oligo_2 AAG CCC AAA GCA CCG TTT TCC TTC AGG TAC GGA ACC TTC CCG GTC ACG
TCC

VTS_oligo_3 GGT GCT TTG GGC TTT CGT TTG GGT GAG GAA GAG ACT AAG GAT CCG GTG GC

VTS_oligo_4 TGT [GAA GAC] TAG CTT [GGT CTC GCC TGC CAC CGG ATC CTT AGT C

VT_Ti3F TGT [GCT CTT| CTA GAG GTC TCG CAG GCT GGT ACT GCA AAG AAT GCG CTG

VT_Ti3R TGT [GCT CTT| CGC TT|G GTC TCA TAC TTT TTA CCT TTA ACT TTC AGC C

The four oligo’s overlap with 16, 14 and 18 bp respectively. For this reaction, 15 uL of each
oligo (8 uM) was mixed to be equimolar, and hybridized by incubating for 3 min at 90 °C and
slow cooling to room temperature. 10 plL of this mixture was added to 5 uL of oligos 1 and 4
(20 uM), and Phusion DNA polymerase (2U), Phusion buffer, and dNTPs (0.2 mM) to a reaction
volume of 50 pL. This reaction was then incubated for a standard Phusion PCR reaction (30
cycles, annealing temperature of 58 °C). Plasmids were reconstituted by mixing 100 ng pVTSD,
50 ng of each tile-carrying pVTSE, 1U U Bsal, 3 U T4 DNA ligase and T4 ligase buffer in reaction
volumes of 20 uL. Reactions are then cycled 50 times at 37 °C for 2 min and 16 °C for 3 min.
The reaction is then incubated at 50 °C for 5 min and at 80 °C for 5 min. The ligation mix is
used to transform E. coli TOP 10 cells, plated on LB plates with 5% sucrose and Kan (50 pug/mL).

Colonies were then picked and grown for plasmid preparation.
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3. Results

3.1. Combining selected mutations with directed mutagenesis

The two clones that had performed best so far were E2 and G8 (see Chapter 3). E2 only carries
the H545R substitution, G8 has R612H and E617R. Because residues in positions 545 and 612
are in close or direct contact with the nucleic acid, and selected mutations at positions 545,
612 and 617 all involved substitutions between or towards large, positively charged residues,
several combinations of these were made, including substitution to the as of yet unsampled
residue Lys. At these three positions, the wild type has amino acids His, Arg and Glu and for
ease of comparison it is referred to as “HRE”. Correspondingly, clone E2 is then represented
by RRE, and G8 by HHR. Mutants that were generated by mutagenesis are KRE, HKE, HHE, KHR,
RKE and RHE. A preliminary polymerase activity assay ELISA performed on these new mutants
(same conditions as the assay in Figure 2.6C with templates 1T and 2T) showed that none of

them outperformed clone E2.
3.2. Combining selected mutations with GGS

As a proof of principle of recombining mutant libraries, GGS was used to combine two small
new libraries, consisting of the four best performing clones of region A (clones E2, E6, H4 and
G1) and region M (clones G4, G8, H10 and iH4). Initially, this was attempted with a one-pot
reaction with all fragments. Every fragments, except for 4 and 5 (which correspond to regions
A and M, respectively), contained the wild type sequence. However, this reaction produced a
large fraction of deletion mutants, caused by preferential ligation of digested fragment 5 with
the destination vector, resulting in the absence of fragments 1 to 4 from the final
reconstituted plasmid. To avoid this problem, the digestion/ligation reaction was split so that
the destination vector and fragments 1 to 3 were present in one reaction, and 4 to 7 in the
other, making ligation of destination vector to fragment 5 ligation impossible, in the hope that
the correct ligation would then be favoured. The reactions were then combined and
incubation continued. However, this did not yield ligation products that could be successfully
used for transformation. For this reason, a new “superfragment” was created. This fragment
combines the fragments 1, 2, 3 and 7 in one larger destination vector so that only four
fragments instead of seven need to be ligated, and the problematic destination vector to

fragment 5 ligation cannot occur. After direct transformation with the ligation product from
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this new reaction, 82 clones were randomly picked for analysis. Sequencing of 42 of these
clones showed 39 correctly recombined plasmids (the rest missing fragment 5 and/or 6),

which represents a drastic increase in ligation efficiency.

Since the combination of two small libraries of four clones each can result in 16 combinations,
42 clones were sequenced to isolate each combination. Almost all of them were found, with

the exception of the combination of clones E6/H10 and G1/H10.
3.3. Introduction of new variation in selected mutants

Two new T region libraries were made, one using solely the E2 clone as the template, the other
an equal mix of four genotypes: the G8 clone, the combination of E2 and G4, the combination
of E2 and the R612H substitution found in clone G8, and a clone identical to the former but

with R612K (to sample the third positively charged amino acid at this position).

ELISA performed on 60 randomly picked clones from the E2 background library and 32 from
the mixed background library resulted in three clones that seemed to incorporate a single
dXxTTP better than the wildtype. These clones were named Al, E11 and C11 and their
mutations are shown in Table 4.3. The genetic background of clone Al is that of clone E2, that
of E11is E2 and G4 combined, that of C11 is that of E2 with one substitution present in the G8
genotype. New substitution mutations in parentheses are side mutations in the non-variable

part of the Therminator gene.

However, repeated ELISA using purified protein instead of lysates from these three clones was
ambiguous and could not be interpreted with a good degree of certainty. Some substitutions
were also present in the non-variable part of the Therminator gene, which means that these
were not present during CST but were introduced during or after re-cloning following CST, but
if these exert a phenotypic effect, it was then present in the ELISA. Due to time constraints
these were not further examined.

Table 4.3: Substitutions in clones with promising activity in ELISA on randomly picked clones from
two new T region libraries after one round of CST.

clone genetic background new substitutions

Al H545R (P36T), R709L, D712H

E11 H545R, K593N, V596A, 1610M, S616P (A117T, T349I, Y362H), 1710T, 1733N, N735K
Cl1 H545R, R612H 1733F




98 | Chapter 4

3.4. VTS of Therminator and $29 DNA polymerases

VersaTile shuffling was used to create a chimeric polymerase, where a short loop from
Therminator is exchanged for the much longer terminal protein region 2 (TPR2) loop from the
$29 DNA polymerase. This loop is known to be necessary for strand displacement activity and
strong processivity and is present in all protein-primed DNA polymerases (121). It does so by
forming a very narrow tunnel through which only a ssDNA strand can pass, thus coupling
polymerization to strand displacement, and tethering the DNA to the polymerase. The $29
DNA polymerase has also been shown to be able to produce several XNAs (18). Although no
appreciable sequence identity exists between the Therminator and $29 polymerases, they are
structurally highly similar, especially the relative orientation of the two alpha helices that are
connected by this loop (see Figure 4.3). Since this loop is known to interact with DNA, and the
single-stranded part of the DNA template enters the polymerase at the same location, it is
possible (although not necessarily likely) that this processivity can be (partially) transferred by

grafting the TPR2 loop into Therminator.

Figure 4.3: Structures of DNA polymerase 9°N-7 (left, PDB 4K8X) and DNA polymerase ¢$29 (right,
PDB 2PY]).

Tile 1is coloured in red, tile 2 in blue and tile 3 in green. Position markers connecting them are purple.
The resulting chimeric polymerase combines tiles 1 and 3 from Therminator and tile 2 from ¢29.



Recombination strategies | 99

Tiles 1 and 3 (red and green in Figure 4.3) are relatively large, since tile 1 consists of the N-
terminal, exonuclease and fingers domains and half of the palm, while tile 3 consists of the
rest of the palm and the thumb domain. On the contrary, tile 2 is very small and PCR-based
tile generation of tile 2 proved to be difficult to generate and purify. Therefore, it was
produced by annealing 4 shorter, partially overlapping oligonucleotides that span the
sequence together, which are then filled in and amplified with the standard tile 2 primers. The
three tiles were then recombined using the standard VTS protocol, and after transformation

two sequenced clones were found that contain the wanted chimeric gene sequence.

Expression of the $29-Therminator chimeric protein did show in SDS-PAGE that it could be
expressed and had the expected mass increase. It was also purified and tested in extension
reactions on a polyA template with different substrates (see Figure 4.4). Here it showed similar
reactions to wild type Therminator and several mutants. Most primer is extended with one
dxT, and misincorporation happens quickly as well (most primer is extended with one after 5
min). However, there is no visible trace of further incorporation. Furthermore, while 45 min
seems sufficient to extend the primer against the polyA template completely, after 5 min there
is a nearly complete set of reaction products of +3 and higher. This indicates that the normal
DNA polymerase activity has drastically slowed, since these reactions are always seen to be
completed before 5 min using all necessary natural nucleotides and the wild type polymerase.
This shows that the chimeric protein can fold sufficiently well to allow for polymerization, but

is a lot slower.
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Figure 4.4: PAGE of extension reaction on a polyA DNA template with the Therminator-¢$29 fusion
after 5 min (left) and 45 min (right) with nucleotide substrate concentrations of 200 uM.

These are dTTP (“T”), dXTTP (“xT”) or a mix of dATP, dGTP and dCTP (“AGC”). “P” is unextended primer.
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4. Discussion

Different strategies to recombine selected mutations in Therminator DNA polymerase were
explored. The most straightforward of these was site-directed mutagenesis to make different
new, clones individually. While this method of generating mutants is highly efficient and offers
the most freedom for creating one or more precise substitutions, it is limited in throughput.
All sequences also have to be either known or designed. Its major usefulness lies in
investigating individual mutations within a well performing clone, combining them to answer
guestions about specific combinations, and allowing further examination of the nearby
sequence space in more detail. This is the case when for example substitutions between
positively charged residues are systematically targeted to sample histidine, arginine and

lysine.

To obtain a larger throughput, GGS can be used to combine existing populations of mutants,
where the newly generated library maximum size is the product of both populations. This
means that fragments can be made from libraries using a standard protocol, even without
knowing which mutations are present, which can then be combined with other libraries. Since
large library sizes can quickly become rate limiting, merely starting with a library as large as
possible, and then selecting for improved activity until variation decreases, might not be the
most efficient selection strategy. The following shuffling-based strategy is therefore
suggested. Several libraries can be made and subjected to a low amount of selection rounds
in parallel. The resulting populations of molecules that should be enriched in more active
variants can be used as a template to create GGS fragments. Even selected libraries that are
reduced in size to for example 102 to 10% different clones can theoretically give rise to
combined libraries with sizes of 10* (two libraries with 100 clones) or even 10° (three libraries
with 1000 clones each). This way, a standardized recombination step can create a library much
larger than the starting library, with much higher local mutation rates already biased to more
active substitutions. To generate these combined mutants from a standard library would imply
a much larger sequence space to investigate. This means a representative library would have
such a large size that the selection experiment becomes the population size limit, causing an

immediate loss of genetic variation through a population bottleneck.
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Once specific clones are isolated that are sufficiently characterized and found to increase the
desired activity without unwanted side effects, these can either be shuffled with library
fragments in other regions, or used as templates for the generation of new starting libraries.
The latter was used in the specific case of clone E2, on the genetic background of which new

mutations in the thumb domain (region T) were generated.

An important limit these shuffling methods have, however, is combinations of mutations
within library regions. All mutations within the same region will be retained in the same
fragments, and be inherited in complete genetic linkage. This precludes certain combinations
to be made, namely those within the same region. And it is precisely those residue positions
that are likely to be subject to epistasis (122). It is therefore expected that clones that are the
result of recombination of regions that lie in different parts of the protein structure will more
likely have additive effects. The major exceptions to this presumed effect are region A, and
parts of both region N and M. Some amino acid residues in these locations make direct
contacts with residues in these other regions, and are more likely to also show negative or
positive epistasis. Selection that follows recombination can remove negative epistatic
mutations that in isolation were beneficial, but mutations that are neutral or deleterious in
isolation will already have been selected against and might not be combined if they are already
efficiently purged from the population. Therefore, recovering mutation combinations that
exhibit this type of epistasis likely requires a limited amount of selection rounds with a low
selective pressure on the starting libraries, followed by recombination. Mutations in regions
that are more likely to have additive phenotypic effects can undergo more stringent selection
before recombination. This would be for example between regions F and T or P, since these

are functionally and spatially distinct.

The design of all Golden Gate fragments has been restricted to shuffling fragments that are
identical at the amino acid residues coded in part by the position markers. This is trivial for
shuffling fragments of a single protein species, but not in the case of shuffling two different
protein species. Still, it was possible to design fragements so that exchangeable fragments can
be produced for both DNA polymerases Therminator and Vent. This was done in such a way
that previously designed Vent libraries (made by Dr. Yves Peeters) all have an equivalent
Therminator library, even though these libraries do not perfectly overlap. Both polymerases

also only share 78% sequence identity at the protein level, and their synthetic genes were
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independently codon-optimized, leaving little degrees of freedom for fragment and primer
design. Combinations of Therminator and Vent libraries would then not just import selected
mutations, but also all amino acid differences between both polymerases. This means that
from the 7 wild type fragments from both proteins 126 Vent-Therminator hybrids can be
made, most of which are likely to fold correctly given the strong structural and protein

sequence similarity.

The other recombination-based technique of VersaTile shuffling is not limited by homology of
the source genes and therefore has more freedom to combine sequences. It does this by
introducing short linkers encoding two small amino acids between the fragments. However,
recombining and shuffling fragments in any order from any source is not recommended. If the
final protein product has to have a stable fold, the best fragments are those that can
independently fold and function correctly as protein domains without much interference from
the rest of the protein. Such domains could then even be shuffled in a different relative order,
such as in artificial endolysins (123, 124). In the case of thermophilic DNA polymerases,
however, most domains have many structural contacts with other domains, and removing or
changing a domain will likely destroy the entire function and topology of the protein as a DNA

Ill

polymerase. It is for this reason that in this study a small “isolated” surface loop was chosen
to be exchanged with the corresponding larger TPR2 loop from $29 DNA polymerase. The
assumption behind this strategy was that such an insertion would not interfere with the fold
of the rest of the protein. Since $29 is mesophilic, it was still an open question whether the
grafted TPR2 loop would interfere with the high temperature stability of Therminator (70 °C

to nearly 100 °C).

Given that the small equivalent loop of Therminator is partly occluded by a mostly
unstructured part of the peptide backbone of the palm domain, whereas the TPR2 loop in $29
is nearly completely solvent exposed, it is possible that this unusually large insertion interacts
with other domains, most likely the palm. This is not that surprising since there is no a priori
reason for the grafted TPR2 loop to have specific interactions with the Therminator protein
surface, and no guarantee that it will assume the same narrow, extended fold that it does in
DNA polymerase ¢29, especially at the elevated temperatures that thermophilic family B
polymerases are active at. An example of stable loop grafting has been the introduction of a

short peptide sequence with an antibody binding site in a relatively unstructured, short hairpin
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loop of a target CD81 protein (125), which was stabilized by disulphide bridges introduced by
targeted mutagenesis. The localization, motion and degrees of freedom of the TPR2 loop on
Therminator could be similarly reduced, although a disulphide bridge can make the
connection irreversible. While this would increase thermodynamic stability and potentially
force the loop to produce the tunnel-like hole through which the DNA template can thread
during polymerization, a strong but reversible interaction might be advisable so that the loop
can move between a closed and open state that is biased towards the closed state during

polymerization.

Still, this experiment is considered as a proof-of-concept that the VTS technique can be used
to insert even a very small tile into a DNA polymerase while still remaining functional (albeit
at a much slower rate). This information opens the door to another type of mutagenesis. There
is after all no reason why such an insertion has to have a specific sequence. If during tile
production one or more oligonucleotides are partially or fully randomized, a library of
different insertions can be generated. Since the crystal structure of this DNA polymerase is
known, regions that are relatively independent from the rest of the protein could be targeted.
For example several loops in or near regions P and T could be fully randomized and varied in
length. The argument that this strategy might be useful for the evolution of a polymerase
dedicated to a xenonucleic acid with drastically changed backbone geometry is that in this
case, single substitutions in a relatively constant environment are unlikely to tolerate or
promote drastic changes in substrate geometry of the negatively charged backbone of
different nucleic acids. Both DNA and dxNA have similar electric charges, so it is likely that the
groove with which they are bound and through which they are translocated will require
positively charged residues as well as those that are capable of hydrogen bonding. The
topology of their backbones is very different though, that of dxNA being much more extended
and possibly left handed (20, 22). Rather than changing the biochemical properties of the
protein surface, it is the topology of this cleft that needs to change. It is therefore proposed
that exchanging specific parts of the thumb domain for libraries of new structures is a useful
alternative strategy to evolve a polymerase that needs to recognize such a fundamentally
different nucleic acid backbone geometry. These inserted fragments could be completely
random, or biased towards codons that code for residues that are similar to those already

found in those domains, for example with a relatively high amount of His, Lys and Arg.
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1. Introduction

In this chapter, the methodology and results are discussed in the context in the state-of-the-
art literature. Improvements to the methods are reflected upon, and follow-up experiments

and development are outlined.

The development of a polymerase capable of double-stranded dxNA synthesis is the ultimate
goal of this project, of which the results in this thesis represent the first steps. The first aim is
the evolution of a DNA-dependent mixed DNA/dxNA polymerase that is capable of
incorporating and extending multiple dxNT in a growing DNA strand. Such a polymerase, which
has now been obtained, should then be further modified, either by design or continued
molecular evolution, to produce longer, and eventually fully substituted dxNA single-strands
from a DNA template. This goalpost will represent a polymerase that can “transcribe” DNA
sequences to dxNA sequences, and would allow for enzymatic production of dxNA strands in
an accurate and sequence-specific manner, bypassing the need for chemical synthesis of dxNA
oligonucleotides. Eventually, a polymerase that can use dxNA as a template to replicate but
can no longer read or write DNA or RNA would be a truly informationally orthogonal XNA

polymerase. Such a polymerase is a necessary first requirement for an XNA episome.
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2. Mutagenesis strategies

2.1. Population size and sequence space exploration

The first step in any molecular selection experiment is the generation of variation on which
can be selected. Variants with new or improved functions can then be found by screening the
survivors afterwards. However, this can only work reliably when those new, functional
sequences are sufficiently near the starting sequence within sequence space (126). For this
reason, it is important to choose a good starting point to evolve, as well as to introduce
mutations at an appropriate rate, so that traversing the fitness landscape is possible (69). If
hypothetical proteins with the desired activity are so different from the starting point that a
very high number of mutations are required to bridge the gap, the required space to search
drastically increases. This in turn increases the necessary population size to plausibly hit those
sequences, since sequence space increases exponentially depending on sequence length (n*
for nucleic acids of length n). This quickly makes the necessary population sizes so large that
practical limitations become a population size bottleneck (127). In this case it can become
realistic that, even if one or more desired mutants potentially exist in the search space, none
are present in the created library. A number of mutations that is too large can also cause the
evolving protein to cross a stability threshold where negative epistasis between slightly
deleterious mutations drastically increases the magnitude of their negative fitness effect

(128), making the protein less robust to mutations than initially thought.

On the other hand, creating less variation decreases the search space, and when the search
space is of the same order of magnitude as the smallest population bottleneck in the selection
steps, all possible mutants can be present in the population. Finding the active ones is then
only a matter of time, and with sufficiently low population sizes, screening all of them

individually can even remove the need for a separate selection step.

In the case of DNA polymerase evolution for the production of xenonucleic acids, mutants
with an increased activity usually have between one and ten substitutions. While it is possible
that many of these mutations are neutral, it does show that thermostable polymerases can
tolerate large numbers of substitutions (77, 129). This means that mutation rates can be quite
high, even concentrated locally in specific regions of the polymerase, and still mutants can be

recovered that are not just functional, but more active for these new catalytic activities. This
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could mean that the adaptive fitness peak where DNA polymerases reside in sequence space
has sufficiently flat and high edges that can be explored. The question that still remains is
whether these DNA polymerase peaks are connected with XNA polymerase peaks, in which
case viable intermediates allow for gradual evolution over a selective gradient, or large fitness
valleys exist that need to be crossed with more drastic mutation. The strategy followed in this
thesis is based mostly on the former, at least for the first explorations of evolving a dxNA
polymerase from a DNA polymerase. However, given the large differences in geometry
between DNA and dxNA (20, 22), the binding of a dxNA template, and the formation of a dxNA
double helix, it is highly likely that at some point a drastic change is required that cannot
simply be bridged by a handful of amino acid substitutions along a largely conserved peptide
backbone. In any case, a large genetic difference between a DNAP and XNAP that is difficult
to evolve is still desirable, since one of the main goals of an informationally orthogonal system
is containment. If a dxNA polymerase was simply a few steps away from naturally occurring
proteins along an easily climbable fitness peak, such a nucleic acid would no longer be
appropriate from a biosafety standpoint. Any XNA polymerase that produces an orthogonal

XNA should therefore be hard to evolve by default.
2.2. Targeted randomization

The type of mutation and mutation rate achieved in this study was similar to that in the work
of Pinheiro et al. (17). It is assumed that mutations that change the interaction with a bound
nucleic acid or nucleotide will usually be in close contact with them. A library that is focused
on these regions will then be biased towards more functionally changed mutants (130). For
this reason, we have chosen six regions that are more or less functionally distinct, in the
fingers, palm and thumb domains. While mutations outside these regions can certainly have
relevant effects, such as the terminator mutation A485L (93), a compromise was made
between library quality and completeness. These target regions were partially randomized by
creating a 9% chance of mutation of each base. As shown by sequencing, several clones were
discovered with premature stop codons, or frameshift mutations. This type of mutation will,
in most cases, render the protein functionless as it amounts to deleting almost half the
protein, and most of the core functional domains. The presence of such truncation mutants in

alibrary is thought to be not too problematic since a total loss of function should lead to strong
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counter selection and a fast removal from the population, and they are relatively rare to begin

with.

Most of the mutated clones contained between one and five substitutions, with frequencies
that are very similar to the expected ones. Promising selected mutants did not show a
consistent trend towards low or high amounts of mutations, and in clones carrying multiple
mutations, following mutagenesis experiments are needed to show which of them are
necessary and sufficient for the new phenotype. Based on these results, it cannot be

determined what an optimal mutation rate in these regions would be.
2.3. Recombination through shuffling

It still unclear how general the benefits of recombination in molecular evolution experiments
are (131), since most of these experiments are focused on getting improved results rather
than investigating the theoretical aspects of the effects of recombination on traversing fitness
landscapes. However, several studies have found that using shuffling techniques, deleterious
mutations can be more efficiently purged from the population (132), competing high fitness
mutants can be less likely to drive each other to extinction (133) and recombined, related
proteins are more likely to be functional than random mutants with a comparable genetic
distance (134), for example the exchange of a part of the fingers domain from the archaeal
Pfu DNAP with the homologous eukaryotic sequence from pol {that acquired RT activity (135).
We have used recombination techniques to allow these benefits in the evolution of

Therminator DNA polymerase.

The most straightforward recombination is that of mutations that are found in different library
regions with potentially additive effects. This gives access to parts of sequence space that are
unreachable by the region libraries on their own, potentially creating new polymerases that
are equal or more than the sum of their parts. Several of these combinations were preliminary
tested, mainly by combining substitutions in the minor groove-binding region with the active
site substitution H545R from clone E2. However, combining known mutations that were found
in screening is limited to those mutations that already have an effect individually.
Combinations between mutations in different regions that have epistatic effects that are
“invisible” to selection on their own can be sampled by shuffling different libraries altogether.

The most pragmatic time point to do this is after few initial selection rounds, so that inactive
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variants have been largely removed, but (near) neutral, potentially epistatic mutations are not
yet outcompeted by variants with high fitness. This can be especially useful if the library size
has decreased sufficiently, so a new library is then created on which selection needs to be
performed again (since the most active clones are present in much lower relative amounts),

but which spans a drastically larger sequence space.

We increased the potential for shuffling to not just combine mutations within Therminator
libraries but also to combine fragments of Vent polymerase libraries using Golden Gate
Shuffling. If specific mutations were to be found in Vent polymerase, these could then be
imported into Therminator polymerase in isolation, or within their normal protein “context”

by transferring them with the entire Vent region.

This strategy was taken even further using VersaTile shuffling, where a proof-of-concept
experiment was performed by exchanging a peptide loop that was completely different in
both sequence and length from the unrelated, mesophilic $29 DNA polymerase. The resulting
chimeric polymerase (with the $29 loop grafted on Therminator) retained DNA polymerase
activity and was also still able to incorporate one dxNTP, but this activity was much lower
compared to the wildtype enzyme. This does show that it is possible to insert a non-conserved
amino acid sequence that is not adapted for thermostability, without interfering so severely
with folding and activity that it becomes inactive. Identifying and shuffling corresponding
loops or regions that could tolerate such structural changes is suggested as a new mutagenesis
strategy that is similar to humanization of antibodies (136) but not bound to similarity of the
donor and acceptor proteins. It is hypothesized to be most useful in regions that require a
more drastic change in protein surface topology, in this case mainly in the thumb domain at
the protein and DNA backbone interface. Such insertions could be fully randomized sequences
of fixed or variable length, or rationally designed structural elements that are partially
randomized but will fold independently and (somewhat) predictably. These elements could
be designed based on existing structural elements, such as for example four-helix bundles
(137). Structures such as these are preferable when they are already quite thermostable, given

the high reaction temperatures of hyperthermophilic archaeal DNA polymerases.
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3. Library quality

3.1. Library size

The molecular population size varies considerably during the workflow of a molecular
evolution experiment. Since the maximal genetic variation is limited by the minimal
population size, genetic bottlenecks need to be properly controlled to allow for a maximally
efficient throughput. Everything begins with the primary library size where variation is
generated. The total possible sequence diversity for the six Therminator regions is gigantic,
and the synthetic spiked primers can only contain a fraction of the total variation. Only a small
fraction of these primers was used in turn to perform the mutagenic iPCR to generate plasmid
libraries. Nevertheless, the amount of created unique mutant plasmids (assuming all primers
are extended in a 100% yield) reached 6.10 molecules. It is the transformation step that
limited the primary library size, and this ranged around 10°-10° clones. Most subsequent
manipulation steps like emulsifying cells in CST or re-cloning recovered plasmids created
molecular population sizes at least one order of magnitude larger. Because most variants are
present in multiple redundant copies even before selection has occurred, the effect of genetic
drift on rare clones decreases. The longer a population has been under selection, the less the
impact of technological limitations such as re-cloning efficiency will become. The main
population bottleneck in this work has been the physical plating of transformed cells.
Population sizes are determined by the practical density of colonies on solid growth medium
and the somewhat variable efficiency of transformation. For this reason, libraries were always
directly expressed from the transformation strain, which is an electrocompetent strain with a

high transformation efficiency, instead of re-cloning them in a different expression strain.
3.2. Genetic parasites

In an ideal evolution experiment, the variants that are enriched and start to dominate the
population are those that have the desired traits, in this case improved affinity, specificity and
incorporation efficiency for dxNTPs. However, the selective pressure the population is under
will usually be merely a proxy for the required function. A variant that, for any reason, is able
to outcompete other variants under the experimental environment will be selected for. If the
selective pressure for these parasitic variants is larger than the selection for mutants with a

desirable activity, such genetic parasites can start to dominate the population and
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outcompete genuinely useful mutants. For example, hypothetical error prone mutants may
be able to bypass templating bases that should require incorporation of a dxNTP, and instead
misincorporate a non-Watson-Crick base-pairing nucleotide. An even more direct way of
bypassing dxNT-requiring templates is merely adding biotinylated dC nucleotides to the
primer 3’ end in a template-independent manner. Mutants with such activities are able to tag
plasmids that can be captured by affinity chromatography, and will be selected together with
mutants producing biotinylated plasmid-primer complexes by incorporating dxNTPs. While
later characterization can easily distinguish such “cheaters” from genuine dxNTP
incorporation clones with proper controls (like the use of nucleotide substrate pools that force
misincorporation by lacking one or more dNTPs, or mass spectrometry), there is the risk of
competition and near complete extinction of mutants with the desired phenotype. Clones
with the aforementioned activities were however not discovered, since clones that gave
decreased or no signals in ELISA were not further characterized in detail. This screening step
thereby effectively selects strongly against hypothetical highly error-prone variants. Some of
the clones that showed no improved ELISA activity in dxNT incorporation but still scored high
in misincorporation controls could have been mutants that can read through dxNT-requiring
templates by misincorporation, but these also were not taken further for characterization and

mutagenesis.

Another type of genetic parasite, which was encountered in these CST selection experiments,
are deletion mutants. Rather than bypassing the envisioned section criteria during the CST
reaction itself, they can take advantage of differences in PCR cloning efficiency in between CST
selection rounds. Such deletion mutants usually contained the plasmid backbone, including
the origin of replication, the resistance genes that allow them to survive transformation and
plating on plates with the appropriate antibiotic, and part of the Therminator gene. These
deletions were observed by agarose gel electrophoresis of plasmid libraries and after their re-
cloning. Deletions were usually of different lengths (in the order of 400 to 1700 bp), so it was
probably not a single, consistent PCR or ligation artefact, but they usually corresponded to a
deletion of the mutagenized part of Therminator, amounting to the C-terminal half of the
protein that contains all the library regions. Such a deletion completely destroys polymerase
activity of the resulting truncated proteins which therefore cannot have tagging activity during

CST reactions. However, if these artefacts occur consistently during each round of re-cloning,
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and if pre-existing and new deletion mutants have a higher transformation efficiency, ligation
and/or PCR amplification efficiencies during re-cloning due to their smaller size, they can start
dominating the population, as was seen after as few as two CST rounds in some experiments
(see Figure 2.5). However, the re-cloning procedure offers several points where DNA
fragments can be purified with gel extraction, which typically lowers the yield but allows a
selection step for clones of the correct length. This means that when the library size is small
enough to be sufficiently redundant, additional gel extraction steps can drastically improve
the quality of the library under selection by removing a majority of deletion mutants. These
gel extractions would naturally follow the steps where most of these deletion mutants are

formed.
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4. CST as a molecular selection tool for polymerases

4.1. Selective pressures during CST

In advance of CST and polymerase characterization, a set of CST primers was designed based
on the known promiscuous activity. Knowing that extension of one dxNT and consecutive
incorporation of up to two dNTs was possible, these primers were designed as a gradient of
hurdles, starting with primers requiring a single dxNT incorporation with very little dNTs
before or after, continuing with those that require more dNT elongation, those that require
two slightly spaced or consecutive dxNTs, those that require both of these, and finally CST
primers with the highest selective pressures: up to three or more spaced or consecutive
dxNTs. Based on the results of selection and screening, following selection rounds could then
be ramped up very gradually to have a pressure that is high enough but not so high that even
the best performing mutants would have difficulty extending the primer. This was done for
multiple libraries, with primers requiring the elongation of two consecutive dxNTs. However,
these libraries were shown to consist of a very large proportion of deletion mutants and were
not screened further. The libraries that yielded the clones that are analyzed in Chapters 2 and

3 therefore underwent one (library M) or two (library A) gradations of low pressure.
4.2. “Cheating” polymerases and selection efficiency

CST is the compartmentalization method of choice for evolving polymerase activities where
the existing promiscuous activity is very low and when no reverse transcriptase exists. The
related selection technique of compartmentalized self-replication (CSR) requires the
production of nucleic acids at least a short patch of several dozen bp long (enough to contain
the mutagenized region of the polymerase gene), and the resulting XNA fragments need to be
transcribed back into DNA for re-cloning and the next round of selection. Obviously, this self-
replication presents an impossibly high selective pressure for a polymerase that can hardly
incorporate two consecutive dxNTs, and without a polymerase that can read the eventually
produced dxNA, the evolutionary cycle hits a dead end. Only when these two conditions are
met, namely the presence of an XNA-to-DNA reverse transcriptase and sufficiently long XNA
synthesis, can CSR be used. CST is therefore a necessary first step, but should be followed up
by short-patch CSR, and eventually CSR of larger fragments, as soon as possible. This is

because the selective environment in CSR is a much more accurate environment with a
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selective pressure that strongly corresponds to the wanted activity. The reaction in CST
presents a more indirect selection, which leads to alternative survival strategies that can also
be selected upon, but which do not necessarily produce enzymes that are accurate XNA
polymerases. As mentioned above, CST selects specifically on tagged plasmids. Every activity
that adds biotinylated dC to the primer is selected for and there is no control for fidelity. This
is in contrast to CSR, where error-prone variants will encounter an error catastrophe since
they are directly responsible for their own replication. The fact that the wild type Therminator
enzyme already has misincorporation activities comparable to its dxNT incorporation adds
difficulty to the initial setting of the magnitude of the selective pressure. Only once mutants
are discovered that can bypass certain templates that the wildtype and most other error-
prone variants cannot bypass by “cheating” can this tradeoff be broken. The H545R mutant
represents such a step, as it has been shown that there are some templates requiring multiple
but spaced dxNT incorporations that the wild type cannot bypass, but the H545R mutant
could. Selection with this type of template, instead of templates requiring merely one or two
consecutive dxNT incorporations, should increase the fitness of such mutants, since this sets
a bar where some variants can perform, and most cannot. This is in contrast to a lower
selective pressure where most variants, like neutral variants of the wild type, are able to either
bypass the barrier either by genuine dxNT incorporation or misincorporation. The fitness
difference between these mutants and those with increased activity is smaller at this latter
selection pressure. We presume that setting the bar at the former, higher level will lead to an
increased enrichment of clones like E2 and larger fitness differences between them and those
that retain wild type activities. Theoretically, error-prone “cheating” polymerases will then
also be selected against directly. Since such polymerase mutants were not found, we certainly
do not presume them to be so problematic as to compromise CST as a selection tool, especially
when a low amount of selection rounds with low selective pressure are performed. Even if
they would appear, the ELISA screening would not make them look like promising clones since
in essence, the ELISA represents a similar selective pressure for mutants with the intended
activity, and a high pressure increase for these theoretical error-prone parasites. They will not
misinform inferences on the structure-function relationship of these XNA polymerases when

they are eliminated during screening.
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4.3. Nonspecific binding

Since CST is a technique that eventually separates the different genotypes using affinity
chromatography, any DNA that remains attached to the magnetic beads ends up in the re-
cloning pool. This includes the specifically bound plasmid-primer-biotin complexes bound to
streptavidin on the magnetic beads, but also any plasmid that is bound nonspecifically to the
bead surface. Such nonspecific binding is usually countered by increasing the number or
stringency of washing steps, and pre-coating the beads with other molecules such as proteins
to which the plasmids presumably do not bind, or extra DNA that then competes for these
nonspecific binding sites. Multiple of these strategies were tested in our lab (Dr. Y. Peeters,
data not shown), and while extra washing steps showed that some plasmids could still be
removed from the beads, negative controls routinely showed the presence of some remaining
plasmid in the final bead fraction. The PCR reactions that showed the presence of plasmids in
washed fractions were not quantitative, so no conclusions can be drawn about the absolute
amounts of plasmid in each fraction. Some high-salt washing buffers could also inhibit PCR
reactions, possibly resulting in false negatives. These analytical PCR reactions were however
tailored to have a low amount of cycles, so that enough product is formed to give the signal
of plasmid presence, but that the PCR reaction does not reach saturation. Based on this fact,
final eluted fractions with larger bands in positive controls and selected libraries, compared
to negative controls, were interpreted as having more bound plasmids, namely the tagged
ones. Since any nonspecifically bound plasmids should be of the same size and composition,
it is assumed that in any round of CST, a relatively small number of plasmids can hitchhike
along with the biotinylated complexes. However, since this nonspecifically bound population
is probably a random sample of the library, it is unbiased and will favor beneficial mutants as
much as it does deleterious ones and thereby introduce a small amount of genetic drift.
Another possibility is the presence of nicked plasmid templates, which could be extended with
biotin-tagged nucleotides, regardless of the CST primer extension. These would also bind
streptavidin and would thus be extracted, but if there is no correlation between nicked or
intact plasmids and the activity of their coded polymerase, these should merely introduce an

unbiased background.
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5. Screening and characterization

5.1. ELISA
5.1.1. Template design

The first method that was used to assess the activity of specific clones after selection was a
polymerase activity assay based on ELISA. To make sure that the activity that is screened for
closely resembles the selection environment, primer-template duplexes were designed that
strongly resemble the sequences in the CST reaction. In the larger throughput screening
ELISAs, these were templates that required a short part of DNA synthesis, followed by either
one or two consecutive dxNT incorporations, and a longer stretch of DNA. Since this ELISA
reaction requires probe binding to give a signal, this last stretch of DNA needed to be
sufficiently long, but also lacking A in the sequence if xT was to be incorporated. For this
reason, an intermediate linker was designed, so a single probe with all four bases could be

used for all templates, without the sequence constraints it would otherwise cause.

5.1.2. Throughput

Since ELISA screening can be performed in 96-well plates, the activity of nearly 100 uniquely
picked clones can be assessed per plate, and because several plates can be screened per
experiment, it has a relatively good throughput. Still, this screen is only representative of
libraries of a relatively small size and even then the odds of finding the highest performing
mutant in the library are small, let alone finding multiple copies of the same mutant. It does
offer a view of the overall composition of the library, as clones can be sorted according to
activity in comparison to the wild type. The ratio of inactivating, deleterious, neutral and
beneficial mutations should change over time as the population gets increasingly enriched in
beneficial mutations and purged of deleterious ones. Even without sequencing specific clones,
this can be a valuable tool to give insight into the library composition. It is likely that selecting
to the point that only a handful of genotypes remain will cause the loss of other potentially
useful mutations. The screening of libraries after one or two rounds of selection respectively
showed that a little over half of the sampled clones were inactive, around 25% and 5% were
less active than the wild type, around 5% to 10% were beneficial and the rest were neutral.

Clearly there is still room for further selection on these libraries, but it is estimated that with
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about three more rounds of enrichment, screening could sample the majority of the best

performing clones.
5.1.3. Variability and false positives and negatives

The ELISA signal is measured by absorbance of the chromogenic substrate that is converted
by the HRP bound to the probe. This means that the only measure of activity is the magnitude
of absorbance, and any experimental error during the entire procedure, from expression to
washing away unbound antibody-HRP fusion proteins, can cause false positive or false
negative signals. False positives were rarer, as negative controls always showed background
level absorbance, but some positive or reference controls sometimes showed lower or even
no signal, possibly due to less efficient protein expression. The quality and sampling of the cell
lysate can also change the amount of active protein in the reaction from the start. Therefore,
experimental replication of the same lysates, and replication of expression of independent
clones of the same mutant were investigated. Experimental variation turned out to be
relatively small when performed by experienced users, compared to the variability caused by
using lysates from independent clones. To control for the variability between experiments,
replication should be performed at the level of expressing clones. Replication does influence
the amount of clones that can be screened in parallel within the same experiment, keeping

the amount of screened clones to around 10% per experiment.

Another potential pitfall of assaying cell lysates, besides poor control on effective protein
concentration, is the presence of cellular nucleotides. A reaction with e.g. natural dA, dG and
dC and synthetic dxT will not completely lack dT in the reaction if it is present in the lysate.
Given the longincubation times and obligate usage of very few d(x)T in the extension reaction,
polymerases could eventually use the naturally present dT while stalling on dxT incorporation.
For this reason, more detailed activity analysis should be performed with purified protein, or
cell cultures or lysates should be pre-treated so that as little natural nucleotides as possible

are present in the lysate.
5.1.4. |Invisibility of stalled intermediates

Due to the necessity of the synthesis of a probe complement, reaction intermediates that
represent extended primers that are so short that the linker and probe cannot bind will not

give a signal. The total signal of a reaction is only determined by the integration of all products
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that are sufficiently long to bind the linker, and these all have a length that required
incorporation and complete translocation of the dxNTs (more than one helical turn or ~10 bp).
An incomplete, stalled reaction and a negative reaction will look the same, and ELISA will
therefore only give information about the activity of polymerases that can produce at least
some full-length products. A technique such as PAGE is necessary to reveal this more detailed

information.
5.2. PAGE

Since short nucleic acids can be visualized at single nucleotide resolution with highly
concentrated and denaturing PAGE, this technique is suitable for obtaining much more
information about specific checkpoints and stalling of polymerases while they incorporate and
extend dxNTs. Because the reactions can be quenched, reaction products from different time
points can be compared, adding a temporal dimension to the activity measurement. The main
difference with the ELISA screening, besides this higher resolution, is the lower throughput.
The time and work required to prepare, load and run slab gels limits the amount of samples
that can be run, and so only a limited number of clones can be compared and analyzed. PAGE
was thus used only to validate clones performing well in ELISA, including clone E2, and not to

detect new clones.

The problems due to the use of cellular lysates as a source of polymerase and potentially
cellular nucleotides and the variation in expression efficiencies are circumvented by using
purified proteins. Most cellular material that could inhibit or otherwise influence the
extension reaction is then removed, and the concentrations of different mutant polymerases
can be normalized by estimating their absolute yield with SDS-PAGE, to make sure a higher

activity is not just due to a higher effective enzyme concentration.

The ability to see intermediate elongation products at nucleotide resolution, not just those
that completed translocation, offers a better view of the polymerase reaction. This way, it was
found that the wildtype activity of incorporating up to two dxNTPs stalls specifically because
a third consecutive dxNTP cannot be incorporated, not because it cannot be extended at all.
Using a range of more complex templates instead of simply polyA or polyT templates showed
the major checkpoints where stalling occurs, which could then be correlated with the position

of the dxNTs in the polymerase. This structural information then becomes important to
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understand mutant phenotypes and can help guide future mutagenesis. In this case, the
translocation of single dxNT or closely spaced dxNTs is thought to distort the backbone
structure, causing suboptimal backbone-protein interactions and steric hindrance. Steric
hindrance would introduce such stalling checkpoints, and using PAGE these locations can be

targeted with high positional resolution.

5.3. Mutation H545R

The best performing clone with dxNT extension activity obtained so far was clone E2 which
carries a single amino acid substitution. Since this mutation is the only difference with the wild
type, all phenotypic effects of this mutant should be due to this change of His to Arg at position
545. When compared to protein sequences of other archaeal family B DNAPs of varying
phylogenetic distance, position 545 is interesting because the amino acids are not identical,
even within an otherwise extremely conserved active site. Amino acids occurring at this
position are still remarkably conserved: all these polymerases either have His, Tyr or Phe. This
implies that there is some variation possible at this position, as long as it is occupied by a bulky
aromatic residue. By mutating His to Arg, the guanidinium head could maintain aromatic
stacking with a nearby Tyr, while the increase in length could cause the head to displace a
bound water molecule, and bring a stronger, positive charge closer to the first phosphate
group of the primer backbone. Since the backbone distortion caused by a dxNT incorporation
is nearly always accompanied by a stalled intermediate at this position for all tested
polymerases, it is hypothesized that this Arg residue stabilizes the phosphate group at this

position.

Another effect of this mutation is a decrease in misincorporation and template-independent
terminal transferase activity when compared with the wild type. To investigate whether this
is the result of changed fidelity, relative comparisons of rates should be made between correct
and incorrect incorporations and between the wild type and E2. In absence of this data, a
possible alternative explanation is an intrinsically slower incorporation rate of the E2 clone.
This could also explain why the E2 clone performed slower on polyA or polyT templates, but
was improved at dxNT extension. Since there was selection for dxNT incorporation and
extension (also with DNA), it is not surprising that the E2 clone performs better at what it was
selected for, even when this comes with an apparent tradeoff, namely decreasing the speed

at which the first dxNTs are incorporated. The fact that misincorporation rates decreased,
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together with lowered activity for arabinose-based nucleotides and the position of the R545
mutation being in direct contact with a backbone phosphate group prone to steric distortion,
argues for a mechanism of increased specificity for dxNT substrates. A mutation that increases
tolerance for xenonucleotides in a non-specific way, such as the A485L terminator mutation
(93), would likely increase error rates and increase promiscuous activities for other XNAs

nucleotides.
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6. Future work

Since the development of a dedicated dxNA polymerase is far from complete, there are
several goals that have still to be met. These are given below, from the most immediate work
that could be easily implemented, to several suggestions for improving the strategy to evolve
a DNA-dependent dxNA polymerase and finally the ultimate aims of the overall research

program of developing informationally orthogonal XNAs.
6.1. Follow-up experiments

Only a tiny fraction of the variation in all libraries prepared in this study has been sampled to
date, simply because the libraries are still large, even after two selection rounds, and several
hundred selected clones have been screened for activity. Using the existing protocols, it is
quite plausible that several improved mutants can still be found in the current libraries. The
found mutations, especially the H545R mutation, could also be introduced in structurally
similar DNA or XNA polymerases to investigate if its phenotype is transferrable in a different
protein context. Since selection and screening was focused on the active site and minor groove
binding regions, and to a lesser extent on the template binding region at the end of the thumb
domain, the generated nucleotide binding pocket and finger domain libraries are still largely
unexplored, and could be selected and screened for mutants with higher dxNTP affinity (most
likely to be found in libraries F and N) or improved translocation (libraries P and T). If the library
quality can be monitored and deletion mutants can be controlled using gel extraction
purification, selection can enrich beneficial mutants and strongly increase the “hit” rate in

following screening.

With standard mutagenesis and the existing protocols for shuffling, such mutants can be
combined and shuffled with increased efficiency. To shuffle larger libraries using GGS, or more
fragments at once, the GGS protocol would require extra optimization to improve ligation

yields.
6.2. The role of the exonuclease domain and activity

Since family B polymerases, Therminator polymerase included, have intrinsic exonuclease
activity due to the presence of an exonuclease domain, this activity is usually removed by

mutation of catalytic Asp/Glu to Ala. This is because in such polymerases, the extended primer
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can move between a polymerization state and an editing state, each with their own catalytic
active site in either the exonuclease or palm domain. This switch to an editing state is
presumably influenced by mismatch or distortion-induced stalling, which is expected to
happen during XNA synthesis. An active exonuclease domain could thus continuously undo
xenonucleotide incorporation by 3’-5’ exonuclease activity. Exo- polymerases will therefore
incorporate xenonucleotides irreversibly, but at a cost of lowered fidelity. It is therefore
tempting to conclude that once an XNAP is developed that can efficiently polymerize XNA,
restoring exonuclease activity could increase fidelity. This is however predicated on two
conditions: the ability of the native exonuclease domain to remove XNA from the primer
strand (which is not a guarantee given that it is already evolutionarily optimized for DNA) and
a preference for XNA with a correct sequence for the productive polymerization state, only
preferring the editing state when misincorporations occur. The exonuclease domain itself
could also become the subject of mutation and selection, since the evolution of a higher
fidelity XNA polymerase will be very useful, and relatively straightforward once it is capable of

a self-replication cycle.

6.3. Next-generation sequencing to monitor library enrichment

Historically, libraries used for molecular evolution have been subjected to several rounds of
selection to enrich it in well performing clones to such a level that the following screening and
sequencing will have a high number of positive hits. However, since enrichment due to
selection should happen at every round, it is possible in principle to sequence the library
before and after selection and compare which genotypes are increasing in frequency. The
main limitation to this is the throughput, but by using next-generation sequencing (NGS), it
has become possible to sequence large libraries, and gain information about positive clones
without the need for a large amount of selection rounds, which are laborious and time
consuming. For example, it is possible to sequence a population of over 10'° human
immunoglobulins displayed on phages (138). Biopanning of phages displaying recombinant
antibodies that was followed by NGS could recover enriched yet still rare variants after one or
two rounds of enrichment (139). If there is a high correlation between enrichment in the first
round and further rounds, it may not even be necessary to perform further enrichment (140).

Besides this direct measurement of relative fitness of a very large number of clones, NGS can
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also be used to sequence unselected libraries to control the quality, for example biases or

artefacts that are introduced during library production (141).

A potential downside is the relatively short read length of up to a few hundred bp by the more
accurate sequencing platforms, such as lllumina (142). While this can be sufficient for
spanning single target regions, larger or recombined regions cannot be sequenced in the same
clone, and any spontaneous mutations that appeared outside the narrow sequencing window
will be difficult to link. If these cannot be recovered but are instead only known by their

sequence, recreating the sequenced genotypes will appear as false positives.
6.4. Flow cytometry to combine selection and screening

While emulsion-based selection techniques have been the method of choice for molecular
evolution of polymerases, there are other selection techniques that could potentially be used.
One of these is microfluidic flow cytometry where cells or compartments are sorted based on
their properties (143). Compartmentalization, and therefore genotype-phenotype coupling,
can be maintained and sorting can be used as the selection mechanism, so in principle it can
be used to evolve a population of proteins. Depending on the method of droplet separation
and sorting, throughputs can lie in the order of several kilohertz, with electric and acoustic
sorting being much faster than thermal, pneumatic and especially magnetically induced
sorting (144). A 20 kHz sorting system could sort 107 clones in about 8 minutes, meaning that
libraries such as in this work are well within the practical range. A CST or CSR-like approach
could be coupled to cytometry, but the usage of water-in-oil emulsions is not compatible with
these types of microfluidic devices. However, it is possible to create double water-in-oil-in-
water emulsions that can be used to perform fluorescence-activated cell sorting (FACS) (145)

for directed evolution of proteins (146).

To be able to select, a selectable signal is needed. The most straightforward signal is a
fluorescent signal that can easily be read out. This means the function that is selected for
should produce a fluorescent signal. This could be achieved by using a fluorogenic substrate,
a FRET pair or quencher/fluorophore pair. In the case of dxNA production, a fluorogenic
substrate such as terminal phosphate-labeled fluorogenic nucleotides (TPLFNs) (147) is less
obvious, as the custom-made dxNTP is not simply modified to release a modified leaving group

that fluoresces after incorporation. The selected reaction is also very indirect, namely
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hydrolysis of the leaving group, rather than incorporation and extension directly. A method
could be envisioned where a short DNA duplex probe carries a fluorophore and quencher each
on a different strand, and a shorter but highly abundant primer, together with nucleotides
and a polymerase mutant are added. In the context of the low selection pressures that have
to be used at this stage in dxNA polymerase development, the primer should require the
incorporation of one or more dxNTs, followed by a stretch of DNA that hybridizes to the part
of the template duplex where the fluorophore and quencher are located. This would cause
displacement and competition between extended primers and labeled oligonucleotides,

resulting in an increase in fluorescence as a positive selection signal.

The resemblance with CST can be decreased even further by avoiding the need for
transformation and in vivo expression. A mix of precisely concentrated plasmids and an in vitro
translation system could be emulsified. For this to work, it is even more important that there
is a strong control over droplet size and composition, which can be achieved with microfluidic
rather than bulk emulsification (148). The added difficulty of this strategy would lie in the
necessity of adding the components for the reaction that is being selected on, either from the
start (risking interference) or by combining droplets with in vitro translated protein with the
extension reaction substrates in the microfluidic device, which is technically not

straightforward unless specialized equipment and expertise is available for pico-injection.

6.5. Towards a fully independent XNA episome

The major hurdle in evolving a dxNA-dependent dxNA polymerase from a DNA-dependent
DNA polymerase lies in the viability of the transitional polymerases that are (temporarily)
selected for. The strategy of this PhD thesis has been on first evolving a DNA-dependent dxNA
polymerase, since this could already have a practical use for dxNA transcription from DNA, for
example for enzymatic dxNA aptamer production. However, given the necessity of DNA
template binding, the thumb domain will remain selected for the DNA structure. Given that
the reverse transitional protein, a dxNA-dependent DNA polymerase, is the one that binds
dxNA templates, selection for dxNA template recognition is initially less prudent. This activity
only becomes important when dxNA needs to be cloned (after CST/CSR) or sequenced (during
aptamer development). At some point however, the thumb domain will need a major overhaul
that cannot be achieved by mere point mutations in a structure that is adapted to the DNA

helix. It is suggested that double-stranded dxNA-binding polypeptides can be selected for
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simple binding affinity to dxNA directly by affinity chromatography. Such a large population of
peptides can then be prepared as a shuffleable fragment that is then inserted into the thumb
domain. A hypothetical example is the bundle of three alpha helices near the C-terminus, one
of which contains the T region. This entire structure could be replaced in a dxNA polymerase
by a library of peptides that have been previously selected for dxNA binding. The resulting
insertion mutants can then be selected on polymerase activity on dxNA templates. This type
of mutant libraries can only be generated and combined in the large populations required for

molecular evolution with shuffling-based techniques.

The goal of an informationally orthogonal nucleic acid like dxNA that is currently furthest in
the future, is that of a self-contained organism with an orthogonal genome. To say that this
goal is challenging is an understatement, given that it essentially requires the design of a
complete life form that also differs from all existing life. It is needless to say that many hurdles
need to be overcome. The synthesis of such a genome alone, which is already an achievement
in minimal genome studies for bacteria with the smallest genomes (149), is merely a technical
hurdle. The complexity of engineering a complete metabolism, albeit largely based on the
natural one, is daunting. A less arduous step is that of an independent XNA episome,
analogous to a bacterial plasmid, that is carried by a natural host cell with an otherwise natural
DNA/RNA metabolism. If such an episome is made of dxNA or a similar informationally
orthogonal polymer, this “genetic firewall” should, in principle, restrain both recombination
with the host genome and escape into the environment outside the host cell. Some of the
minimal requirements are first of all replication by an XNA-dependent XNA polymerase, of
which this work is a first step. Other enzymes that would have to be either evolved or designed
are proteins such as for example helicases, ligases, topoisomerases and nucleases. These
would be necessary for manipulation of XNA in vitro, and to allow in vivo functionality that

extends from mere linear primed replication to controlled replication and genomic stability.

To encode functional genes on this XNA episome, a transcription polymerase is needed that
can transcribe dxNA to another genetic polymer such as xNA, or RNA. These transcripts could
either function on their own as aptamers or (xeno)ribozymes, or be translated to proteins. All
these choices have opportunities and caveats. Transcription to RNA would instantly break the
genetic firewall, since a reverse transcriptase could then easily copy the gene sequence back

to DNA. Transcription to anything other than RNA could very well produce a molecule that
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folds into a functional shape, but if it is to be translated to protein it becomes necessary to
adapt or invent an entire translation machinery, complete with tRNAs and ribosomes capable
of recognizing and translating non-RNA. A middle ground could consist of a new XNA-to-RNA
transcriptase, but with an expanded alphabet, for example an XY base pair as well as AT and
GCones with some tRNAs that have new anticodons with these XY base pairs. If a large enough
fraction of the coding sequence consists of XY base pairs, reverse transcription cannot carry
sequence information meaningfully back into DNA, and an RNA transcript with unnatural
bases should inhibit translation by natural ribosomes and tRNAs. Thus, no protein can be
formed from such a transcript by hosts lacking these novel tRNAs and XY base pair system,

even if the transcript has the natural RNA backbone.

Although this is a hypothetical example, one thing is clear: an in vivo XNA episome that is
informationally orthogonal through changes in the backbone and/or nucleobase will also need
to be metabolically orthogonal, in the sense that the nucleotides should not inhibit natural
polymerases. In the concrete case of dxNTs, they could easily act as chain terminating
inhibitors and stall the host polymerases. It is for this reason that even if the dxNA product
would be completely orthogonal, the nucleotides themselves could be altered so they are not
interfering with the large number of natural proteins that require nucleotides as (regulatory)
substrates. A prime target for modification that removes substrate recognition would be an
altered leaving group. The combination of multiple differences in the backbone, base and
leaving group moiety, should abolish recognition as a nucleotide but retain all the functional
parts, in order to have an XNA episome function in a living host. This was the case, for example,
where XNA with a HNA backbone and modified bases (5-methyl-isocytosine and isoguanine)
resulted in XNAs could not be read through by natural polymerases, in vitro and in vivo (150,

151).
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7. Conclusions

To evolve an XNA polymerase from a DNA polymerase that has only a very low promiscuous
activity for these xenonucleotides, where the formed XNA does not hybridize to DNA and
cannot be reverse transcribed, several issues arise. Selection for activity will have to be set at
a very low bar, which allows mutants to be selected for low fidelity, and the reaction that is
selected for will have to be indirect. In the case of Therminator polymerase, this involves
incorporation of only a couple of dxNTs and their extension has to happen with partly
biotinylated DNA, which implies co-selection of DNA replication. The products are also too
short and lack an enzyme capable of reverse transcription, so self-replication strategies that
safeguard against fidelity loss cannot be used yet. Still it is possible to increase activity and
tolerance for dxNTs by a small, local amount of substitution mutations. Once the promiscuous
activity is increased to levels where wild type mismatch bypassing is effectively blocked, larger

selective pressures can be implemented.

We nevertheless successfully selected a DNA polymerase mutant, H545R, that can
incorporate dxNTs after two rounds of CST, albeit slower than the wildtype. However, while
the wild type is faster, it stalls after the incorporation of two consecutive dxNTs. The H545R
mutant is able to extend and presumably translocate these dxNT-induced distortions in the
nucleic acid backbone, to a point where four dxNTs spaced by two dNTs each do not inhibit
complete extension. This mutant neither achieved this by becoming more error-prone or by
performing template-independent terminal transferase activity, nor did it gain increased

general tolerance to any XNA, as it became less efficient for arabinose-based nucleotides.

It is unlikely though that merely substituting residues in the DNA polymerase active site fold
can eventually change it into a dedicated dxNA polymerase, given that the contacts between
nucleic acid and protein trace the nucleic acid shape and are constrained by the larger scale
protein fold. To evolve a thumb domain that binds a much more extended dxNA polymer with
a different helical handedness, a more drastic approach of substituting whole regions by
different secondary structure elements could prove more efficient, potentially aided by

computational methods.
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-IYADTDGFYSK- M. maripaludis (42%)
-LYIDTDGLYAT- P furiosus (80%)
-LYADTDGFFAT-  D. Tok (89%)
-LYADTDGFFAT-  T. gorgonarius (92%)
-LYADTDGLHAT- T radiotolerans (93%)
H

-LYADTDGLHAT-  Therminator (100%)

Figure S1: Sequence alignment of the active site region of five representative archaeal DNA
polymerases compared to the Therminator DNA polymerase.

A protein BLAST to this polymerase returned 51 archaeal family B DNA polymerases (fragmentary,
hypothetical and duplicate protein sequences were excluded), 47 of which belong to the
Thermococcaceae family. The catalytic Asp residues D540 and D542, as well as many nearby residues,
are either conserved across all polymerases in the dataset (*) allow conserved replacements (:), or are
semi-conserved (.). Position 545 is highly variable but is always taken by a large aromatic residue, either
His (8/51), Tyr (23/51) or Phe (20/51), with no clear phylogenetic constraints.

5’ Cy5-CAGGAAACAGCTATGAC

3! GTCCTTTGTCGATACTGXXXCGCC
XXX = TAT XXX = ATA
+9 -
+8 -
+7 -
- - 2
+2
e - e . +1
e ] - 1 - - - - - 0
- - - e 0
5 20 90 5 20 90 5 20 90 5 20 90 520 90 5 20 90 5 20 90 5 20 90 5 20 90
TH E2 TH E2 TH E2 TH E2 TH
+ dxATP, dxTTP + dxATP, dxTTP, + dxATP, dxTTP + dxATP, dxTTP, +4 dNTPs
dGTP, dCTP dGTP, dCTP

Figure S2: Primer elongation with mixed dxATP and dxTTP by wildtype Therminator exo” (TH) and
mutant polymerase E2.

The TAT template (XXX = TAT) was designed to allow incorporation of one dxATP and two dxTTP, the
inverse with the ATA template. Reactions ran with dxNTPs in the absence or presence of additional
dGTP and dCTP. Samples were taken after 5, 20 and 90 min. P = unextended primer. Right: positive
control with natural dNTPs.
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< Figure S3: Selected parts of electrospray ionization mass spectra of extended oligonucleotide
primer CAGGAAACAGCTATGAC.

Peak heights are normalized for the highest peaks of primer extension products within that sample.
Templates 5-CGCTGCCGCAGTCATAGCTGTTTCCTGCC-3' and 5’-CGCAGCCGCTGTCATAGCTGTTTCCT
GCC-3’ allow extension with TGCGGCAGCG (in presence of d(x)ATP) or AGCGGCTGCG (in presence of
d(x)TTP). Peaks labelled with * are m/z to m conversion artefacts that do not correspond to expected
elongation products. Expected products are confined by boxes. A) MS peaks of +2 extension products
using wildtype Therminator in presence of dTTP, dGTP, dCTP and dxATP. Correct extension products
have a monoisotopic mass of 5852 Da. B) MS peaks of +2 extension products using wildtype
Therminator in presence of dATP, dGTP, dCTP and dxTTP. Correct extension products have a
monoisotopic mass of 5843 Da. C) MS peaks of +2 extension products using Therminator mutant E2 in
presence of dTTP, dGTP, dCTP and dxATP. Correct extension products have a monoisotopic mass of
5852 Da. D) MS peaks of +3 extension products using Therminator mutant E2 in presence of dATP,
dGTP, dCTP and dxTTP. Correct extension products have a monoisotopic mass of 6132 Da.
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< Figure S4: Selected parts of electrospray ionization mass spectra.

Peak heights are normalized for the highest peaks of primer extension products within that sample.
Primer sequence: CAGGAAACAGCTATGAC. Templates 5’-CGCTGCCGCAGTCATAGCTGTTTCCTGCC-3’
and 5’-CGCAGCCGCTGTCATAGCTGTTTCCTGCC-3’ allow extension with TGCGGCAGCG (in presence of
d(x)ATP) or AGCGGCTGCG (in presence of d(x)TTP) A) MS Peaks of +2 extension products using
wildtype Therminator in presence of dATP, dGTP and dCTP. Extension products with a misincorporated
dC, dA or dG (underlined) have monoisotopic masses of 5828, 5852 and 5868 Da, respectively. B) MS
Peaks of +11 extension products using wildtype Therminator in presence of dATP, dGTP, dCTP and
dTTP. Correct extension products (extended with an untemplated dA) have a monoisotopic mass of
8652 Da. C) MS Peaks of +2 extension products using Therminator mutant E2 in presence of dGTP,
dCTP and dATP. Extension products with a misincorporated dC or dA (underlined) have monoisotopic
masses of 5828 and 5852 Da, respectively. D) MS Peaks of +1 extension products using wildtype
Therminator in presence of dATP, dGTP, dCTP and dxTTP. Correct extension products (xT) have a
monoisotopic mass of 5514 Da, those with misincorporated dA or dG have 5523 and 5539 Da.



146 | Addendum

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951

1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301
3351

CGAGGGCAAA
TCTGGGTACC
ACATCACCGA
GGTGAATTCA
TCTGCTGAAA
AACGTCACGG
AAATTCCTGG
GCAGGACGTT
TTGACATCTA
AAAGGTCTGA
CGCTATCGCT
TCCTGATGAT
AAAAAAATCG
GATCAAACGT
TCACCTACAA
GAAGAACTGG
AATACAGCGT
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GACTTCCCGG
TCAGAAAATC
AACTGCTGGA
TACGGTTACT
TGAATCTGTT
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Figure S5: Annotated plasmid sequence.
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CAACCCGTAA
TGGCATGTAA
GTTAGATAGG
AAGATTTTTT
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GCAGCATAAC
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TTGAGATCCT
CACCGCTACC
TTTCCGAAGG
TCTAGTGTAG
CTACATACCT
GATAAGTCGT
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CAACAATTGA
GCGCTCGGCC
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CACCATACTC
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GAGCAAAAGT
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AGCGGTGGTT
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CGCTCTGCTA
GTCTTACCGG
TCGGGCTGAA
CTACACCGAA
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Complete sequence of the Therminator protein with His-tag fusion in the pASK plasmid. Targeted

residues in the library regions A (active site) and M (minor groove binding region) have been

underlined. The codon for residue 545 is boxed. Re-cloning primers for mutagenized part of
Therminator were 5’CCGTACGTCGACGTTGTTTC3’ and 5’ACGTTCAACTGCAGGCAG3’, containing a Sall
and Pstl restriction site, respectively. Re-cloning primers for non-mutagenized part of Therminator and
vector backbone were 5’GTTCTGCCTGCAGTTGAAC3’ and 5’ GAAACAACGTCGACGTACGG3’, containing
a Pstl and Sall restriction site, respectively. These primers were used to produce PCR fragments, which

are digested by Sall and Pstl restriction enzymes and ligated using T4 ligase (Thermo Scientific).

Restriction binding sites are underlined. CST primer-binding sites are underlined, the minimal region
for incorporation is boxed. Primer for CST round 1 was 5'CAAATAGGGGTTCCGCGCACATTTCCCC3'.
Primer for CST round 2 was 5’GAGCAAAAACAGGAAGGCAAAATGCCGC3'.



