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ASTRACT (<300 words): 21 

The X family of DNA polymerases (PolXs) include the well-studied mammalian polymerases 22 

Polβ, Polλ, Polµ, and terminal deoxynucleotidyltransferase (TdT). The template-independent 23 

DNA polymerase activity of TdT has been harnessed for applications in enzymatic de novo 24 

DNA synthesis, offering a strategy to overcome the limitations of traditional phosphoramidite-25 

based DNA synthesis methods. Close homologs of the mammalian PolXs are present in other 26 

vertebrates, while invertebrate PolXs remain unexplored. In this study, we characterize an 27 

invertebrate PolX from the extremotolerant tardigrade Ramazzottius varieornatus (RvPolX), 28 

and demonstrate that it possesses modest template-independent DNA polymerase activity, 29 

despite limited homology to mammalian PolXs (21% sequence identity with TdT). Through a 30 

combination of structural modelling, targeted mutagenesis of active site residues, and high-31 
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throughput screening under stringent high salt conditions, we identified a synergistic 32 

combination of two mutations (G513A and R522I) that led to a significant increase in activity 33 

for the incorporation of all four nucleotides, particularly dATP (~35-fold), yielding a salt-34 

tolerant polymerase with overall higher activity and substrate promiscuity. Under high salt 35 

conditions, the engineered RvPolX displays an activity comparable to TdT, and a nucleotide 36 

selectivity complementary to TdT. As a template-independent polymerase with low-homology 37 

to TdT, RvPolX provides an alternative scaffold for further engineering in various 38 

biotechnological applications. 39 

 40 

KEYWORDS: Tardigrade, template-independent, X family DNA polymerase (PolX), 41 
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 43 

INTRODUCTION  44 

The X family DNA polymerases (PolXs) are found across all domains of life, and perform a 45 

variety of important functions related to DNA repair, including base excision repair (BER), 46 

nonhomologous end joining (NHEJ), and V(D)J recombination.1 The biochemical properties 47 

of PolXs have been most extensively investigated in mammals, particularly human and mouse, 48 

which contain four PolXs: DNA polymerase beta (Polβ), DNA polymerase lambda (Polλ), 49 

DNA polymerase mu (Polμ), and terminal deoxynucleotidyl transferase (TdT).2 Polβ functions 50 

in gap filling during base excision repair (BER), whereas Polλ and Polμ function in NHEJ.1, 3 51 

Meanwhile, Polμ and TdT are primarily expressed in lymphoid tissue, where they play crucial 52 

roles in affinity maturation of antibodies and T-cell receptors.1 The mammalian PolXs display 53 

a spectrum of fidelity and template-dependency. Template-dependent polymerase activity is 54 

observed for Polβ, Polλ, and Polμ but not TdT, while template-independent polymerase activity 55 

is not observed for Polβ, and increases in the order of Polλ < Polμ < TdT.1, 2 The exclusive 56 

template-independent polymerase activity of TdT is unique among DNA polymerases, and is 57 

linked to its function in creating junctional diversity during V(D)J recombination.1, 4 58 

A recent renewal of interest in PolXs has been driven by potential applications in enzymatic 59 

de novo DNA synthesis. The cost and quality of chemically synthesized DNA presents a 60 

constraint to the rapidly developing field of synthetic biology and nucleic acid therapeutics, 61 

and poses a barrier to harnessing the high data density and long-term stability of DNA as a 62 
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medium for data storage.5 Enzymatic DNA synthesis offers a potential solution to the 63 

challenges associated with current phosphoramidite-based solid-phase DNA synthesis methods, 64 

including accuracy limitations, length restrictions, high cost of materials, use of toxic reagents 65 

and solvents, and unintended side-reactions during the elongation and deprotection steps. A 66 

recently described method for DNA digital data storage involves enzymatic synthesis of long 67 

DNA sequences using TdT and apyrase.5-7 While the method allows encoding and decoding of 68 

information in DNA, it lacks the capability for synthesis with single-base resolution, which is 69 

required to minimize redundancy and maximize data storage density.6 Two other recent 70 

methods involve incorporation of 3′-protected deoxynucleotide triphosphates (dNTPs) by an 71 

engineered TdT,8 and DNA synthesis using TdT-dNTP conjugates,9 which enable synthesis of 72 

short DNA sequences with single-base resolution. Proprietary enzymatic DNA synthesis 73 

methods, employed by companies such as DNA Script and Camena Bio, have reported 74 

coupling efficiency exceeding that of phosphoramidite synthesis.10 At present, the practical 75 

application of template-independent polymerases in DNA digital data storage remains a topic 76 

of ongoing exploration. Continued progress will necessitate the development of robust 77 

polymerases that are compatible with various automation procedures, and retain activity under 78 

diverse reaction and workup conditions, including variations in temperature, pH levels, and 79 

ionic concentrations. 80 

Despite the widespread distribution of PolXs, relatively few have been experimentally 81 

characterized. A recent study by Lu et al. 8 described assays of selected vertebrate (mammalian, 82 

fish, amphibian, reptile and avian) TdT homologs, and engineering of the Zonotrichia albicollis 83 

(white-throated sparrow) TdT for incorporation of 3′-ONH2-modified dNTPs. Apart from the 84 

vertebrate enzymes, other PolXs that have been studied include Arabidopsis Polλ11 and yeast 85 

Pol412, thought to be functional counterparts of the mammalian Polλ. Trypanosomatids contain 86 

homologs of Polβ.13 The viral PolX from African swine fever virus is an unusually compact 87 

enzyme (20 kDa), has relatively low fidelity in DNA synthesis, and plays a role in viral DNA 88 

repair.14, 15 The bacterial PolX from Thermus thermophilus16 and Bacillus subtilis17 are thought 89 

to function in gap filling. In addition, recent studies of a noncanonical bacterial PolX from 90 

Deinococcus radiodurans showed that it lacks polymerase activity, but function as an 91 

exonuclease in proofreading and DNA repair.18 One promising approach for identifying PolXs 92 

with favorable biochemical properties involves investigating PolX homologs in 93 

extremotolerant organisms. Tardigrades, commonly known as water bears, have gained 94 

notoriety for their ability to endure harsh environmental conditions, including extreme 95 
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temperatures and pressures, and exposure to radiation and desiccation, while in a cryptobiotic 96 

state.19, 20 The terrestrial tardigrade Ramazzottius varieornatus stands out as one of the most 97 

stress-tolerant tardigrade species, and has served as a model organism for astrobiological 98 

studies.21 Previous investigations of R. varieornatus revealed expansion of genes involved in 99 

the repair of DNA double-strand breaks, and have led to the discovery of a unique DNA-100 

associating damage suppressor protein that protects against radiation-induced DNA damage.19 101 

Thus, R. varieornatus and other extremotolerant tardigrades could serve as a potential source 102 

of robust enzymes for applications in DNA biotechnology.22  103 

In this study, we investigate the biochemical properties of a PolX enzyme from R. 104 

varieornatus (RvPolX), and demonstrate that RvPolX catalyzes template-independent DNA 105 

polymerization, retaining its enzymatic activity at high salt concentrations (up to 1000 mM) 106 

and temperatures (45 °C). Targeted engineering of the RvPolX active site increased its catalytic 107 

activity at high salt concentrations, and substrate promiscuity towards dNTP substrates, 108 

yielding a polymerase with distinctive biochemical characteristics for de novo DNA synthesis 109 

applications. 110 

 111 

RESULTS  112 

Phylogenetic Analysis of Eumetazoan PolXs  113 

PolXs are present in the genomes of nearly all animals (kingdom Eumetazoa). To identify PolX 114 

homologs divergent from the well-studied mammalian for further investigation, we conducted 115 

a phylogenetic analysis of sequences belonging to the DNA polymerase X family (InterPro 116 

family IPR002054), in Eumetazoa, within the UniProt database. To reduce redundancy, 117 

UniRef50 clusters were used (UniRef50 contains sequences clustered at ≥50% identity, Dataset 118 

S1). Four previously studied non-metazoan PolXs, including Saccharomyces cerevisiae DNA 119 

polymerase IV (ScPolIV), Schizosaccharomyces pombe DNA polymerase IV (SpPolIV), 120 

Oryza sativa DNA polymerase lambda (OsPolλ), and Arabidopsis thaliana DNA polymerase 121 

lambda (AtPolλ), were included in the analysis. A maximum likelihood phylogenetic tree was 122 

constructed (Figure 1), and the position of the root was inferred using the plant PolXs as an 123 

outgroup. In the resulting tree, the PolXs can be classified into six major groups: TdT/Polµ, 124 

Polλ, and Polβ, which contain sequences largely from the superphylum Deuterostomes 125 

(including mammals), and TdT/Polµ-like, Polλ-like, and Polβ-like polymerases, which include 126 

sequences from protostomes (including tardigrades, from the superphylum Ecdysozoa).  127 
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The mammalian TdT, Polµ, and Polλ contain an N-terminal BRCT domain, which serves to 128 

interact with the core NHEJ factors in the repair of DNA double stranded breaks.23, 24 The 129 

majority of the TdT/Pol, Polλ, TdT/Polµ-like and Polλ-like proteins also contain this domain, 130 

suggesting that they may share a related function in DNA repair. Conversely, the majority of 131 

Polβ and Polβ-like proteins lack this domain, suggesting a different function, such as gap filling. 132 

The TdT/Polµ, Polβ, and Polλ groups contain 21 SwissProt reviewed Eumetazoan PolX 133 

sequences (Table S1), of which eight have an associated PDB structure. By contrast, the 134 

TdT/Polµ-like, Polβ-like, and Polλ-like groups do not contain any characterized proteins. The 135 

tardigrade R. varieornatus contains three PolXs, of which two belong to the Polλ-like group 136 

(UniProt IDs: A0A1D1UV65 and A0A1D1UJX5, 34 and 38% sequence identities to human 137 

Polλ), and one belongs to the Polβ-like group (A0A1D1W154, 32% sequence identity to human 138 

Polβ). Their distant homology to the characterized mammalian enzymes suggests that the R. 139 

varieornatus PolXs may warrant further investigation as potential catalysts for template-140 

independent DNA synthesis. 141 

 142 

RvPolX Displays Template-independent DNA Polymerization Activity and High Salt 143 

Tolerance 144 

To facilitate biochemical investigations of the three R. varieornatus PolXs, we attempted to 145 

recombinantly produce and purify them from E. coli. However, soluble expression could only 146 

be achieved for one Polλ-like enzyme (UniProt ID: A0A1D1UV65, designated as RvPolX), 147 

which became the focus of our ensuing experiments described below. The domain structure of 148 

RvPolX consists of an N-terminal BRCT domain and a C-terminal catalytic domain, similar to 149 

TdT, Polµ, and Polλ (Figure 2A). A multiple sequence alignment of the catalytic domains of 150 

RvPolX and the mammalian PolXs suggest a conserved fold, which includes the 8 kDa, fingers, 151 

palm, and thumb subdomains. The TdT crystal structure contains a specific loop (loop1) that 152 

obstructs template strand binding, and is reported to contribute to its template-independent 153 

polymerase activity. Loop1 is also present in Polµ, and although this loop is disordered in the 154 

Polµ crystal structures, it is nevertheless also thought to play a role during template-155 

independent polymerization (Figure S1). Deletion of loop1 was reported to decrease template-156 

independent activity and increase template-dependent activity in both TdT and Polµ.25 An 157 

equivalent loop1 region is absent in Polβ, Polλ, and is also absent in the sequence of RvPolX 158 

(Figure 2A, Figures S1 and S2).  159 
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To investigate whether RvPolX can catalyze template-independent DNA polymerization, 160 

RvPolX (4 μM) was incubated with a 14-mer single-stranded DNA (ssDNA14, 0.05 µM; see 161 

MATERIALS AND METHODS for sequence) and different dNTPs (0.3 mM). Despite 162 

lacking the loop1 element, the assays revealed that RvPolX displays modest template-163 

independent DNA polymerization activity (Figures 2B-E). RvPolX activity increased with 164 

increasing pH (pH 5.0 to pH 8.8, Figure 2B), and decreased with increasing NaCl 165 

concentration (0-700 mM, Figure 2C). The isoelectric point of RvPolX was calculated to be 166 

6.80, with a net charge of -11.1 at pH 8.8 (Figure S3). A high negative surface charge density 167 

is found in many halophilic proteins, and could contribute to the stability of RvPolX under the 168 

reaction conditions. Activity was detectable up to 700 mM NaCl for incorporation of dGTP, 169 

dTTP, and dCTP, and up to 500 mM NaCl for incorporation of dATP, suggesting that RvPolX 170 

might be suitable for further development as a salt-tolerant polymerase. In assays with various 171 

divalent metal ions (Ca2+, Co2+, Mg2+, Mn2+, and Zn2+), RvPolX activity was highest with Mn2+ 172 

as the metal cofactor, followed by Mg2+ and Co2+ (Figure S4). In assays with different 173 

combinations of divalent metal ions, activity was highest when both Mg2+ and Mn2+ were 174 

present (Figure 2D). Subsequent assays were carried out at pH 8.8, with Mg2+ (5 mM) and 175 

Mn2+ (1 mM). 176 

Next, we examined the effect of the oligonucleotide substrate sequence on RvPolX activity, by 177 

employing 15-mer oligonucleotide substrates (ssDNA14A, ssDNA14T, ssDNA14G, and 178 

ssDNA14C, Table S2) composed of ssDNA14 with a single base (A, T, G, or C) added at the 179 

3' end. The assays show that RvPolX is able to extend ssDNA14 with all four 3' bases, with its 180 

activity showing a limited dependence on the specific 3' base (Figure 2E). Conversely, across 181 

a range of reaction conditions, RvPolX exhibits a preference for the dNTP substrate in the 182 

following order: dGTP > dTTP > dATP = dCTP (Figures 2B-E). Collectively, the assays 183 

demonstrate that RvPolX catalyzes template-independent DNA polymerization, and might be 184 

suitable for further development as a salt-tolerant polymerase. 185 

 186 

The RvPolX N-terminal Region Contributes to its Stability 187 

To investigate the possible contributions of the RvPolX N-terminal region to its activity and 188 

stability, we constructed a RvPolX N-terminal 258-amino acid deletion mutant (Δ1-258aa) 189 

containing only the catalytic domain, and compared its activity to that of RvPolX wild-type 190 

(WT). For assays in the absence of NaCl, the activity of WT was constant at 25 °C and 40 °C, 191 
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but decreased at 45 °C (Figure 3A). Activity of Δ1-258aa is comparable to WT at 25 °C and 192 

40 °C, but significantly less that WT at 45 °C. For assays in the presence of 500 mM NaCl, the 193 

activity of WT decreases between 25 °C and 40 °C, and is eliminated at 45°C. Activity of Δ1-194 

258aa is significantly less that WT at 25 °C and 40 °C, and is also eliminated at 45°C. The 195 

assays demonstrate that deletion of the RvPolX N-terminal region decreases its resilience to 196 

high temperatures, particularly under high salt concentrations. Thus, although the RvPolX N-197 

terminal region is not essential for template-independent DNA polymerase activity, it plays a 198 

role in preserving activity under high temperature and salt conditions. 199 

We next investigated whether the RvPolX N-terminal region contributes to its structural 200 

stability under high salt concentrations. Far-UV circular dichroism (CD) spectroscopy 201 

experiments of WT and Δ1-258aa were conducted at a range of temperatures (25 °C to 50 °C), 202 

in the presence of 500 mM NaCl (Figures 3B-C). At 25-35 °C, the CD spectra of both WT and 203 

Δ1-258aa exhibited characteristic features of α-helices. At 40 °C and above, drastic changes to 204 

the CD spectra were observed above for Δ1-258aa, indicating a loss of α-helical secondary 205 

structure. A corresponding drastic change was not observed in WT, suggesting that deletion of 206 

the N-terminal amino acids (1-258aa) adversely affects the stability of the RvPolX secondary 207 

structure. Subsequent experiments were thus carried out with full-length RvPolX.  208 

 209 

Protein Engineering of RvPolX 210 

Protein engineering of RvPolX was carried out, involving targeted mutagenesis of active site 211 

residues, aimed at enhancing its salt-tolerant template-independent DNA polymerase activity. 212 

A structural model of the ternary complex of RvPolX and its substrates was constructed by 213 

molecular docking of the AlphaFold structure of RvPolX with ssDNA14, two Mn2+ ions, and 214 

each of the four dNTPs, followed optimization by molecular dynamics simulation (Figure 4A, 215 

details provided in the MATERIALS AND METHODS section). From the structural model, 216 

12 amino acid residues located in and around the dNTP binding pocket (R276, E281, C425, 217 

S427, R432, G513, W514, M518, Y519, R525, R522, and D537, Figure 4B) were selected for 218 

saturation mutagenesis and high throughput activity screening. A total of 240 clones from the 219 

mutant library were individually expressed and purified using Dynabeads™, and screened for 220 

template-independent DNA polymerase activity, with reaction products analyzed by high-221 

performance liquid chromatography (HPLC). Four mutants G513A, R522I, R522M, and 222 
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R522V displayed increased activity for dATP incorporation relative to the WT (Figure S5A 223 

and Dataset S2), and were thus selected for further development.  224 

To explore the potential synergistic effects of the G513A and R522I/M/V mutations, the double 225 

mutants were generated and assayed for template-independent DNA polymerization. Among 226 

three double mutants, the combination of G513A and R522I (G513A+R522I) led to the highest 227 

activity (Figure S5B). The extent of conversion of the oligonucleotide substrate for WT and 228 

selected mutants, in the presence of 500 mM and 1000 mM NaCl, was estimated by quantifying 229 

the ssDNA14 and extension product bands in each gel lane. For assays in the presence of 500 230 

mM NaCl, G513A+R522I displayed higher conversion of the oligonucleotide substrate relative 231 

to WT, especially an increase from 4% to 32% extension product for the incorporation of dATP 232 

(7.9-fold) and from 46% to 83% extension product for the incorporation of dGTP (1.8-fold). 233 

The enhancements were further amplified in the presence of 1000 mM NaCl, for incorporation 234 

of dTTP (1.7-fold), dCTP (1.5-fold), dGTP (2.3-fold), and dATP (increase in extension product 235 

from undetectable to 8%). Overall, the G513A+R522I exhibits an enhanced salt-tolerant 236 

polymerase activity, and increased promiscuity towards dNTP substrates, with a particularly 237 

marked increase in proficiency for incorporation of dATP. In addition, both WT and 238 

G513A+R522I also displayed limited activity for incorporation of the protected 3’-ONH2 239 

dNTPs (Figure S6). 240 

 241 

Biochemical Investigation of RvPolX G513A+R522I 242 

For a more quantitative comparison of the activity of the G513A+R522I with RvPolX WT, the 243 

assays were repeated for each of the four dNTPs in the absence of salt. As shown in Figures 244 

5A and 5B, the oligonucleotide chain elongation products were measured over a course of 300 245 

or 1800 s, and the chain growth polymerization kinetics modelled as a Poisson distribution.26 246 

For each of the assays, we selected an oligonucleotide product band for which the time-247 

dependent rise and subsequent fall in band intensity could be observed during the course of the 248 

assay. The apparent rate of chain elongation (Vobs) was estimated by fitting the corresponding 249 

time-dependent accumulation and subsequent depletion of the product to a Poisson probability 250 

distribution function (Figure 5C). For dATP, we were unable to select a product band 251 

containing the rise and fall phases for both WT and G513A+R522I. Therefore, we monitored 252 

the +3 extended product band, which contains the rise and fall phases for G513A+R522I, and 253 

the rise and plateau phases for WT. We also monitored the +1 band containing the rise and fall 254 
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phases for WT, showing that the rates calculated for the +1 and +3 bands are comparable. As 255 

shown in Table 1, for each of the four dNTPs, the calculated Vobs for G513A+R522I was 256 

significantly higher than those for WT (2-, 3-, 7-, and 36-fold higher for G, C, T, and A, 257 

respectively).  258 

 259 

To examine the possible mechanistic origin for the enhancement of catalytic activity of the 260 

G513A+R522I, the dissociation constants for binding of the four dNTPs to RvPolX WT and 261 

G513A+R522I were determined using label-free microscale thermophoresis (MST, Figure 262 

5C). For both WT and G513A+R522I, the lowest Kd (corresponding to the highest affinity) 263 

was observed for dATP, followed by dTTP, dCTP, and then dGTPs. The Kd for binding of 264 

dGTP to G513A+R522I was ~5-fold lower than WT, while the Kd for binding of the other 265 

dNTPs to the G513A+R522I was comparable to WT. The absence of correlation between 266 

dNTP binding affinity and enhancement of catalytic activity indicates the need for alternative 267 

explanations, particularly for the non-conservative R522I mutation, which has not been 268 

previously reported in relation to template-independent activity. The residue corresponding to 269 

R522 is conserved in Polλ, Polμ, and TdT, but replaced by lysine in Polβ (Figure S2). The 270 

crystal structure of human Polμ gap filling pre- and post-catalytic complexes revealed that this 271 

residue does not directly interact with the dNTP substrate, but interacts with the phosphodiester 272 

backbone of the template DNA strand.27 In the template-independent DNA polymerase assays, 273 

the oligonucleotide substrate ssDNA14 could bind to either the primer elongation site or the 274 

template binding site. The DNA binding analysis revealed that WT had slightly stronger 275 

affinity for ssDNA14 than G513A+R522I, but the difference was not significant (Figure S7). 276 

This finding suggests that the R522I mutation has potential to destabilize non-productive 277 

binding of ssDNA14. 278 

 279 

DISCUSSION  280 

Among the X family DNA polymerases, the mammalian Polβ, Polλ, Polµ, and TdT are the four 281 

representative enzymes that have been subjects of in-depth studies. In particular, TdT has 282 

garnered significant attention for de novo DNA synthesis applications, especially in the context 283 

of DNA-based data storage, due to its high template-independent polymerase activity.6, 8, 9, 28 284 

Our research on RvPolX, from the extremotolerant tardigrade R. varieornatus, expands the 285 

scope of biochemically characterized PolX enzymes to invertebrates. We demonstrate that 286 
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RvPolX possesses modest template-independent DNA polymerase activity, despite sharing 287 

only 21% sequence identity with TdT. A side-by-side comparison of TdT and RvPolX variants 288 

under the same conditions revealed that both enzymes retained catalytic activity at 1000 mM 289 

KCl (Figure S8). TdT exhibited higher activity for the incorporation of dGTP and dCTP, while 290 

RvPolX showed greater activity for the incorporation of dATP and dTTP. In addition, RvPolX 291 

variants displayed higher activity compared to commercial calf thymus TdT for incorporation 292 

of the protected 3’-ONH2 dNTPs (Figure S9), suggesting that they may complement each other 293 

in future applications such as DNA data storage. Salt tolerant versions of the template-294 

dependent DNA polymerase from Bacillus phage phi29 have previously been employed in 295 

nanopore devices for DNA sequencing29-31, and the use of phi29 polymerase-nanopore 296 

conjugates for monitoring template-dependent DNA synthesis was previously described.32 The 297 

development of salt-tolerant template-independent polymerases could enable applications in 298 

nanopore-based devices for monitoring of de novo DNA synthesis. 299 

 300 

Previous structural studies showed that loop1 of TdT adopts a lariat-like conformation, 301 

impeding the binding of a continuous template DNA strand,33 a feature believed to be important 302 

in its template-independent DNA polymerase activity. Deletion of loop1 or substitution of 303 

amino acid residues within the loop reduces or completely abolishes template-independent 304 

DNA polymerise activity.25 Interestingly, loop1 is absent in both RvPolX and the well-studied 305 

Polλ, which has also been reported to have modest template-independent DNA polymerase 306 

activity. During template-independent polymerization, Polλ exhibits a preference for 307 

incorporating pyrimidine nucleotides,34 while wild-type RvPolX exhibits a preference for 308 

dGTP, with lower activities for pyrimidine nucleotides, and limited activity for dATP. 309 

Nevertheless, our experiments demonstrated that the activity of RvPolX can be enhanced by 310 

engineering of the dNTP binding pocket (Figure 4). By employing a strategy of involving 311 

computational modelling of the active site, mutagenesis of the dNTP binding pocket, and 312 

HPLC-based activity screening under stringent reaction conditions with 350 mM NaCl, we 313 

identified two mutations (G513A and R522I) with increased activity. Combining the two 314 

mutations led to a synergistic increase in activity for incorporation of all four dNTPs, 315 

particularly dATP (~35-fold), yielding a polymerase with overall higher activity and substrate 316 

promiscuity (Table 1). Modifications to this procedure, such as mutagenesis of the 317 

oligonucleotide-binding pocket or screening under alternative stringent reaction conditions, 318 

can be adapted to further enhance the activity and robustness of this enzyme. 319 
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The metal-dependence of mammalian PolX family enzymes has been studied in 320 

detail,35 and their catalytic mechanism is known to involve two metal ions (metal A and metal 321 

B). Metal A is coordinated by the dNTP α-phosphate and the primer strand 3’OH and serves 322 

as a Lewis acid to activate the 3’OH group for nucleophilic attack, while metal B is chelated 323 

by the dNTP β and γ phosphates and serves to stabilize the pyrophosphate leaving group. Metal 324 

B is typically Mg2+, while maximal template-independent polymerase activity of TdT and Polµ 325 

is observed when metal A is a divalent transition metal such as Mn2+, Co2+ or Zn2+. The similar 326 

metal-dependence of RvPolX, with maximal activity obtained with a combination of Mg2+ and 327 

Mn2+, is consistent with a common reaction mechanism with other PolX enzymes (Figure S10). 328 

Analysis of the phylogenetic tree of PolX in animals (Eumetazoa) reveals that numerous 329 

diverse sequences remain to be explored, particularly in invertebrates. Like RvPolX, many of 330 

the invertebrate PolX variants, contain an N-terminal BRCT domain associated with NHEJ, 331 

where template-independent DNA polymerase activity has been proposed to provide flexibility 332 

in the repair of various types of double-strand breaks.36 Thus, a systematic investigation of 333 

diverse invertebrate PolX enzymes, particularly those containing a BRCT domain, has the 334 

potential to enrich the collection of template-independent polymerases with unique 335 

characteristics suitable for various DNA synthesis applications. 336 

In RvPolX, G513 is part of a GW motif, which is also present in TdT and Polμ, but is 337 

replaced with a YF motif in Polλ and Polβ, thought to underlie the different nucleotide 338 

selectivity of these enzymes.37-39 The Y residue in Polλ and Polβ is positioned near the dNTP 339 

2’ carbon and is proposed to act as a steric gate, preventing the binding and incorporation of 340 

rNTPs.1, 40 Substitution of Y with G in TdT and Polμ expands the nucleotide binding pocket, 341 

allowing the binding and incorporation of both dNTPs and rNTPs.38 Interestingly, RvPolX is 342 

the only Polλ-like enzyme containing the GW motif, while the others contain YF, HY or other 343 

motifs (Figure S11). Given its proximity to the dNTP substrate, the increased activity of the 344 

G513A mutation may result from the binding of the dNTP in a more reactive conformation, or 345 

through rigidification of the dNTP binding pocket. 346 

In conclusion, our research underscores the potential for discovering new template-347 

independent polymerases from various organisms within the broader PolX family, which may 348 

offer properties distinct from those of the well characterized mammalian TdT. Our work on 349 

RvPolX led to the development of an enzyme with salt-tolerant template-independent DNA 350 

polymerase activity, adding to the enzymatic toolkit available for de novo DNA synthesis. The 351 

properties of RvPolX may relate to its expected role in the NHEJ pathway of DNA repair in 352 
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the presence of various stressors R. varieornatus. For applications in enzymatic DNA synthesis, 353 

further work is required to engineer RvPolX for single base incorporation, by increasing its 354 

activity for incorporation of 3′-protected dNTPs,8 or by developing enzyme-dNTP conjugates 355 

as demonstrated for TdT.9 356 

 357 

MATERIALS AND METHODS 358 

 359 

Phylogenetic Analysis 360 

Sequences belonging to DNA-directed DNA polymerase X (InterPro accession: IPR002054), 361 

in Eumetazoa, were retrieved from the UniProt database (accessed on 15 July 2022).41 To 362 

reduce redundancy, the sequences were mapped onto 230 UniRef50 clusters (UniRef50 363 

contains sequences clustered at ≥50% identity, Dataset S1).42 Four previously studied PolXs, 364 

including Saccharomyces cerevisiae (strain ATCC 204508 / S288c) DNA polymerase IV 365 

(ScPolIV), Schizosaccharomyces pombe (strain 972 / ATCC 24843) DNA polymerase type-X 366 

family protein (SpPolIV), Oryza sativa subsp. japonica DNA polymerase lambda (OsPolλ), 367 

and Arabidopsis thaliana DNA polymerase lambda (AtPolλ), were included in the analysis. A 368 

multiple sequence alignment was constructed using ClustalW,43 and the phylogenetic tree was 369 

constructed using MEGA 11 software,44 with the maximum likelihood method.45 370 

 371 

Expression Constructs  372 

Synthesis of the codon-optimized, full-length gene sequence of RvPolX (UniProt accession 373 

number: A0A1D1UV65), in a pET-28a (+) vector (Novagen) with a cleavable N-terminal His-374 

SUMO tag, was carried out by Twist Bioscience. To prepare mutant for CD spectroscopy 375 

studies, mutant with Δ1-258 was generated. For protein engineering studies, the selected 376 

residues (R276, E281, C425, S427, R432, G513, W514, M518, Y519, R525, R522, and D537) 377 

located at the incoming nucleotide binding pocket were subjected to mutations. Twelve single 378 

residues were chosen, and each was mutated to 19 different amino acids using the NEBuilder 379 

HiFi DNA Assembly master kit (New England Biolabs), following the manufacturer's 380 

instructions. 381 

 382 

Recombinant Protein Production 383 

The experiment was conducted following a previously reported protocol by Law et al. 46. The 384 

constructs were transformed into Escherichia coli Rosetta 2 (DE3). The bacterial culture 385 
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carrying the plasmid of interest was grown in LB medium supplemented with antibiotics at 386 

37 °C with shaking at 250 rpm. Upon reaching OD600 reach around 0.8, 0.5 mM isopropyl-1-387 

thio-β-D-galactopyranoside (IPTG) was introduced, and the culture was then incubated at 388 

16 °C with shaking at 200 rpm overnight. The bacterial cultures were subsequently harvested, 389 

lysed, and the supernatant proteins were purified using TALON® Metal Affinity Resin (Takara). 390 

To remove the N-terminal His-SUMO tag, the purified proteins were incubated with SUMO 391 

protease overnight at 4 °C with an approximate molar ratio of 1:25. The purified proteins were 392 

further subjected to purification via HiTrapTM Heparin HP affinity columns (GE Healthcare 393 

Life Sciences). Finally, 4-20% mini-PROTEAN® TGX™ precast protein gel (Bio-Rad) was 394 

used to analyze the purified recombinant proteins. 395 

 396 

DNA Polymerase Activity Assays 397 

The experiment was conducted following a previously reported protocol by Loc’h et al. 47, with 398 

minor modifications. A 5’-Alexa Fluor 488-labeled 14-mer single stranded DNA (Alexa-399 

ssDNA14) oligonucleotide (5’-Alexa488-TACGCATTAGCCTG- 3’) and ssDNA14A/T/G/C 400 

were used as the DNA primer (Table S2). Assay mixtures were prepared on ice. The reaction 401 

was initiated by adding 0.3 mM of the respective dNTP, incubated at 25 °C for 5 to 30 minutes, 402 

and inactivated at 95 °C for 2 minutes using a thermocycler. The products were analyzed by 403 

gel electrophoresis on an 18% acrylamide gel with 8 M urea (urea-PAGE). The gel bands were 404 

visualised through the fluorescence of the Alexa488 fluorophore using ChemiDoc MP Imaging 405 

System (Bio-Rad), and the band intensities were quantified using Image Lab software (Bio-406 

Rad). 407 

 408 

To assay the primer elongation by RvPolX under different pH conditions, a reaction mixture 409 

containing 4 μM RvPolX, 50 nM Alexa-ssDNA14, 1 mM Tris(2-carboxyethyl)phosphine 410 

hydrochloride (TCEP), 1% glycerol, and 1 mM MnCl2 was prepared in various pH buffers, 411 

including 50 mM MES pH 6.0, 50 mM Tris-HCl pH 6.8, 50 mM 4-(2-hydroxyethyl)-1-412 

piperazineethanesulfonic acid (HEPES) pH 7.4, 50 mM Tris-HCl pH 8.0, or 50 mM Tris-HCl 413 

pH 8.8. The reaction was initiated by adding nucleotide.  414 

 415 

To assay the primer elongation by RvPolX in the presence of different divalent ions, a reaction 416 

mixture containing 50 mM Tris–HCl pH 8.8, 4 μM RvPolX, 50 nM Alexa-ssDNA14, 1 mM 417 

TCEP, and 1% glycerol was prepared. Various divalent ions, including 5 mM CaCl2, 5 mM 418 

LiCl2, 5 mM MgCl2, 1 mM MnCl2, or 1 mM ZnCl2, were added individually. To assay the 419 
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primer elongation by RvPolX in the presence of a mixture of two different divalent ions, 1 mM 420 

MnCl2 and 5 mM MgCl2 were added. The reaction was initiated by adding nucleotide, and 421 

terminated after 5 minutes. 422 

 423 

To assay the primer elongation by RvPolX at different temperatures and salt concentration, 424 

various concentrations of NaCl (ranging from 0 to 700 mM) were added to the reaction mixture 425 

containing 50 mM Tris-HCl pH 8.8, 4 μM RvPolX, 50 nM Alexa-ssDNA14, 1 mM TCEP, 1 426 

mM MnCl2, 5 mM MgCl2, and 1% glycerol. The reaction was initiated by adding nucleotide 427 

solution containing various concentrations of NaCl (ranging from 0 to 700 mM), followed by 428 

rapid stirring. The reaction was terminated after 30 minutes. 429 

 430 

To assay primer elongation by RvPolX at different temperatures, a reaction mixture containing 431 

50 mM Tris–HCl pH 8.8, 4 μM RvPolX, 50 nM Alexa-ssDNA14, 1 mM TCEP, 1 mM MnCl2, 432 

5 mM MgCl2, and 1% glycerol was prepared. The reaction mixture and nucleotide solutions 433 

were pre-incubated separately at different temperatures for 5 minutes. The reaction was then 434 

initiated by adding nucleotide solution, followed by rapid stirring. The reaction was terminated 435 

after 5 minutes. 436 

 437 

Circular Dichroism Spectroscopy 438 

The experiment was conducted following a previously reported protocol.48 The protein 439 

solutions were diluted to a final concentration of 3 µM in a buffer containing 25 mM HEPES 440 

at pH 7.4, 10% glycerol, and 500 mM NaCl. Prior to the measurements, all samples were 441 

incubated at room temperature for 5 minutes. A quartz cuvette with a path length of 0.1 cm, 442 

filled with 300 µL of the sample, was used for the measurements. Circular dichroism (CD) 443 

measurements were conducted using a Jasco J-815 Spectrometer (Jasco), at a wavelength range 444 

of 200 to 250 nm, with the incubation temperature gradually increased from 25 to 50 °C at 445 

intervals of 0.1 nm, and 10 accumulations recorded for each reading. The resulting data was 446 

analyzed using the web-based server BeStSel (Beta Structure Selection).49 447 

 448 

Computational Modelling 449 

The protein sequence of RvPolX was retrieved from the UniProt database (assession number: 450 

A0A1D1UV65). The whole modelling protocol is as follows: (1) three initial models of 451 

RvPolX were firstly predicted by AlphaFold v2.0 program;50 (2) the best model with the top 452 

ranked score was selected and its N-terminus (1-234aa) containing a long-disordered loop was 453 
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truncated; (3) this pruned model was subjected to the sidechain optimization in Sybyl-X 454 

package (v2.1),51 which afforded diverse models; (3) the model with the lowest energy was 455 

selected for the subsequent modelling; (4) two coordinated metal ions (e.g., Mn2+) in the 456 

catalytic site were modelled with the following procedure: one ion was positioned in the center 457 

of two carboxyl groups of D437 and D439, while the other was placed in the center of three 458 

carboxyl groups of D437, D439, and D498; subsequently, two metal ions and the sidechains of 459 

D437, D439, and D498 were optimized in Sybyl-X package to relax their conformations, while 460 

the remaining part of enzyme was fixed. (5) a single-strand DNA (ssDNA, 5’-AGCCTG-3’) 461 

was placed in the binding pocket. More specifically, the coordinates of ssDNA backbone were 462 

initialized from the crystal structure (PDB ID: 4I27)35 of its close homolog TdT with ssDNA 463 

by aligning the structure of RvPolX to that of TdT; and then the missing bases were added by 464 

tleap program in the AmberTool package;52 only the ssDNA was optimized in the binding 465 

pocket by the Sybyl package, while the whole enzyme and two metal ions were restrained 466 

during the optimization; both ssDNA and its neighbouring sidechains on the RvPolX were fully 467 

relaxed with the restraint of the remaining system; (6) the sidechains of RvPolX and bases of 468 

ssDNA were optimized with the restraint of backbone; (7) the whole system including RvPolX, 469 

ssDNA, and two metal ions is fully optimized for subsequent molecular dynamics simulation. 470 

The complex model from the previous protocol was further optimized by molecular dynamics 471 

simulation in the explicit water environment with the following steps. (1) the complex model 472 

was solvated by TIP3P water model53 and neutralized by counter ions with the NaCl 473 

concentration of 150 mM; (2) the whole system was minimized with position restraint of the 474 

heavy atoms by exerting a harmonic force constant of 5.0 kcal mol-1 Å-2, and subsequently fully 475 

relaxed without any restraint; (3) the whole system was gradually heated to 298.15K with the 476 

position restraint of 5.0 kcal mol-1 Å-2 for 25ps; (4) the whole system was equilibrated in the 477 

NVT ensemble for 25ps; (5) the whole system was subjected to three rounds of 500ps 478 

equilibration in NPT ensemble with the successive decrease of harmonic force constants (5.0, 479 

1.0, and 0.0 kcal mol-1 Å-2, respectively); (6) the whole system was subjected to the production 480 

simulation without any restraint at the pressure of 1 atm and temperature of 298.15K; Monte-481 

Carlo barostat54 and Langevin thermostat55 were employed to control the pressure and 482 

temperature, respectively; ff14SB56 and OC1557 force field parameters were applied for 483 

RvPolX and ssDNA, respectively; the production simulation time was set to 50ns; Smooth 484 

Particle Mesh Ewald (SPME) method58 was employed to calculate the long-range electrostatic 485 

interaction with the cutoff of 9 Å; the whole simulation was conducted for three times in the 486 

AMBER22 program.59  487 
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Five typical models were retrieved from the previous molecular dynamics simulations by K-488 

Mean cluster analysis, minimized, and processed in the Sybyl package to remove water 489 

molecules and counter ions. Only two models with an open binding site exposure to the 490 

incoming nucleotide were kept for subsequent molecular docking simulations. The incoming 491 

nucleotide dGTP were modelled and optimized in Sybyl package (v2.1) and subsequently 492 

docked into the binding site of RvPolX/ssDNA complex model by the GOLD program v2018.60 493 

The docking parameters were provided as follows: scoring function is ChemScore; population 494 

size is 400; selection pressure is 1.1; number of operations is 500,000; number of islands is 5; 495 

niche size is 2; crossover frequency is 95%; mutation frequency is 95%; migration frequency 496 

is 10%. After docking simulations, all the sampled conformations for each incoming nucleotide 497 

were further filtered by the following criteria: (1) the base of the incoming nucleotide can form 498 

favourable π-π stacking with the ssDNA (5’-AGCCTG-3’); (2) the phosphate group(s) of the 499 

incoming nucleotide can form the salt bridge with the nearby residues such as lysine or arginine; 500 

(3) the phosphate group(s) of the incoming nucleotide can form the coordination interaction 501 

with a metal ion in the catalytic pocket. According to this filtering, a reasonable conformation 502 

(Figure 4) with the incoming nucleotide dGTP was achieved, minimized in the Sybyl package, 503 

and finally rescored in the GOLD program.  504 

 505 

Protein Engineering and Screening of RvPolX Mutants  506 

Plasmids encoding mutations to the RvPolX dNTP binding pocket residues were transformed 507 

into Rosetta™ 2(DE3) E. coli cells. For protein expression, a single colony of each mutant was 508 

selected and grown in 4 mL LB cultures. The cells were harvested by centrifugation at 3,300 g 509 

for 1 minute and then lysed by resuspending them in 500 μL of B-PERTM Bacterial Protein 510 

Extraction Reagent (Thermo Scientific), followed by incubation at room temperature for 30 511 

minutes. After centrifugation at 16,000 g for 20 minutes at 4 °C, the supernatant was incubated 512 

with 20 μL of pre-washed Dynabeads™ (Thermo Scientific, US) in 4 °C for 1 hour. After that, 513 

the beads were separated and washed 3 times with wash buffer (25 mM HEPES pH 7.4, 500 514 

mM NaCl, 0.01% Tween-20, 10 mM imidazole). The immobilized protein on the Dynabeads™ 515 

was incubated with a reaction buffer containing 25 mM HEPES pH 7.4, 1 µM ssDNA14, 1 516 

mM dCTP, 1 mM TCEP, 1 mM MnCl2, 5 mM MgCl2, and 1% glycerol at 25 °C and 1000 rpm 517 

for 60 minutes. After centrifugation, 30 μL of supernatant was analyzed using a UHPLC system 518 

(Shimadzu, Japan). Each analysis involved injecting 10 μL of the sample onto a Clarity 2.6 µm 519 

Oligo-XT 100 Å, LC Column 100 x 4.6 mm (Phenomenex). Mobile phase A (15 mM 520 
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trimethylamine, 400 mM 1,1,1,3,3,3-hexafluoro-2-propanol, 10% methanol, pH 8.0) and 521 

mobile phase B (100% methanol) were prepared. A 15-minute gradient program ranging from 522 

16% to 36% mobile phase B was employed to analyze the extended products. 523 

 524 

Microscale Thermophoresis 525 

Microscale thermophoresis (MST) study was conducted following the protocol described by 526 

Kuznetsova et al. 61 to investigate the interaction between RvPolX and a mutant with four 527 

dNTPs. This study utilized the MonolithTM NT.labelFree system by NanoTemper Technologies. 528 

A series of samples containing nucleotides (at concentrations ranging from 0.01 to 0.15 μM) 529 

and enzyme (0.8 μM) in a reaction buffer consisting of 50 mM HEPES at pH 7.4, 100 mM 530 

NaCl, 5 mM MgCl2, 1 mM MnCl2, and 2 mM TCEP were incubated at room temperature for 531 

10 minutes before being loaded individually into MonolithTM NT.labelFree capillaries. The 532 

measurements were conducted at room temperature with 20% LED power and 20% MST 533 

power, and the resulting data were analyzed using MO Affinity Analysis to determine the 534 

dissociation constants. 535 

 536 

Kinetic Analysis 537 

The experiment was conducted following a previously reported protocol.61 To monitor the 538 

time-dependent primer elongation, a reaction mixture containing 4 μM RvPolX, 50 mM Tris–539 

HCl pH 8.8, 50 nM Alexa-ssDNA14, 1 mM TCEP, 1 mM MnCl2, 5 mM MgCl2, and 1% 540 

glycerol was prepared. After a 5 minutes pre-incubation at 25 °C, the reaction was initiated by 541 

adding nucleotide. The reaction was halted at specific time intervals and analyzed using 18% 542 

denaturing urea-PAGE, visualized using Chemidoc (BioRad), and the bands quantified using 543 

Image Lab (Bio-Rad). Curve fitting was performed using the Graphpad Prism 9. The 544 

oligonucleotide chain growth polymerization kinetics was modelled as a Poisson distribution. 545 

For each of the assays, a specific oligonucleotide product band (k) that allowed us to observe 546 

the time-dependent accumulation and subsequent depletion of the oligonucleotide product, was 547 

selected for analysis. The apparent rate of chain elongation (Vobs) was estimated by fitting the 548 

changes in band intensity (I) over time (t) to a Poisson probability distribution function, with a 549 

normalization constant (A).  550 

 551 
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𝐼 = 𝐴𝑡𝑘𝑒−𝑉𝑜𝑏𝑠𝑡 552 

 553 

Supporting Information:  554 

Protein production of Homo sapiens terminal deoxynucleotidyl transferase (HsTdT); DNA 555 

polymerase activity assay using modified nucleotides; DNA polymerase activity assay of 556 

G513A+R522I and HsTdT; DNA-binding assay (note); domain structure and 3D structures of 557 

PolX family members (Figure S1); multiple sequence alignment of the catalytic domains of 558 

RvPolX and members of the PolX family (Figure S2); net charge and pH of RvPolX using 559 

Peptide Property Calculator from NovoPro (Figure S3); denaturing urea-PAGE analysis of the 560 

RvPolX template-independent DNA polymerase assays with four different dNTPs and 561 

different divalent metal ions (Figure S4); protein engineering of RvPolX (Figure S5); 562 

denaturing urea-PAGE analysis of template-independent DNA polymerase assays using 3′-563 

ONH2 modified nucleotides (Figure S6); DNA-binding analysis of WT and G513A+R522I 564 

through fluorescence anisotropy (Figure S7); denaturing urea-PAGE analysis of the 565 

G513A+R522I and HsTdT template-independent DNA polymerase assays (Figure S8); 566 

denaturing urea-PAGE analysis of template-independent DNA polymerase assays using 3′-567 

ONH2 modified nucleotides with G513A+R522I and commercial calf thymus TdT (Figure S9); 568 

denaturing urea-PAGE analysis of the G513A+R522I template-independent DNA polymerase 569 

assays with different divalent metal ions (Figure S10); WebLogo presentation of the GW motif 570 

and the R522 residue within the thumb domain (Figure S11); list of SwissProt reviewed 571 

Eumetazoan PolX sequences (Table S1); list of sequences of DNA primer used for DNA 572 

polymerase activity assay (Table S2). 573 
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 600 

Figure 1. Maximum likelihood phylogenetic tree of DNA polymerase X family proteins in 601 

Eumetazoa. The 230 PolX family proteins can be divided into six groups: TdT/Polµ, TdT/Polµ-602 

like proteins, Polλ, Polλ-like proteins, Polβ, and Polβ-like proteins. SwissProt reviewed 603 

sequences are denoted with black stars. The leaf label states the UniProt ID and genus. 604 

Numbers in circle are annotated according to the legend. 605 
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  606 

Figure 2. Domain structure and template-independent DNA polymerase activity of RvPolX. 607 

(A) Domain structure of RvPolX, with the BRCA1 C-terminal (BRCT) domain in blue, and 608 

the low-complexity (LC) region in red. The catalytic domain consists of the 8 kDa domain 609 

(yellow), fingers domain (orange), palm domain (pink), and thumb domain (green). The loop1 610 

region within the palm domain is colored in black. Denaturing urea-PAGE assay of RvPolX-611 

catalyzed template-independent extension of a 14-mer single-stranded DNA (ssDNA14) under 612 

varying conditions, including various (B) pH buffers, (C) salt concentrations, (D) divalent 613 

metal ions, and (E) ssDNA substrates (the substrates ssDNA14A, ssDNA14T, ssDNA14G, and 614 

ssDNA14C consist of ssDNA14 extended by A, T, G or C, respectively). 615 

 616 
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 617 

Figure 3. Contribution of the RvPolX N-terminal region to its activity and stability. (A) 618 

Denaturing urea-PAGE analysis of the DNA polymerase assays of WT and Δ1-258aa 619 

performed at 25 °C, 40 °C, and 45 °C, in the presence or absence of 500 mM NaCl. Each assay 620 

was conducted in triplicate, and the band intensities of the extension products were quantified 621 

and plotted on the graph. Error bars reflect the standard deviations, and significance was 622 

determined by one-way analysis of variance (ANOVA) with Dunnett’s posttest comparing 623 

mutants to WT (vehicle control). *, P<0.05; **, P<0.01; ***, P < 0.001; ns, not significant. The 624 

far-UV CD spectra analysis of (B) WT and (C) Δ1-258aa, was conducted at a range of 625 

temperatures (25 °C to 50 °C), in the presence of 500 mM NaCl.  626 

 627 

 628 

 629 

 630 
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 631 

Figure 4. Protein engineering of RvPolX. (A) Twelve amino acid residues around the dNTP 632 

binding pocket were selected for saturation mutagenesis. Denaturing urea-PAGE analysis 633 

shows the effect of RvPolX mutations on template-independent DNA polymerase activity at 634 

(B) 500 mM NaCl and (C) 1000 mM NaCl, with four different dNTPs. Each assay was 635 

conducted in triplicate, and the band intensities of the extension products were quantified and 636 

plotted on the graph. Error bars reflect the standard deviations, and the significance was 637 

determined by one-way analysis of variance (ANOVA) with Dunnett’s posttest comparing 638 

mutants to WT (vehicle control). *, P<0.05; **, P<0.01; ***, P < 0.001; ns, not significant. 639 

 640 

 641 

 642 
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 643 

Figure 5. Kinetic analysis and microscale thermophoresis (MST) studies of WT and 644 

G513A+R522I. Denaturing urea-PAGE analysis shows time-dependent DNA polymerization 645 

catalyzed by (A) WT and (B) G513A+R522I with four different dNTPs. The labels on the 646 

products bands (+1, +2, +3, etc.) indicate ssDNA14 extended by a corresponding number of 647 

nucleotides. (C) Time-dependent changes in intensity for selected product bands. Each assay 648 

was conducted in triplicate, and the data are presented as mean values, with error bars reflecting 649 

the standard deviations, and the solid lines representing the exponential fits. (D) MST titration 650 

curves for the interactions between WT and G513A+R522I with four different dNTPs, used to 651 

determine the dissociation constants (Kd) for each dNTP. Each assay was conducted in 652 
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triplicate, and the data are presented as mean values, with error bars reflecting the standard 653 

errors. 654 

 655 

 656 

Table 1. The apparent rates of chain elongation (Vobs) of WT and G513A+R522I. 657 

 
Band of extension 

product 
Vobs of WT (s-1) Vobs of G513A+R522I (s-1) 

dATP 3 0.0009 ± 0.0001 0.0380 ± 0.0014 

dATP 1 0.0011 ± 0.0000 N.A. 

dCTP 2 0.0104 ± 0.0007 0.0356 ± 0.0018 

dTTP 3 0.0066 ± 0.0002 0.0439 ± 0.0020 

dGTP 6 0.0744 ± 0.0010 0.1597 ± 0.0065 

 658 

 659 

  660 
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