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Abstract

DNA polymerases are critical tools in biotechnology, enabling efficient and accurate amplification 

of DNA templates, yet many desired functions are not readily available in natural DNA 

polymerases. New or improved functions can be engineered in DNA polymerases by mutagenesis 

or through the creation of protein chimeras. Engineering often necessitates the development of 

new techniques, such as selections in water-in-oil emulsions that connect genotype to phenotype 

and allow more flexibility in engineering than phage display. Engineering efforts have led to DNA 

polymerases that can withstand extreme conditions or the presence of inhibitors, as well as 

polymerases with the ability to copy modified DNA templates. This review discusses polymerases 

for biotechnology that have been reported, along with tools to enable further development.
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DNA polymerases

DNA polymerases copy DNA generally with high accuracy and efficiency; therefore, they 

are critical tools for molecular biology and biotechnology [1, 2]. These intrinsic 

characteristics are exploited for biotechnology tools that can be used in DNA sequencing 

and DNA replication and amplification, topics which have been recently reviewed [3–5]. 

DNA polymerases can also be engineered to address various biotechnology problems, such 

as amplifying DNA from crude environmental samples, copying modified DNA from 

patients, or sequencing DNA in ancient samples. The characterization of specialized Y-

family damage-bypass (translesion synthesis (TLS), see Glossary) DNA polymerases 

greatly expanded the potential uses of DNA polymerases [6]. These DNA polymerases can 

copy DNA containing some types of damage accurately, inserting the complementary 

nucleotide opposite damaged bases, thus potentially allowing faithful amplification of 

damaged DNA. Due to these properties, TLS polymerases have been utilized for the study 
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and identification of the repair of damaged nucleotides [7]. In addition, the mutagenic 

activity of Y-family DNA polymerases on undamaged DNA potentially provides additional 

applications in random mutagenesis and directed evolution experiments. The range of 

naturally occurring activities and specificities as well as the potential to introduce altered 

activities or improved efficiencies makes DNA polymerases especially attractive for 

manipulation. Engineering new functions in replicative and TLS polymerases to act on 

modified DNA or under challenging conditions, as well as the methods used for their 

development, will be a focus of this review.

DNA polymerases are described as adopting a right-hand fold, in which the palm domain 

harbors the active site, the fingers domain binds the incoming nucleotide, and the thumb 

domain binds duplex DNA (Figure 1). Although there are eight different families of DNA 

polymerases (Table 1), they all catalyze DNA synthesis in a metal-dependent reaction in 

which the 3′-OH of the primer serves as the nucleophile that attacks the α-phosphate of the 

incoming nucleotide to form a new phosphodiester bond, releasing pyrophosphate (Figure 

2A). DNA polymerases maintain fidelity via complementary base pairing of the incoming 

nucleotide with the nucleic acid template; most DNA polymerases exhibit high fidelity, 

although X- and Y-family DNA polymerases are notable exceptions. DNA processivity, 

which is the number of nucleotide additions to DNA in a single binding event of DNA 

polymerase, varies widely among DNA polymerases. Many polymerase engineering efforts 

have been directed toward developing polymerases that can accept modified DNA or 

incoming nucleotide substrates, have increased processivity, or have resistance to inhibitors. 

These types of modifications can extend the current capabilities of polymerases or expand 

them into new functional roles (summarized in Table 2).

Polymerase engineering methods

Engineering polymerases borrows many techniques used to engineer other enzymes, such as 

rational design based on information transfer or computational analysis, random 

mutagenesis and selection, or a combination of approaches (Figure 3). For example, 

analyzing a polymerase from an organism dwelling deep in the Red Sea allowed the creation 

of a halophilic polymerase [8]. Understanding the different structural and electrostatic 

features that allow viability in high temperatures and high salt made engineering salt 

tolerance possible. Understanding the roles of different residues in the bypass of abasic sites 

informed the study of incorporating unnatural amino acids to further dissect abasic site 

bypass [9]. The variant polymerases had reduced bypass activity due to variations in pKa of 

the modified tyrosine. Unnatural amino acids were used in this study to understand the 

bypass process, but they may be used in the future to engineer beneficial changes in 

polymerases [10]. Domain replacement is another route for engineering; for example, a 

chimeric Thermus aquaticus (Taq) polymerase with the proofreading domain from 

Escherichia coli pol I conferred exonuclease proofreading activity on Taq polymerase [11].

Directed evolution is a powerful technique in the development of new enzymes, including 

polymerases [12]. Phage display has produced several engineered polymerases, even though 

the sequence space accessible to sampling with this method may be somewhat limited [13, 

14]. A method more specific to the evolution of polymerases is compartmentalized self-
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replication (CSR), whereby single polymerase clones are captured in emulsions [4, 15]. 

Polymerase chain reaction (PCR) occurs in the emulsion, which allows the next generation 

of clones to be created and expressed for another round of evolution. CSR has been utilized 

as a mechanism to produce polymerases with improved performance for further use in the 

CSR method itself [16–18].

Polymerase engineering methods are constantly evolving, in some cases becoming more 

targeted through increased knowledge and in others enabling screening of larger libraries 

through better technologies. One effort was the development of droplet-based optical 

polymerase sorting (DrOPS), in which single cells each carrying a single polymerase clone 

are encapsulated in droplets along with reagents to assay activity [19]. The system greatly 

reduces the amount of material used, which is especially important for reagents such as 

synthetic dTNPs that are challenging to produce in large quantities. The information from 

these large screening experiments may be utilized to inform further polymerase engineering, 

potentially aiding the rational design of new functions.

Engineering improved activity and robustness in DNA Polymerases

One of the earliest and most impactful examples of polymerase engineering was the 

development of T7 DNA polymerase as Sequenase and related enzymes for DNA 

sequencing. Engineering T7 DNA polymerase began with the recognition that eliminating its 

proofreading function allowed for more stable incorporation of chain-terminating dideoxy 

nucleotides (Figure 2B) [20] and the subsequent finding that pyrophosphorolysis, or addition 

of pyrophosphate to the last phosphodiester bond formed in the reverse of the 

polymerization reaction, reduces the efficiency of chain termination [21]. The latter problem 

was solved by adding pyrophosphatase to the sequencing reaction; manganese was also 

added to reduce discrimination between dideoxynucleotides and deoxynucleotides for more 

uniform sequencing results [21]. The single residue Y526 in T7 DNA pol is responsible for 

dNTP discrimination; introducing an analogous tyrosine in E. coli or Taq pol I decreased 

dNTP discrimination, allowing engineering of DNA pols, especially in DNA sequencing 

applications [22].

Although there are numerous thermostable DNA polymerases now in use in PCR 

applications, they are not without drawbacks, such as mispriming at nonspecific sites. This is 

particularly notable at ambient temperature, which can lead to the introduction of artifacts 

during reaction setup. Most commercial so-called hot start PCR products rely on reversible, 

thermolabile inhibition of the DNA polymerase, including by the addition of anti-

polymerase antibodies or chemically-modified DNA primers or dNTPs [23]. Another 

solution to this problem is to identify cold-sensitive thermostable DNA polymerases that are 

inactive at ambient temperature. A screen of a library of KlenTaq variants identified 

mutations in the fingers domain that conferred cold sensitivity, with poor polymerase 

activity at 37 °C or 42 °C, while maintaining activity at 68 °C or 74 °C [24]. One variant 

identified from the screen was I707L, a mutation of an amino acid residue located ~20 Å 

from the active site. A crystal structure of the variant in complex with DNA and an incoming 

nucleotide reveals an overall similar structure as that of wild-type KlenTaq, with only minor 

local perturbations, indicating that the variant should retain activity [25]. However, the same 
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variant in complex with only DNA shows an altered conformation of F749, leading to a 

reorganization of the fingers domain and opening of the active site. This opening allows two 

adenine residues from the template strand to block the active site and decrease activity; it is 

suggested that at low temperatures the polymerase can be trapped in this blocked state more 

easily than at higher temperatures [25].

Activity

Increasing the general performance of polymerases expands their use in areas such as PCR, 

CSR, and diagnostics. Metagenomic analysis of different soils has been a source of DNA 

sequences from unculturable organisms that may have useful, unusual activities [26, 27]. 

Chimeric proteins consisting of Taq Pol I and these gene fragments produced higher activity 

polymerases [26, 27]. Specific mutations were also created in the Taq fingers domain based 

on these chimeric proteins, producing variant Taq polymerases with better PCR performance 

[26]. Beyond PCR, activity of DNA polymerases can be altered for other clinical uses. 

Targeting conserved active site residues for mutation results in increased performance of Bst 
Pol I, which is used commercially for detection of the hand, foot, and mouth disease 

(HFMD) virus [28]. This variant has improved performance relative to commercial kits for 

the detection of HFMD and could be used in under-resourced areas at a lower cost than the 

commercial kit.

Processivity

To carry out their reactions, polymerases must translocate along a template strand and insert 

nucleotides sequentially, making processivity a major determinant of overall activity. 

Targeted mutagenesis can be used to increase DNA binding strength of the polymerase, in 

turn increasing processivity [29, 30]. The T4 DNA polymerase L412M motif A mutation 

produced a variant with increased processivity [29], which was extended to related 

polymerases yeast DNA pol δ and ε by making L-to-M mutations at analogous sites, 

showing the power of targeting conserved regions [29]. Targeting non-conserved residues 

can also lead to positive outcomes, as mutations in non-conserved regions of the thumb and 

fingers domains of Sulfolobus solfataricus Dpo4 increased processivity [30]. Besides 

mutagenesis, fusion of DNA binding domains can increase the processivity of polymerases 

[31, 32]. A multi-pronged approach, including fusion of a DNA-binding domain to 

Sulfolobus acidocaldarius Dbh, and bioinformatics and molecular simulation to identify 

mutations that increase DNA-binding affinity, led to increased processivity and DNA 

binding strength of this member of the typically poorly-processive Y-family [32].

Fidelity

The fidelity of a polymerase is an indication of the accuracy with which it inserts bases 

during polymerization. The fidelity of the Foot-and-Mouth Disease Virus polymerase was 

altered by mutation of Motif A residue W237, identified by crystal structure analysis [33]. 

Variants with both increased (W237F) and decreased (W237I and W237L) fidelity produced 

attenuated viruses suitable for vaccines. Altering the fidelity of a polymerase can also lead to 

better disease models, specifically human cytomegalovirus, by more accurately mimicking 

the behavior of a known viral polymerase [34]. Chimeras of RB69 and Human 
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Cytomegalovirus polymerase were generated and their activity with known nucleotide 

analog inhibitors was determined, enabling the use of the engineered polymerase as a model 

of the viral polymerase that allows for screening of new drugs [34].

Robustness

DNA polymerases are commonly used in PCR and DNA sequencing of environmental 

samples, which can be mixed with a range of contaminants that inhibit DNA polymerases 

and other processing reactions. Thus, considerable effort has been invested in developing 

DNA polymerases that resist common inhibitors. Crime scene samples commonly contain 

contaminants like explosive substances, dyes, melanin, and other compounds that are 

inhibitors in PCR. These samples may be diluted or undergo DNA purification methods to 

counteract these inhibitory effects. Another option is the addition of DNA repair 

glycosylases and endonucleases, which excise some damage, allowing polymerases to act on 

the DNA. This workflow has been employed in challenging samples, such as in identifying 

the biological sex of a 4,000-year-old mummy [35]. In some cases, however, these methods 

result in DNA degradation or loss. Existing DNA polymerases were tested in a number of 

environments to simulate crime scene samples, including with ammonium nitrate or buried 

bone [36]. Other harsh conditions like high salt could interfere with polymerases binding 

DNA but can be overcome by fusing a sequence-nonspecific DNA binding motif such as a 

helix-hairpin-helix domain to polymerases or by creating chimeras of polymerases and 

DNA-binding domains of other proteins [37, 38]. Another method for engineering 

polymerases that can act under harsh conditions is to create an environment that has a 

specific selective pressure, such as using CSR to yield variant polymerases that can perform 

isothermal genome amplification, negating the need for thermophilic polymerases [16]. 

Engineering with a broad range of inhibitors led to the development of chimeras of different 

polymerases that resist humic acid, bone dust, and other contaminants [16, 39]. Variants of 

Taq polymerase have also been shown to perform amplification in crude DNA samples in the 

absence or presence of PCR enhancers, including detergents and osmoprotectants [40, 41].

DNA is susceptible to damage by natural processes and through processes involved in its 

analysis. This damage can lead to lesions that add bulk or obscure the identity of the DNA 

bases that then perturb polymerase activity. Variants of KlenTaq, obtained from error-prone 

PCR, were screened for high activity and selectivity, and one variant with the mutation 

M747K was found to bypass abasic sites, 8-oxoguanine, and UV-induced lesions (Figure 

2C) more efficiently than the parental enzyme [42]. Chimeras were created through 

combinations of three different A-family polymerases from Thermus aquaticus, Thermus 
thermophilus, and Thermus flavus, and a mixture of the chimeras along with a parental DNA 

polymerase were more active on ancient DNA samples containing diverse DNA lesions than 

the parental polymerase alone [43]. Ancient DNA accrues many types of damage over time, 

so these polymerases were capable of amplifying DNA containing multiple mismatches, 

abasic sites, and other damage commonly found in these samples. Addition of bisulfite is a 

common treatment in epigenetics but can lead to sample loss and damage to DNA, 

prompting the development of a DNA polymerase that can replicate and amplify bisulfite-

treated DNA [44, 45].
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Harnessing the power of Y-family polymerases

Taq polymerase is commonly used in PCR methods because of its ability to perform at the 

high temperatures required during the reaction. However, Taq is not always able to amplify 

damaged DNA samples. One way to overcome this limitation is to engineer Taq or to use a 

polymerase that is not similarly limited, such as the Y-family polymerases. Y-family 

polymerases possess the ability to bypass non-canonical structures of DNA and are therefore 

attractive candidates to engineer for biotechnical applications. The Y-family polymerase 

Dpo4 is an appealing polymerase for engineering because of its ability to perform at high 

temperatures, like Taq. Unlike Taq, however, Dpo4 can act on DNA templates that contain 

certain types of damage. Seven novel thermostable Dpo4 orthologs, five from thermophilic 

organisms and two enhanced chimeras, were identified with properties similar to Taq that 

made them suitable for PCR, such as moderate processivity [46]. However, these Y-family 

polymerases can bypass damaged DNA that would block Taq polymerase. Combinations of 

Y-family polymerases and Taq were tested in PCR and had increased ability to amplify 

damaged DNA [46]. Directed evolution of Dpo4 identified a mutation, R336N, in the Y-

family-specific little finger domain (Figure 1C) that increased the introduction of 

transversion mutations [47]. This variant can be utilized further in directed evolution 

attempts to increase library diversity [47]. Three residues in E. coli DNA polymerase V, 

another Y-family polymerase, were found to be important in DNA damage recognition [48]. 

The identification of such residues can be important in designing and tailoring these 

enzymes to accommodate other types of damage, even non-cognate damage, which could 

have applications in specific detection of DNA damage [46, 48].

Reporting naturally modified DNA

While DNA polymerases typically insert nucleotides using a DNA template, they can be 

modified to polymerize using RNA or modified DNA as templates. Natural reverse 
transcriptase polymerases (RT-Pols) can convert RNA to DNA, but they often have low 

stability or poor fidelity [49]. While human PrimPol can both initiate synthesis and elongate 

with dNTPs using DNA templates, an identified variant with a mutation in a conserved motif 

has improved activity with an RNA template [50].

A common naturally occurring modification of nucleotides is methylation as an epigenetic 

marker. Identifying and reporting these sites can be done by developing polymerases that 

can discriminate between natural nucleotides and their methylated counterparts [51–55]. 

One method to discriminate between modified and unmodified bases is to engineer 

polymerases that stall on the modification, leading to less product DNA or delays in 

replication. Coupled with qRT-PCR, the slower replication of DNA identifies the 2′-O-

methylation site on RNA [52]. The ability of a polymerase to extend past mismatches can 

also be exploited for identifying methylation sites if extension capability is increased when 

the mismatch occurs at a methylation site [51].

This mismatch strategy was also used to detect specific single nucleotide polymorphisms 
(SNPs) [56, 57]. Variants of KlenTaq were generated with mutations at the basic residues of 

the active site that resulted in varying extension activities opposite 5-methylcytosine 
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mismatches and also against specific allele sequences. Engineering efforts were made 

towards the detection of 5-methylcytosine by altering inherent activity with template 5mC 

relative to C, which negated the need for mismatched primers [55]. Another route is to alter 

the fidelity rather than activity at the methylated template base [53]. Mutations were made in 

the active site of the polymerase near the nascent base pair and screening in a parallel 

fluorescence assay identified a variant with increased misincorporation opposite methylation 

sites, leaving an identifiable pattern for next-gen sequencing. Similarly, differential 

polymerase activity was used to identify a mutation that is a biomarker for non-small cell 

lung cancer [58]. Identifying methylation sites and SNPs is clinically relevant and can be 

enabled by harnessing or modifying DNA polymerase activity.

Compatibility with unnatural or non-native substrates

While polymerases typically incorporate natural nucleotides, polymerase variants have been 

shown to incorporate non-natural nucleotides like modified dNTPs or even ribonucleotides 

using DNA templates [59, 60]. These variant polymerases can be used to build polymers of 

non-native nucleotides into macromolecules, such as aptamers that can bind to a specific 

target within biological systems [60]. The degradation by nucleases of these aptamers built 

with non-natural nucleotides is minimized due to their non-native structural features [61, 

62]. These aptamers can act as riboswitches or markers, which can be used as therapeutic 

tools to modulate protein concentrations. Oligonucleotides containing non-natural nucleic 

acids that have high binding affinity to ochratoxin A showed stronger binding than natural 

DNA aptamers, making them suitable for poison treatment [63]. Variant polymerases have 

been used to synthesize oligonucleotides in a template-independent manner through the 

incorporation of a dNTP conjugated to a deoxynucleotidyl transferase [64]. Engineered 

polymerases have also been used to incorporate dNTPs linked to larger enzymes like 

glycoprotein horseradish peroxidase that has been used to visualize single-stranded DNA by 

the naked eye (Figure 2C) [65].

Synthetic biology

Synthetic biology creates artificial systems with some typical features of life, such as 

information transfer, a hallmark of DNA. Xeno-nucleic acids (XNA) offer such a 

possibility, but due to the different structural nature of the nucleotides, natural polymerases 

are often not capable of utilizing these substrates. Therefore, engineering efforts have been 

focused on the creation of polymerases with significant activity on a variety of XNAs [66]. 

New microfluidic technology allowed the high-throughput evaluation of a large number of 

variant polymerases for activity towards threose nucleic acids (TNA) [19]. While TNA 

utilizes the same bases as DNA, the sugars are linked to the extended chain at the 2′ and 3′ 
positions, rather than the natural 3′ and 5′ position (Figure 2B). These polymerases were 

able to extend XNA opposite DNA without the need for additional metals like manganese, 

which generally decrease fidelity, and thus allow synthetic nucleotide incorporation.

Another engineering strategy to increase polymerase activity with TNA was developed that 

relies on sampling scaffolds of homologous polymerases [67]. Gain-of-function mutations 

accumulated in one polymerase were predicted similarly to increase the activity of 
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homologous polymerases. These positions were called “specificity determining residues,” 

and a number of these positions had been mutated in previous engineering efforts [67]. 

Targeting these positions in a number of polymerases resulted in variants with increased 

capacity to incorporate TNAs. Another significant need in synthetic biology is the ability to 

further replicate the synthetic nucleotide strands. Targeted mutagenesis to residues near the 

nascent strand and screening of Thermococcus gorgonarius polymerase variants identified 

variants with activity on 1,5-anhydrohexitol nucleic acids (HNAs) (Figure 2B) [68]. These 

polymerases were capable of transferring genetic information from DNA to HNA, as well as 

from HNA back to DNA, fulfilling the requirements for both storage and transfer of genetic 

information. Aside from their interaction with polymerases, nucleic acids interact with many 

other biomolecules. How xeno-nucleic acids interact with these other biomolecules will need 

to be studied, and possibly be modified, for further use in synthetic biology.

Designing mirror-image enzymes that produce mirror-image molecules offers a strategy to 

evade proteases and other defenses while maintaining biorthogonality [69]. In 2016, a small 

D-amino acid polymerase, African swine fever virus polymerase X, was chemically 

synthesized and was active. This synthesis demonstrated the feasibility of producing mirror-

image enzymes capable of producing mirror-image DNA [70]. This group then chemically 

synthesized the larger polymerase Dpo4, which was also active [71], leading the way to 

chemically synthesize the mirror image of this polymerase [72, 73]. These mirror-image 

polymerases show specificity for L-nucleotides, which can be used to create mirror-image 

molecules like aptamers that offer more stability in biological systems because they can 

evade nucleases. However, design of these mirror-image biomolecules must balance binding 

to biological targets while evading other biological mechanisms such as clearance.

Engineering for Engineering

Compartmentalized self-replication (CSR) is a common technique employed in the 

engineering of polymerases with optimized activity under specific conditions. However, 

there are some limitations inherent in Taq DNA polymerase-based CSR, such as decreased 

activity in the emulsion compartments, limited product amount, and long run times. An 

engineered polymerase was able to provide higher product yields within fewer cycles of 

emulsion PCR [17]. A variety of techniques were combined to achieve this success, 

including a domain swap by deleting the Thermus thermophilus polymerase I exonuclease 

domain and adding a DNA binding domain. The polymerase sequence was codon optimized 

for E. coli expression and specific mutations were incorporated that resulted in increased 

activity in the homologous Taq polymerase. Chimeric polymerases resulting from gene 

shuffling of A-family polymerases from Bst and Taq also resulted in an improved 

polymerase for CSR [18]. This work produced a chimeric polymerase with increased strand-

displacement activity that is capable of isothermal amplification, eliminating the need for 

thermal cycling equipment.

Polymerases are also essential in many directed evolution schemes for enzymes. Both 

random and targeted mutations are beneficial when trying to develop or alter enzymatic 

activity. A chimera consisting of the T7 RNA polymerase and a cytidine deaminase was able 

to target mutagenesis to DNA downstream of the T7 promoter [74]. This system is 
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especially useful for in vivo evolution schemes as mutations can be made with limited 

effects on non-target DNA. Another chimera of DNA polymerases and a CRISPR-guided 

nickase enabled mutagenesis of all nucleotides within a tunable window at specific loci [75]. 

A plasmid-polymerase combination was also developed, such that the polymerase acts solely 

on the associated plasmid [76]. A second pol-plasmid pair was identified that is distinct from 

the first example and can operate in parallel [76]. Variants of the polymerase were then 

produced with reduced fidelity, which resulted in mutations in the target plasmid but not in 

the host yeast cells. The ability to modify and produce mutations in only a specific location 

with engineered polymerases is an enabling technology for further in vivo evolution.

Concluding Remarks

DNA polymerases represent incredibly useful tools for biotechnology, diagnostics, and 

protein engineering. One of the most widely-used tools in molecular biology is PCR, which 

relies on inherent characteristics of polymerases. Enhancing their natural properties can 

expand upon already developed methods, such as faster PCR runtimes for time-sensitive 

applications or for new applications. Engineering methods have been developed to construct 

new DNA polymerases with unusual properties often not present in natural DNA 

polymerases, including the ability to use XNAs as substrates to generate clinically relevant 

aptamers. Aside from building unnatural oligonucleotides, polymerases have also been 

engineered to report the presence of difficult-to-detect epigenetic markers. While new areas 

continue to emerge, more work is needed to develop improved polymerases and discover 

their application as useful tools. The feasibility of producing mirror-image polymerases or 

incorporating unnatural amino acids has been shown, but their full potential still needs to be 

realized. Further developments in polymerase engineering, in both methods and products, 

will help enable new biotechnological applications (see Outstanding Questions).
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Glossary

Aptamer
Oligonucleotides that bind a specific target molecule

Chimera
A protein composed of sequences and/or domains from two or more distinct proteins

Compartmentalized self-replication (CSR)
Evolutionary technique characterized by encapsulation of single polymerase clones and 

DNA

Epigenetics
Hereditary information that is not a result of changes in DNA sequences
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Exonuclease
Enzymes or domains that remove nucleotides from the end of a nucleic acid strand

Fidelity
A property of polymerases describing their accuracy in inserting the correct nucleotide to 

form Watson-Crick base pairs

Halophilic
Organisms that live and survive in high salt concentrations

Metagenome
Genomic DNA that is often retrieved from soil samples, rather than specific organisms

Processivity
A property of polymerases referring to the number of nucleotides added to the nucleic acid 

strand in a single polymerase binding event

Reverse transcriptase (RT)
A polymerase that uses an RNA template to create a new strand of DNA

Riboswitch
RNA molecule that can form different conformations, often by binding a ligand, that 

regulate gene expression

Single nucleotide polymorphism (SNP)
a single change in the DNA sequence at a specific position in the genome

Translesion synthesis (damage bypass)
Process by which a polymerase replicates a damaged DNA template

Xeno-nucleic acids (XNAs)
orthogonal replication systems
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Outstanding questions:

• How much can natural polymerases be changed; how different can their 

properties become?

• How can the information gained from directed evolution and other techniques 

be used for rational engineering?

• What do xeno-nucleic acids mean for the transfer of genetic material and 

other biomolecules they could interact with?

• How can mirror-image biomolecules find balance between biological 

relevance and specific bioorthogonality?
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Highlights:

• New engineering methods enable DNA polymerases to carry out unnatural or 

enhanced functions

• Methods have been developed to sample extended sequence space

• The expanding polymerase universe is keeping pace with the growing 

chemical diversity of modified nucleotides

• Polymerases can be made more resilient toward harsh conditions
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FIGURE 1. 
Structures of representative DNA polymerases with DNA in dark gray and the incoming 

nucleotide in yellow. Conserved polymerase domains are colored similarly in each structure: 

the thumb domain is in green, the palm domain is in cyan, and the fingers domain is in blue. 

A) A-family Thermus aquaticus polymerase I (PDB ID: 1TAQ), the 5′−3′ exonuclease 

domain is in light purple and the 3′−5′ exonuclease domain is in dark purple [79]. B) B-

family Enterobacteria phage RB69 (PDB ID: 4FK4), the N-terminal domain is in maroon 

and the 3′−5′ exonuclease domain is in dark purple [80]. C) Y-family Escherichia coli 
polymerase IV (PDB ID: 4IRK), the little finger domain is in magenta [81].
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FIGURE 2: 
Polymerization reaction and substrates. A) General polymerization reaction. B) Structures of 

nucleic acid sugars and modifications. C) Modified nucleobases.
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FIGURE 3: 
Polymerase engineering strategies. In order to generate polymerases with new or altered 

activity, the addition of new residues or mutations at residues already present are usually 

made, candidates for which can be identified from a variety of sources. The replacement of 

full domains is one engineering route that relies on the swapping or addition of domains 

from other enzymes to incorporate new activity or function. Like domain swapping, many 

protein engineering methods involve rational design based on information-transfer methods 

from comparison to other proteins or computational analysis, random mutagenesis followed 

by selection, or a combination of the two approaches. Targeted mutations are often 

knowledge-based and rely on previous studies for an understanding on how to achieve a 

desired effect. Random mutagenesis relies on making mutations in a less targeted fashion, 

often through error-prone PCR or use of random primers. Due to the large sequence space of 

enzymes, often large numbers of variants must be screened or selected to identify the desired 
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functionality. Methods such as directed evolution and compartmentalized-self replication 

have been developed and used due to their increased sampling abilities.
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Table 1.

Polymerase families and representatives
a

Family E. coli Human Other

A I γ, ν, θ Taq pol I (“Taq”), T7 DNA pol

B II α, δ, ε, ζ RB69

C III

D Archaeal replicative polymerase Dpol

X β, λ, μ, TdT

Y IV, V ι, κ, η, Rev1

RT Telomerase

AEP PrimPol

a:
adapted from [77, 78]
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Table 2.

Examples of engineered polymerases

Polymerase Application Reference

Chimeras

BR3 Pol and KOD Pol chimeras Activity in high salt and harsh environments [8]

Taq Polymerase Used to understand structure-function [11]

Sulfolobus acidocaldarius Dbh Increased processivity [32]

RB69 and Human Cytomegalovirus Polymerase Better model of viral polymerase for drug screening [34]

Geobacillus sp. 777 Pol I Use in harsh conditions [37]

Taq and Pfu DNA polymerases Use in harsh conditions [38]

Thermophilic Y-fam pols PCR of damage-containing samples [46]

T7 RNA Polymerase in vivo evolution [74]

Chimeras combined with point mutations

Tth Pol I Robust activity in CSR [17]

A-fam Pols from Bst and Taq Isothermal amplification; increased thermostability [18]

Taq Pol I Developing more efficient PCR [26, 27]

Thermus sp. Use in harsh conditions [39]

A-Fam Pols from Taq, Tth, and Tfl Amplification of ancient DNA samples [43]

Tth and Taq Epigenetic analysis [44, 45]

Escherichia coli DNA polymerase I Identifying novel mutations that confer antibiotic resistance [75]

Terminal deoxynucleotidyl transferase Template-independent oligonucleotide synthesis [64]

Point mutation variants

Phi 29 DNA Polymerase Robust whole genome amplification [16]

T7 DNA Polymerase DNA sequencing [20, 21]

E. coli and Taq Pol I DNA sequencing [22]

KlenTaq Hot start PCR [24, 25]

Bst YoU Early and inexpensive infection detection [28]

T4 DNA Polymerase Increased processivity [29]

Dpo4 Increased processivity [30]

Dpo4 Use in directed evolution to increase library diversity [47]

Taq SNP detection [56]

Thermococcus sp. 9° N Epigenetics [57]

Thermococcus sp. 9° N Synthetic biology [67]

Tgo polymerase Synthetic biology [68]

Thermococcus sp. 9° N Synthetic biology [19]

KlenTaq Forensic and ancient DNA amplification [42]

Foot-and-mouth disease virus polymerase Attenuated viruses for vaccines [33]

Taq Polymerase Amplification of crude DNA samples [40, 41]

KOD exo- and KlenTaq Epigenetics [51]

Human PrimPol Reverse transcription [50]
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Polymerase Application Reference

KlenTaq LSIM variant Identification of 2′-O-methylation sites [52]

Tko exo- Detecting 5-mC without mismatches [55]

RT-KlenTaq Epigenetics [53]
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