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Abstract:

DNA-dependent DNA polymerases have been extensively studied for over 60 years and lie at the
core of multiple biotechnological and diagnostic applications. Nevertheless, these complex
molecular machines remain only partially understood. Here we present some evidence on how
polymerase engineering for the synthesis and replication of xenobiotic nucleic acids (XNAs) have
improved our understanding of these enzymes and how that can be used to gain further insight
into their mechanism. Better understanding of the mechanisms of DNA polymerases can
accelerate their engineering and we highlight how it is now feasible to use structure- and
function-based approaches to systematically and iteratively develop XNA polymerases for
increasingly divergent chemistries.

Graphical Abstract:
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Highlights:

e Selection platforms used for polymerase engineering can be a powerful tool to probe DNA
polymerase mechanism.

e The polymerase field has been shaped by bulk biophysical assays and detailed
structures, making identification of mutations that affect polymerase dynamics non-
trivial.

e Mutations that stabilize the closed conformation or that reduce the likelihood of finger re-
opening decrease polymerase fidelity but greatly enhance the potential of polymerases to
synthesise xenobiotic nucleic acids (XNAs).



Introduction

DNA-dependent DNA polymerases are essential to life on Earth. They are the key catalysts
available for the molecular replication of DNA and, therefore, they have a central role in the
propagation of genetic information. DNA polymerases have been extensively characterised for
over 60 years [1], using a wide range of biochemical and biophysical approaches developed, and
further supported by substantial structural information.

Some paradigms have become well-established in the field, such as the consensus that all DNA
polymerases operate with two catalytic magnesium ions in their active site, and that polymerases
can be best grouped by their sequence similarity and conserved motifs into the eight currently
described families (A, B, C, D, E, X, Y and RT).

Other areas have remained more contentious, such as the molecular features in polymerases
and in triphosphate substrates that account for fidelity of incorporation, or the identification of
the rate limiting steps in catalysis.

While the structure of the polymerase active site seems remarkably similar across polymerases
of different families and of different phylogenies (Figure 1), it is not an unreasonable assumption
that enzymes may have been optimised through evolution to their local role (e.g. replication,
repair) and context (e.g. other available polymerases in the cell, regulation). For instance,
bacteriophage T4 and RB69 both harbour a B hairpin, whose mutation has direct measurable
impact on polymerase fidelity. Nevertheless, similar mutations to disable the equivalent structure
in S. cerevisiae DNA polymerase 8 (also a B-family polymerase), show no significant impact on
the overall polymerase fidelity [2].

It is also not unreasonable to argue that DNA polymerases carry out multiple different but related
reactions, considering the identity of the incoming triphosphate, the sequence of the template
and the nascent duplex. Consequently, the data (and the techniques needed to generate it)
required to distinguish a universal mechanism from multiple local models on polymerase
mechanism are not currently available.

In all, DNA polymerases remain partially understood enzymes. But partial (and potentially even
incorrect) understanding of important aspects of polymerase mechanism has not been an
obvious barrier to their engineering - with a wide range of reported examples, from enzymes with
altered fidelity or dynamics, to enzymes capable of synthesising unnatural polymers.

This brief review highlights some of the recent advances in the engineering of DNA polymerases
(particularly B-family polymerases) for the synthesis and reverse transcription of xenobiotic
nucleic acids (XNAs) and how these mutations may yield greater insight into the mechanism of
DNA polymerases. Other recent reviews are available that provide a detailed mechanistic and
structural analysis of DNA polymerases [3-7].

Bypassing knowledge gaps with focused libraries - the second gate

Engineering approaches, such as directed evolution, are sufficiently powerful to bypass
knowledge gaps [8]. They rely on establishing a strong link between phenotype and genotype,
ensuring that isolation of the desired function retrieves the gene sequence responsible for it.
Selection and screening strategies can be scaled up, with many selection platforms able to
sample populations exceeding 108 variants. That remains however a fraction of the local
sequence neighbourhood of even a small protein: sampling all possible triple mutants of a 100-
residue protein leads to more than 109 variants.



Clear understanding of the function and mechanism of an enzyme enables the design of focused
libraries, targeting diversity onto relevant residues. That approach is meant to increase the
likelihood that a polymerase with the desired function is present in the library, and it also
maximises the population of desired mutants as a fraction of the total library. Both processes
increase the efficiency of the engineering cycle.

However, if the understanding of the enzyme is incomplete or incorrect, it creates a knowledge
gap, which can lead to diversity introduced for selection not targeting relevant residues as well as
targeting residues with no relevant role.

Early work from multiple groups on the engineering of XNA synthetases (based on thermostable
A-family polymerases) capable of synthesising RNA or congeners such as 2’F-RNA and 2’0OMe-
RNA, focused on diversity introduced in the vicinity of the active site: optimising nucleotide
binding and incorporation [9-11]. The resulting enzymes all displayed ribonucleotide
incorporation efficiencies comparable to natural substrates but could not extend the nascent
chain beyond a handful of incorporations.

Later efforts, using a different polymerase scaffold (B-family archaeal enzymes), identified a
region in the thumb domain of the polymerase that was key to changing their substrate specificity
[12,13]. Engineering of this second region enabled the synthesis of a range of different XNAs
[13] while a single residue was sufficient to convert a DNA polymerase into an efficient RNA
polymerase capable of accepting a range of 2’ substitutions [12].

Termed a ‘second gate’ - in addition to the well-established ‘steric gate’ in the polymerase active
site - residue E664 (in Thermococcus gorgonarius) has been hypothesised to have a role in the
specificity of the polymerase for the nascent duplex. As the polymerase incorporates and
elongates the primer strand with ribonucleotides (or other non-cognate substrates), the nascent
hybrid duplex shifts away from the canonical B-form double-stranded DNA. Thus, different
contacts are needed to ensure the nascent duplex remains a viable substrate for the
polymerase.

For RNA synthesis [12], for synthesis of chimeric polymers containing 2'-5' linkages [14] and for
reverse transcription activity [15], E664K has been the preferred mutation. Other mutations,
targeting the same E664 residue, have been reported to enhance TNA (threosyl nucleic acids;
E664I) [16] and tPhoNA (3'-2’ phosphonomethylthreosyl nucleic acid; E664H) synthesis [17]. In
all, the repeated isolation of E664 variants with improved XNA synthesis activity suggests that
this is an important determinant of substrate specificity among archaeal B-family DNA
polymerases.

Because the polymerase thumb domain is not well conserved even among B-family DNA
polymerases (Figure 2), if the same mechanism is present in other polymerases (including other
B-family enzymes) the residues need not be structurally close. For instance, although the
archaeal HNA synthetase required extensive mutation of the polymerase thumb [13], the DNA
polymerase from the bacteriophage Phi29 (a mesophilic B-family polymerase) requires no
additional mutations on the thumb to processively synthesise HNA [18].

On the other hand, Romesberg and colleagues, building on previous engineering efforts [9],
reported recently the engineering of a 2'0Me-RNA synthetase based on the A-family DNA
polymerase from Thermus aquaticus [19]. The mutations cluster in two regions, one at the
interface between finger and thumb (see below), the other in the thumb in close contact to the
nascent double helix - a region highly reminiscent of E664.

Challenges from bypassing knowledge gaps with random mutagenesis - The XNA RT



Another traditional strategy for creating a library for selection is through using error-prone PCR
(epPCR) to introduce a low number of mutations across a defined (and usually long, i.e. > 100
bp) fragment of the target gene. While epPCR libraries are not designed to sample the whole of
the available sequence space, they make no assumptions about the functional roles of the
targeted residues. Consequently, epPCR libraries are a powerful tool to probe knowledge gaps
potentially identifying previously missed relevant residues.

On the other hand, and common to all directed evolution approaches, the output of selection
does not necessarily isolate the minimum set of essential mutations needed to generate the
selected trait. Neutral mutations (or passenger mutations), which can have a significant impact in
the evolvability of a library [20], tend to accumulate in selection and it is not always practical to
deconvolute an isolated variant to trace the contribution of individual mutations.

Deconvolution can be carried out systematically, introducing individual mutations on a wild-type
backbone, as carried out by Skirgaila and colleagues in engineering a more thermotolerant Phi29
DNA polymerase [21]. Skirgaila and colleagues created a library of Phi29 DNA polymerase
variants by epPCR and used a variation on compartmentalised self-replication [22] to select for
enzymes with increased stability - the wild-type Phi29 polymerase has an approximate half-life of
18 minutes at 30°C.

Sixteen variants isolated directly from selection were shown to harbour between seven and 13
mutations (average 9.4), but eight mutations dominated that dataset (present in at least 50% of
the isolated variants). The eight-residue mutant was tested for activity confirming the selected
phenotype - the engineered variant was shown to have a half-life of over eight hours at 30°C.
Crucially, these 8 positions were then tested individually to measure their individual contribution
to protein stability, with six of them contributing significantly to the stability of the enzyme in the
absence or presence of a DNA substrate [21].

Ellington and colleagues in engineering a proof-reading RT based on the KOD (Thermococcus
kodakarensis) DNA polymerase, faced a more daunting task, since the selected polymerase
harboured 37 mutations [15]. Deep sequencing of the libraries combined with structural and
modelling work was used to identify residues that could contribute to the selected function.

The individual contribution of each mutation on the engineered polymerase function was not
determined since, as the authors suggest, the RT activity is probably an emergent property of
reshaping the active site and duplex binding tunnel in the polymerase. Nevertheless, Ellington
and colleagues showed that a variant, harbouring twelve mutations, did not have sufficient RT
activity to perform an RT-PCR on a 0.5 kb fragment. Adding two mutations, M137L and K466R (in
KOD), to that background enabled the polymerase to carry out RT-PCR of a 1.5 kb fragment. Two
further mutations, 1521L and N735K, further enhanced the efficiency of the process.

Of those, the 1521L mutation is the best characterised to date. It was originally isolated from a
screen for HNA reverse transcriptases from T. gorgonarius mutants [13] alongside two other
variants, 1521P and I521H [23]. It has been shown to be a key enabling mutation for the reverse
transcription of a wide range of XNAs [13,24]. Structurally, 1521 is in close proximity to a loop
crucial to catalysis (C-motif: 538 YSDTDGF 544 in KOD) but how it affects catalysis is less clear.
Notably, mutations at the structurally equivalent position in the Phi29 DNA polymerase (T441)
did not improve the enzyme’s XNA RT activity (Pinheiro, V.B.; unpublished), and could suggest
that the effect of I521L is restricted to archaeal thermostable enzymes, where that residue is
strictly conserved.

Testing 1521L for incorporation of nucleotide analogues harbouring protecting groups in their 3’
hydroxyl (as used in some platforms of next-generation sequencing), suggests that 1521L
increases template switching and reduces phosphorolysis [25]. In the context of XNA synthesis,



I1521L significantly improved HNA synthesis on a 6G12 background [26], removing the need for
forcing reaction conditions (combining Mn2+ and Mg2+). That apparent enzyme increase in activity
was also observed for the synthesis of tPhoNA and DNA (of an intermediate in the evolution of
the tPhoNA synthetase) [17].

It is plausible that residue 1521 affects the catalytic process through direct interaction with the C-
motif loop (akin to previously reported A-motif variants of Pfu DNA polymerase [27]), however
detailed incorporation kinetics assays of the I1521L mutant have not yet been reported. It is also
plausible that 1521L could be affecting the polymerase dynamics, hence assays that can
measure incorporation rates [28,29] and fidelity [30], will also be of extreme value to understand
the role of 1521 in polymerase function and how the mutant affects that.

Engineering polymerase dynamics - The ‘Therminator’ mutation

Our understanding of DNA polymerase mechanism has been shaped by bulk biophysical assays
and it is supported by multiple detailed structures that capture snapshots of various steps along
the catalytic cycle. The result is a well-established functional model that takes into account
substrate binding and release, protein conformational changes and chemical steps (Figure 3).

A major limitation of such continuous mass action model is that it is an approximation of a
quantised stochastic model. As a result, it can be difficult to relate bulk measurements (or
properties) to the effect and mechanism of individual polymerases. Attempts have been made in
developing agent-based models of DNA polymerase catalysis [31] but to date they have gained
little traction in the field.

The mass action model covers one of the key dynamic processes in DNA polymerases: the switch
between ‘open’ and ‘closed’ conformations. Once thought to be the rate limiting step in catalysis,
the movement of the finger domain is more compatible with an ‘induced fit' [32] or
‘conformational diversity’ [33] models, where the closed conformation is stabilized upon
nucleotide triphosphate binding,

Crucially, incorrect nucleotides do not stabilize the closed conformation as efficiently. The result
is not only a lower probability of the chemical reaction taking place but a higher likelihood of the
polymerase to switch back to an open conformation, allowing nucleotide triphosphate exchange
[32]. It remains unclear whether an incorrect nucleotide in the active site can access the
catalytically relevant closed conformation efficiently, but it is accepted that residence time of a
triphosphate substrate in the active site is the key determinant of incorporation.

This dynamic process represents a key bottleneck in the engineering of XNA polymerases, where
the unnatural triphosphate substrates (or XNA templates, or both) are likely to have suboptimal
fit in the active site, as recently reported for a KOD-based TNA synthase crystallised as a ternary
complex with a hascent DNA duplex and TNA nucleotide triphosphate in its active site [34].

Hence, for engineering, if the conformational sampling is relevant to polymerase mechanism, it
follows that there must be mutations capable of modulating that process. Mutations that
stabilize the closed conformation or that slow the finger dynamics, would likely result in
polymerases that can more readily synthesise XNA (or reverse transcribe it or both), but are less
active (due to the longer catalytic cycle and lower probability of nucleotide or pyrophosphate
release) and more prone to misincorporation (due to the longer residence of triphosphates in the
active site of the closed conformation).

Therminator (9°N-7 DNA polymerase harbouring A485L mutation) has become one of the most
important enzymes in the XNA field for its increased ability to incorporate base-, sugar- and
phosphate-modified triphosphates. The A485L mutation was originally identified as a
determinant of nucleotide sugar recognition in a related archaeal polymerase [35,36] but its



mechanism of action has never been determined. The mutation does not affect the structure of
the finger domain significantly and it is not expected to create any steric clashes, however, its
effect is clear: The mutant polymerase is less active than the wild-type enzyme (in U/mg), it has
lower fidelity and it is more prone to template-independent synthesis.

This effect is not exclusive to B-family archaeal DNA polymerases. Stabilizing thumb interactions
with the polymerase fingers has been shown to contribute to an engineered A-family 2’0OMe-RNA
synthetase activity [19]. Pacific Biosciences has, across multiple patents, also described Phi29
DNA polymerase mutants that are affected in the sampling rate of incoming nucleotides and on
the stability of the closed conformation [37-40].

Nucleotide sampling in the active site is not the only dynamic process in a polymerase: the
binding of the polymerase to the DNA duplex, the balance between exonuclease and polymerase
active sites as well as the translocation process are all dynamic processes that can be
modulated through polymerase engineering.

Of those, the balance between exonuclease and polymerase activity in B-family enzymes has
been the best characterised to date. It is well-established that B-family enzymes operate in a
balance between polymerase and exonuclease activity: that process is central to the enzyme’s
proof-reading and enhanced fidelity compared to A-family polymerases like Taq, which lack the
3’->5’ exonuclease function. Mismatches or lack of nucleotide triphosphate substrates curb the
polymerisation process allowing clearer observation of the exonucleolytic activity, which has long
been exploited for DNA cloning [41].

Salas and colleagues were among the first to report that mutations targeting residues other than
conserved exonuclease catalytic site motifs, which could also lead to loss of exonuclease
function [42]. Mutations like N62D in Phi29 DNA polymerase (structurally and functionally
equivalent to N210 in KOD [15]), have little impact on polymerase activity (and strand-displacing
activity) but greatly reduce exonuclease function without disabling it. While residual exonuclease
activity in Phi29 N62D is at the limit of detection for DNA synthesis, it remained a significant
factor in engineering a mesophilic HNA polymerase [18] - presumably a consequence of lower
XNA synthesis rates and distorted nascent duplex that are both expected to drive the probability
towards exonuclease sampling. Other residues have also been implicated in modulating
exonuclease sampling, such as H147 in KOD with some mutations increasing and others
decreasing sampling (and with measurable impact on downstream fidelity) [43].

Crucially, exonuclease activity remains a separate process from exonuclease sampling. For the
engineering of XNA polymerases, it is beneficial to target both processes, such that the nascent
duplex cannot be degraded (exonuclease activity) and remains in a productive conformation
(polymerase site) without futile cycles of switching between the two catalytic sites. In the
engineering of a tPhoNA synthetase, modulating the exonuclease sampling through the
introduction of an H147E mutation (which would be expected to reduce sampling to about 30%
of the wild-type) had a small but measurable impact on the activity of an engineering
intermediate [17].

Future of polymerase engineering

Next-generation sequencing platforms that rely (or are compatible with) a continuous polymerase
reaction, such as Pacific Biosciences [44] or Oxford Nanopore [45,46], are powerful tools to
characterise polymerases with the single-molecule real-time monitoring sure to enhance our
mechanistic insight on these highly complex enzymes.

Polymerase structures also have significant value in the engineering process, particularly from
related structures harbouring a range of substrates, sampling mismatches [47,48], unnatural



bases [49] and triphosphate analogues [50]. Those “families” of structures give a very detailed
knowledge of spatial constraints that can affect polymerase function.

Deep understanding of polymerase mechanism will have a direct impact on their engineering,
shifting selection platforms away from large libraries towards small knowledge-based ones,
capable of delivering iterative improvements of function.

We have recently demonstrated the power of that approach in the engineering of a tPhoNA
synthase, where initial in vitro selection efforts based on compartmentalised self-tagging [51]
were not successful due to interference from components of the cell lysate. The systematic
engineering bypassed that limitation helping deliver not only the most orthogonal XNA
polymerase to date but also the first synthetic genetic material that differs from nature in two of
its three chemical moieties [17].

Polymerases are at the core of multiple biotechnological and medical applications, from PCR to
aptamer selections, from DNA sequencing to DNA de novo synthesis. The functional
requirements that drove the natural evolution of these enzymes have created incredible
molecular machines that can be further refined. Reverse engineering these machines to truly
understand their function, will greatly accelerate their further development, allowing the precise
fine tuning of function for each desired application.
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Figure legends:

a. Taq (3RTV) b. KOD (50MF) c. Pol Ill (3E0D)

Figure 1: Closed ternary structure of DNA polymerases from different families. The polymerase
domain (cartoon) is divided in three parts: palm (yellow), fingers (dark blue) and thumb (cyan).
The palm domain is the most conserved structural element among DNA polymerases. Fingers are
involved in the binding of the incoming triphosphate (magenta). The thumb makes multiple
contacts to the nascent duplex (pink) and has a role in some of the dynamic processes of the
enzymes. Domains other than the polymerase domain (e.g. exonuclease and PHP) are shown as
surfaces for clarity. PDB entry of the structures is given next to the respective structure.

a. RB69 (3UIQ) b. KOD (50MF) c. Phi29 (2PYJ)

Figure 2: Diversity of thumb structures among B-family polymerases. Polymerase domains are
shown as cartoons with thumb subdomains highlighted in cyan. Although it is clear that the
thumb subdomains make extensive contact with each nascent chain (pink), the wide variation in
structure makes generalization of a functional residue difficult - and that can have an impact on
transferring mutations from an engineered enzyme to other polymerases of the same class,
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Figure 3: Simplified DNA polymerase reaction pathway. The residence time of a nucleotide in the
closed polymerase complex (E*eDNAedNTP) is a key determinant for its incorporation. Mutations
isolated from engineering that have been characterised (particularly for archaeal
hyperthermophilic B-family polymerases) support the induced fit model proposed by Tsai and
Johnson [52], where the polymerase binary complex (EeDNA) bind correct and incorrect
nucleotides (blue and red dNTP respectively) with minimal discrimination. The correct nucleotide
is more likely to stabilize the active closed conformation, which leads to incorporation. Distortions
caused by the sampling of the incorrect nucleotide are less likely to stabilize the closed
conformation and may also interfere with catalysis - both processes enhance polymerase
fidelity. The polymerase thus behaves as a ratchet with the correct nucleotide maximising the
probability that the (near) irreversible chemical step takes place. The more the system is skewed
away from incorporation, the less likely it is for misincorporation to occur, with the enzyme
sampling nucleotides for longer before each incorporation. If a misincorporation does take place
it may lead to polymerase stalling and correction by an active exonuclease domain (in
proofreading polymerases).
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