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Abstract 

Thermostable bacterial polymerases like Taq, Therminator and Vent exo- polymerases are 

able to perform DNA synthesis using modified DNA precursors, a property that is exploited in 

several therapeutic and biotechnological applications. Viral polymerases are also known for 

accepting modified substrates and this has proven crucial in the development of antiviral 

therapies. On the other hand, non–thermostable polymerases of bacterial origin remain to be 

identified, or engineered, that would have similar substrate tolerance and could be used for 

synthetic biology purposes. 

 We now identified the α subunit of E.coli polymerase III (Pol III α) as a new bacterial 

polymerase able to recognize and process as substrates several pyrophosphate-modified 

dATP analogues in place of its natural substrate dATP for templated DNA synthesis. A 

number of dATP analogues featuring a modified pyrophosphate group were able to serve as 

substrate during enzymatic DNA synthesis by Pol III α. Features such as the presence of 

potentially chelating chemical groups, the size and spatial flexibility of the chemical structure 

seem to be of major importance for the modified leaving group to play its role during the 

enzymatic reaction. In addition, we could establish that if the pyrophosphate group is altered, 

deoxynucleotide incorporation proceeds with an efficiency varying with the nature of the 

nucleobase. Our results represent a great footstep towards the achievement of a system of 

artificial DNA synthesis hosted by E.coli and involving the use of altered nucleotide 

precursors for nucleic acid synthesis. 
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Introduction 

 The templated synthesis of deoxyribonucleic acid (DNA) is the core chemical process 

enabling genetic propagation of living cells. DNA polymerases catalyze this process within 

the multi-enzymatic replication apparatus by condensing deoxynucleoside triphosphates in 

response to the complementary base sequence in the DNA template, releasing the leaving 

group pyrophosphate at each incorporation cycle  (Figure 1a) (1). Numerous crystallographic 

studies of polymerases bound to DNA in the presence of modified nucleoside triphosphates 

showed the involvement of the pyrophosphate moiety at each step of the catalytic cycle (2-

4). Pyrophosphate released from nucleoside triphosphate is then hydrolyzed to phosphate, 

granting irreversibility to nucleotide incorporation.  

 

Substitution of the pyrophosphate leaving group in canonical nucleic acid polymerization with 

alternative motifs is systematically explored in vitro by our group in order to diversify genetic 

processes in vivo ((5) and references therein) and should open two novel lines of research. 

On the one hand, DNA metabolism could be disentangled from RNA biosynthesis through 

the usage of a dedicated chemical device (LG, for alternative Leaving Group), distinct from 

pyrophosphate. In this case nucleoside monophosphate and diphosphate kinases would 

intervene only in the synthesis of rNTP’s and special enzymes would have to be elaborated 

for producing the dNLP’s (deoxyribonucleoside monophosphate with altered leaving group) 

that would replace dNTP’s (Figure 1b). On the other hand, an additional leaving group could 

be mobilized to activate monomers of a third type of nucleic acid (xenonucleic acid) through 

the production of xNLP’s (xenonucleoside monophosphate with altered leaving group).  

Several novel enzymes would have to be engineered for these purposes i.e. formation and 

polymerization of xNLP’s.  

 

dNDP dNTP DNA

rNTP RNArNDPrNMP

LG PPn dNLP DNA
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Figure 1 a) Synthesis of DNA and RNA as performed by nature; b) Disentanglement of DNA from 

RNA metabolism/synthesis through pyrophosphate substitution. Abbreviations : rNMP: ribonucleoside 

monophosphate; rNDP: ribonucleoside diphosphate; rNTP: ribonucleoside triphosphate; dNDP: 

deoxyribonucleoside diphosphate; dNTP: deoxyribonucleoside triphosphate; LG: leaving group; PPn: 

polyphosphate; dNLP: deoxyribonucleoside monophosphate with altered leaving group; i): 

ribonucleoside  monophosphate kinase; ii) ribonucleoside diphosphate kinase ; iii) RNA polymerase ; 
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iv) ribonucleoside diphosphate reductase ; v) deoxyribonucleoside diphosphate kinase ; vi) DNA 

polymerase ; vii) LG phosphorylase ; viii) dNLP synthase ; ix) dNLP polymerase. 

 

So far, several phosphoramidate and phosphodiester analogues of dATP have been tested 

by our group and served successfully as precursors for enzymatic DNA extension by various 

polymerases (HIV-1 reverse transcriptase, Taq polymerase, Therminator, Vent exo- 

polymerase) and allowed processive synthesis  although with a substrate efficiency reduced 

from 10 to 1000-fold as compared to that of the natural substrates (6-11) (for chemical 

structures report to Table 1). DNA polymerases compatible with E.coli remain to be identified 

that harbor similar substrate tolerance and could therefore be good candidates for 

developing in vivo genomic DNA replication hosted by this organism. 

 

DNA polymerase III (Pol III) is the main DNA polymerase of E.coli (Eco) and is also found in 

the replisome of Thermus Aquaticus (Taq) and other gram-negative bacteria (12;13). Pol III 

holoenzyme is part of the polymerase family C, is encoded by the dnaE gene and consists of 

a complex of 10-subunits (14). The α subunit (129 kDa) is the only unit endowed with 

polymerase activity (15), while the other subunits have proven to possess complementary 

activities like 3ʹ-5ʹ exonuclease  (16), complex stabilization (17) or clamp loading (18). Pol III 

 accommodation of 2ʹ-deoxynucleoside triphosphates and subsequent 2ʹ-deoxynucleoside 

monophosphate incorporation into enzyme-bound dsDNA follows the consensual two-ion 

mechanism described by Steitz for other DNA/RNA polymerases (19-23). In the present 

study, we focussed on the acceptability of alternative leaving groups by E.coli Polymerase III 

α.   

 

Results and discussion 

 

Purification of the  subunit of E.coli Polymerase III 

In order to avoid any additional interaction of our modified substrates with other subunits of 

Pol III holoenzyme, we chose to study nucleotide incorporation by the isolated alpha subunit 

of the polymerase, which will be referred to as Pol III α in the following paragraphs. Protein 

expression and cloning was accomplished by adapting the procedure described by Maki and 

Kornberg (17) and allowed the isolation of a 129 kDa protein as shown on Figure 2. The 

specific activity (U/mg) of the cloned Pol III α was determined in single nucleotide 

incorporation assays carried out with DNA duplex P1:T1 (see Table 2). One unit of enzyme 

was defined as the amount enzyme incorporating 1 pmole of dATP into P1:T1 in one minute. 
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Figure 2: 12% polyacrylamide gel electrophoresis analysis of Superdex-purified Pol III α. 

 

Single incorporation of 2ʹ-deoxyadenosine triphosphate analogues 

The pyrophosphate mimics used in the incorporation studies were selected from a pool of 

candidate molecules that have been used in the past for the enzymatic synthesis of DNA 

catalyzed by HIV-1 RT, Taq and/or Vent polymerases. We screened a large spectrum of 

compounds that presented with the common characteristic of carrying one or two anionic 

functional groups potentially able to chelate magnesium ions (carboxylate, sulfonate, 

sulphate, phosphonate, phosphate). Syntheses of dATP analogues carrying, in place of PPi, 

L-aspartate 1 (L-Asp-), L-sulfono alanine 2 (S-L-Ala), 3-phosphono-L-alanine 3 (3-P-Ala), 3-

phosphate-L-alanine 4 (3-PO-L-Ala), L-histidine 5 (L-His), β-imidazole-L-lactate- 6 (L-ILA-), 

iminodipropionate- 7 (IDP-), iminodiacetate- 8 (IDA-), aminoglutarate 9 (AG), glycine 10 

(Gly), β-alanine 11 (β-Ala),  taurine 12 (TA) have been described previously (6-11). An 

overview of the leaving group candidates and their incorporation results is given in Table 1. 

Double-stranded DNA duplexes used as nucleic acid templates for the incorporation 

reactions consisted of P1 as primer and T1 for single dAMP incorporation or T2 for multiple 

successive dAMP incorporations (Table 2). 

 

Table 1: Incorporation of dAMP on P1:T1 by Pol III α using pyrophosphate 

modified dNTP analogues. For clarity reasons only the leaving group of the 

molecule is represented. 

Compound  
Leaving 

group code 

Leaving group 

structure 

Incorporation 

% P+1a, b 

Elongation 

0.59 U/µLb 

dATP PPi 
O P

O

O P

O

O-O-

O- 100 P+20c 
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1 L-Asp 

H
N

CO2
-

CO2
-

 

50 P+7c, d 

2 S-L-A 
H
N

CO2
-

SO3
2-

 

24 P+6 

3 3-P-L-Ala 
H
N

CO2
-

PO3
2-

 

45 P+5 / P+6 

4 3-PO-L-Ala 
H
N

CO2
-

OPO3
2-

 

0 0 

5 L-His H
N

CO2
-

H
N

N

 

0 0 

6 L-ILA O

CO2
-

H
N

N

 

4 P+5 

7 IDP N
CO2

-

CO2
-

 

40 P+7 

8 IDA N
CO2

-

CO2
-  

5 P+3 

9 AG 
H
N

CO2
-

CO2
-
 

0 0 

10 Gly N
H

CO2
-

 
14 P+3 / P+4 

11 β-Ala N
H

CO2
-

 
0 0 

12 Tau N
H

SO3
2-

 
0 0 

a reaction conditions : [dATP analogue]=500µM, [P:T]=125nM, [PolIIIα]=0.4 U/µL, 30°C, 

120 min, b mean value from duplicated experiment, c template=T3, d template=T4 
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Table 2: Nucleotide sequence of dsDNA duplexes used in enzymatic reactions (bold letters indicate 

the overhang). 

 Nucleotide sequence Incorporation 

P1 5ʹ-CAGGAAACAGCTATGAC-3ʹ - 

P2 5’-GGGTACGACTCACTATAGGGAGAGG-3ʹ - 

T1 5’-CCCCTGTCATAGCTGTTTCCTG-3ʹ 1×A 

T2 5’-CAGGTTTTTTTGTCATAGCTGTTTCCTG-3ʹ 7×A 

T3 5’-TTTTTTTTTTTTTTTTTTTTCCTCTCCCTATAGTGAGTCGTACCC-3ʹ 20×A 

T4 5’- AAATCGTCATAGCTGTTTCCTG -3ʹ 1×G 

T5 5’-AAGTCGGTCATAGCTGTTTCCTG-3’ 1×C 

T6 5’-CGTCAGTCATAGCTGTTTCCTG-3’ 1×T 

  

 

Many phosphoramidate and phosphodiester candidates tested were processed successfully 

as substrates by the catalytic subunit of Pol III for nucleotide incorporation into duplex DNA. 

Results of single nucleotide incorporation at substrate concentration of 500 µM, dsDNA 

concentration of 125 nM and enzyme concentration of 0.4 U/µL are reported for the 

corresponding leaving groups in Table 1. The general ranking for incorporation efficiency is: 

L-Asp>3-P-L-A=IDP>S-L-A>Gly>ILA=IDA. Among the α-amino acid analogues, only L-Asp 1 

and glycine 10 are recognized. On the contrary, the presence of only one carboxylate (for 11) 

or sulfonate (for 12) group in β position is not sufficient to allow binding and/or processing of 

the dNTP analogue. 

Variations in the leaving group other than α-amino-acid seem to be less well accepted than 

with other polymerases (HIV-1 RT, Taq). Phosphonate and sulfonate groups can apparently 

act as second coordinating moiety for binding of the triphosphate analogue in the active site 

and act as leaving group during the chemical step of nucleotide incorporation. On the 

contrary, both imidazole (compound 5 and 6) and phosphate groups (compound 4) are not 

able to act as coordinating moiety in the active site. Contrastingly, these analogues were 

previously processed as substrate by other enzymes (HIV-1 RT, Taq) (6;8;10). Differences in 

the tridimensional structure of the active site of Pol III α and other polymerases are likely to 

be responsible for the intolerance towards these candidates. 

Iminodicarboxylates 7 (IDP) and 8 (IDA) functioned as leaving group during the reaction, IDP 

much more efficiently than IDA, showing the tolerance of the enzyme for more flexible 

pyrophosphate mimics. At physiological pH, aminoglutarate (9) is a mediocre proton 

acceptor, which suggests that the driving force for the corresponding P-N bond cleavage is 

low. This could account for the poor results of 9 as leaving group in this reaction. 
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Primer elongation 

The leaving groups that successfully mimicked PPi during single nucleotide incorporation 

assays (L-Asp, IDA, IDP, DA and ILA) were also tested for primer elongation. They were 

successfully used by Pol III α for elongation up to 7 incorporated deoxyadenosine 

nucleotides (Table 1, last column and Figures 3 and 4) with a similar ranking in efficiency.  

Ranking of pyrophosphate mimics for elongation was: L-Asp > IDP > 3-P-A > SA > ILA > IDA 

= Gly. However, replacing pyrophosphate by structurally different groups slowed down DNA 

polymerization by Pol III α as it did for other polymerases (6-10). Remarkably, we did not 

observe stalling of the synthesis at primer+2 or 3 products in the elongation products like it 

has been described with HIV-1 RT. The absence of elongation pausing in the presence of 

modified substrates by Pol III α as compared with HIV-1 RT could be linked to the high 

processivity reported for Pol III core (10-20 nucleotides per binding event) (24). It is important 

to note that in the presence of accessory proteins, Pol III holoenzyme offers extremely high 

processivity (24;25). This could confer a major advantage to this bacterial polymerase for 

future applications in biotechnology and synthetic biology. 

 

 
Figure 3: Elongation of P1:T2 by Pol III α (0.59 U/µL) with dATP analogues as substrates (500 µM; 

[dATP] = 50 µM). Aliquots were drawn after 30, 60 and 120 minutes. For clarity reasons only the 

leaving groups are mentioned on corresponding panel. 
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Figure 4: Elongation of P1:T2 by Pol III α (0.59 U/µL) with 3-phosphono-β-Ala-dAMP as substrate 

(500 µM) and dATP (50 µM). 

 

A surprising phenomenon was witnessed with the IDA and ILA analogues: while the 

efficiency for single incorporation was very poor (either test afforded around 5 % primer+1 

product after 120 minutes), we could observe formation of the primer+3 and primer+5 

products, respectively, during elongation tests (Figure 3). This suggests that the complex 

between Pol III α, dsDNA and either alternative substrate could be more favouring for 

polymerization with T2 than with T1. In this case, the complex formed with a longer template 

could be regarded as more productive. The possibility for additional incorporations could also 

affect the dynamics of the reaction and be a supplementary driving force for the first 

incorporation.  

 

Next, the best leaving group of our series (L-aspartate) was tested as replacement for 

pyrophosphate in 20-nucleotide-long primer elongation. Elongation complementary to a 

poly(T) template overhang was investigated using the DNA duplex P2:T3 (Table 2). After 

prolonged incubation time (up to 6 hours reaction) the longest oligonucleotide product 

obtained when using a substrate concentration of 250 to 500 µM, corresponded to an 

extension with only 7 nucleotides (picture not shown), as was already the case for primer 

elongation using P1:T2. Since elongation with the natural substrate proceeded well up to the 

expected product primer+20, the poor elongation capacity could only be attributed to the 

replacement of pyrophosphate in the DNA building blocks and not to the absence of other 

Pol III subunits. It has been demonstrated that in presence of stabilizing interactions with 

other subunits of the Pol III complex, the overall processivity of the polymerization is greatly 

enhanced. Therefore, the elongation capacity of Pol III α using alternative substrate could 

potentially be increased in the presence of the complete Pol III enzymatic complex. 

 

Remarkably, throughout this study we observed no misincorporation of dAMP opposite to 

deoxycytidine (for single incorporation templated by T1) or deoxyguanosine (for elongation 
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templated by T2) by Pol III α even in the presence of high amounts of natural dNTP (50 µM) 

and despite the absence of exonuclease activity. This is consistent with the findings of Bloom 

and colleagues, who showed that the absence of accessory proteins resulted in lower 

processivity of Pol III and, as a consequence, lower misincorporation rate (24). 

 

Kinetics 

The kinetic parameters of the incorporation of dAMP in P1:T1 by Pol III α using both the 

natural and the L-Asp-modified precursor were determined by gel-based single nucleotide 

incorporation analysis (Table 3). As seen from the comparison of the substrate efficiency 

(VMax/KM ), L-Asp-dAMP proved to be 200-fold less efficient than the natural substrate dATP. 

 

Table 3. Kinetic parameters of the incorporation of dAMP in P1:T1 by 
Pol III α (0.24 U/µL) using L-Asp-dAMP as substrate 

 KM (µM) VMax/KM  (×10-3) 
(min-1) 

kcat 
(M.U-1.min-1) 

dATP 16.2 ± 5.5 1.91 0.129 

L-Asp-dAMP 119.6 ± 50.2 0.01 0.01 

 

 

Base ranking 

As a preliminary testing for further in vitro and in vivo applications, we then sought to 

compare the incorporation efficiency between each four natural mononucleotides (i.e. dAMP, 

dCMP, dGMP, dTMP incorporation, templated by oligonucleotides T4, T5, and T6, 

respectively). At a concentration of 10 µM of dNTP, the base-ranking for incorporation by Pol 

III α after 5 min reaction at 30°C is as follows: dA>dC>dT>dG (respectively 76, 56, 26 and 

18%). This ranking is not conserved when the pyrophosphate moiety is replaced by L-

aspartate, since in this case dC is ranked first: dC>dA>dG=dT (with resp. 95, 29 and 4% 

after 120 minutes).  

The presence of manganese ions has been previously shown to alter the behaviour 

(substrate discrimination, misincorporation rate, …) of Taq polymerase and E.coli Pol I 

towards different modified dNTP analogues (26). In the case of Eco Pol III α, incorporation 

efficiency of the dNTPs or the L-Aspartate analogues remained substantially the same after 

replacing 10 mM Mg2+ by 0.1 mM or 1mM Mn2+ in the reaction buffer (results not shown). 

Finally, exploratory incorporation experiments were performed with Polymerase C of 

Geobacillus kaustophilus (DNA polymerase C is the counterpart of DNA polymerase III in 

gram positive bacteria). The L-Asp deoxynucleotides were ranked in the same order as for E. 

coli Pol III α. 
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Conclusions 

It is shown here for the first time that the isolated α subunit of E.coli polymerase III (Pol III α) 

is able to recognize and process as substrates several pyrophosphate-modified dATP 

analogues in place of its natural substrate dATP for templated DNA synthesis. As we 

previously observed with some thermostable bacterial polymerases, a variety of 

modifications can be introduced on the pyrophosphate leaving group during enzymatic DNA 

synthesis. Some features such as the presence of potentially chelating chemical groups, the 

size and spatial flexibility of the structure seem to be of major importance for the modified 

group to play its role during the enzymatic reaction (11).  In the series reported here, 

compound 1 L-Asp-dAMP was the best alternative substrate among all deoxyadenosine 

triphosphate analogues tested. In addition, we could establish that if the pyrophosphate 

group is changed for L-Aspartate, the efficiency of nucleotide incorporation varies with the 

nature of the nucleobases. Overall, incorporation efficiency of the modified substrates by Pol 

III α is much lower than for thermostable bacterial polymerases. Interestingly, the base 

ranking revealed to be similar between the replisome polymerase of two different organisms, 

E.coli and G.kaustophilus. Enzyme variants processing molecules other than aspartate as 

alternative leaving groups will now be generated through directed evolution of the dnaE 

gene. The assays and screens will include the other subunits of Eco Pol III, encoded by 

genes dnaN, dnaQ, dnaX and holA, holB, holC, holD and holE (source: UnitProtKB), so as to 

emulate the replication process actually taking place in E.coli cells. 

		 
Experimental part 

Over-expression of E.coli Pol III α subunit:  Pol III α was expressed using the 

corresponding sequence of the E.coli dnaE gene (27) in BL21 pLysS competent cells 

(Promega). Protein purification was accomplished by separation on a Nickel column (IBT 

Technologies) followed by gel filtration on a Superdex 200 (GEHealthcare) (procedure 

adapted from (20)). The dnaE gene sequence was obtained from E.coli strain K12 MG1655 

(ATCC) and cloned into the vector pet-3d(+). Primers were purchased at Eurogentec (silver-

gold purification). Forward: 5′-TACCATGGGCTCTGAACCTTTCGTA-3′, Reverse: 5′-

TAGCGGCCGCGTCAAACTCCAGTTCC-3′. Restriction enzymes: NcoI and NotI 

(NEBiolabs). DNA Pol C from G.kaustophilus was a gift from M. Delarue. 

 

Oligodeoxyribonucleotides: DNA oligonucleotides were purchased from Eurogentec. The 

concentrations were determined with a Cary-300-Bio UV Spectrophotometer (Varian). The 

lyophilized oligonucleotides were dissolved in diethylpyrocarbonate (DEPC)-treated water 
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and stored at -20 °C. The primer oligonucleotides were 5′-labeled with [γ-33P] ATP (Perkin 

Elmer) using T4 polynucleotide kinase (New England Biolabs) according to standard 

procedures. Labeled oligonucleotides were further purified with IllustraTM MicrospinTM G-25 

columns (GE Healthcare).  

 

DNA polymerase reactions: End-labeled primer was annealed to its template by combining 

primer and template at a molar ratio of 1:2 and heating the mixture to 70 °C for 10 min, 

followed by slow cooling to room temperature over a period of 2 h. For the single 

nucleotide incorporation of 1-12, P1:T1 duplex was used (Table 2). A series of 10 or 20-

μL-batch reactions were performed for the enzyme Pol III α (0.4 U/μL stock solution unless 

otherwise specified). The final mixture contained 125 nM primer:template complex, Pol III α 

buffer (20 mM Tris-HCl, 10 mM MgCl2, 10 mM DTT, 2 mg/100 mL BSA, 20% glycerol; pH 

7.5), 0.4 U/μL Pol III α, and different concentrations of modified dNTP building blocks. In the 

control reaction with the natural nucleotide, 10 μM or 50 μM dATP (or relevant dNTP) were 

used. Mixtures were incubated at 30 °C, and aliquots (2.5 μL) were removed and quenched 

after 10, 20, 30, 60, 120 min. Primer elongation study with Pol III α was performed in similar 

conditions, but DNA duplex P1:T2 and 0.59 U/µL Pol III α were used. Aliquots were removed 

and quenched after 30, 60 and 120 min. The reaction mixture for incorporation tests with 

Polymerase C from G. kaustophilus contained: 125 nM primer:template complex, Pol C 

buffer (25 mM Tris.HCl, 25mM NaCl, 4 mM MgCl2, 25µM Tris(2-carboxyethyl)phosphine; pH 

8.0) (28), 10U/µL enzyme and 500 mM of each L-Asp-dNMP. Base ranking experiments 

were performed in similar conditions, using, for the single nucleotide incorporation of dCMP, 

dGMP and dTMP, templates T4, T5, and T6, respectively. For L-Asp analogues, aliquots 

were taken after 120 minutes; for dNTPS, after 5 minutes.  

 

Electrophoresis: All polymerase reactions (2.5 μL) were quenched by the addition of 10 μL 

of loading buffer (90% formamide, 0.05% bromophenol blue, 0.05% xylene cyanol, and 50 

mM ethylenediaminetetraacetic acid (EDTA)). Samples were heated at 75 °C for 5 min prior 

to analysis by electrophoresis for 2.5 h at 2000 V on a 0.4-mm 20% denaturing gel in the 

presence of a 100 mM Tris-borate, 2.5 mM EDTA buffer, pH 8.3. Products were visualized by 

phosphor imaging. The amount of radioactivity in the bands corresponding to the products of 

enzymatic reactions was determined with the imaging device Cyclone and the Optiquant 

image analysis software (Perkin-Elmer). 
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