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ABSTRACT 
 

Aim: To understand the structure-function relationship of the proofreading (PR) functions in 
eubacteria and viruses with special reference to Severe Acute Respiratory Syndrome-
Coronaviruses (SARS-CoVs) and propose a plausible mechanism of action for PR exonucleases of 
SARS-CoVs. 
Study Design: Bioinformatics, biochemical, site-directed mutagenesis (SDM), X-ray 
crystallographic data were used to study the structure-function relationships of the PR exonucleases 
from bacteria and CoVs. 
Methodology: The protein sequences of the PR exonucleases of various DNA polymerases, and 
RNA polymerases of SARS, SARS-related and human CoVs (HCoVs) were obtained from PUBMED 
and SWISS-PROT databases. The advanced version of Clustal Omega was used for protein 
sequence analysis. Along with the conserved motifs identified by the bioinformatics analysis, the 
data already available by biochemical, SDM experiments and X-ray crystallographic analysis on 
these enzymes were used to arrive at the possible active amino acids in the PR exonucleases of 
these crucial enzymes.  
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Results:  A complete analysis of the active sites of the PR exonucleases from various bacteria and 
CoVs were done. The multiple sequence alignment (MSA) analysis showed many conserved amino 
acids, small and large peptide regions among them. Based on the conserved motifs, the PR 
exonucleases are found to fit broadly into two superfamilies, viz. DEDD and polymerase-histidinol 
phosphatase (PHP) superfamilies. The bacterial DNA polymerases I and II, RNase D, RNase T and 
ε-subunit of DNA polymerases III belong to the DEDD superfamily. The PR enzymes from SARS, 
SARS-related CoVs and other HCoVs also essentially belong to the DEDD superfamily. The DEDD 
superfamily either uses an invariant Tyr or a His as proton acceptor during catalysis. Depending on 
the proton acceptor, they are further classified into DEDHD and DEDYD subfamilies. RNase T, ε-
subunit of DNA polymerases III and the SARS, SARS-related CoVs and other HCoVs belong to 
DEDHD subfamily.  However, the SARS, SARS-related CoVs and other HCoVs showed additional 
zinc finger motifs (ZFMs) in their active sites. DNA polymerases I, II and RNase D belong to DEDYD 
subfamily. The bacterial DNA polymerases X, YcdX phosphoesterases and the co-editing 
exonuclease of DNA polymerases III belong to the PHP superfamily. Based on the MSA, X-ray 
crystallographic analyses and SDM experiments, the proposed active-site proton acceptor is Tyr/His 
in DEDDY/H subfamilies and His in PHP superfamily of PR exonucleases.   
Conclusions:   Based on the similarities of active site amino acids/motifs, it may be concluded that 
the DEDD and PHP superfamilies of PR exonucleases should have evolved from a common 
ancestor but diverged very long ago. The biochemical properties of these enzymes, including the 
four conserved acidic amino acid residues in the catalytic core, suggest that the CoVs might have 
acquired the exonuclease function, possibly from a prokaryote. However, the presence of two zinc 
fingers in the PR active site of the SARS, SARS-related CoVs and other HCoVs sets their PR 
exonucleases apart from other homologues. 
 

 
Keywords: Proofreading exonucleases; coronaviruses; SARS-CoVs; DNA polymerases; RNase D, 

RNase T; DNA polymerase X; ExoN active site; ExoN catalytic Mechanism. 
 

1. INTRODUCTION 
 

Maintenance of genome stability is very 
important for all living organisms and relies 
mainly on the DNA and RNA polymerases which 
replicate the genomes. They replicate the 
genomes faithfully and thus, preserve and 
maintain the blueprint of life in all living cells. An 
in-depth analysis of these crucial catalysts of life, 
not only reveal fundamental information about 
their emergence, but also on the evolution of life 
on earth. Interestingly, not only the living cells but 
also the non-living entities like DNA and RNA 
viruses also possess these important enzymes. 
The DNA and RNA polymerases exhibit strong 
discrimination for NTPs and dNTPs and rarely 
insert a wrong nucleotide during replication of the 
genomes and hence the error rate in DNA or 
RNA synthesis is very, very minimum and is 
usually in the order of ~10

-6
-10

-9 
and~10

-4
 to 10

-6
, 

respectively. Even one mistake in critical areas is 
detrimental to the survival of organisms. 
Therefore, these crucial enzymes are invariably 
associated with a PR mechanism to correct any 
insertion error(s) during genome replication. 
These PR exonucleases belong to 3’→5’ types, 
and they excise any wrongly added nucleotide 
from the 3’-growing end, and thus, helping the 
polymerases to perform error-free genome 

replication. When a mismatch is encountered by 
the DNA or RNA polymerases during replication, 
the polymerases stall/pause, which in-turn 
activates the PR function which promptly excises 
the mismatch. Following the excision of the 
wrong base, the correct base is inserted and 
replication proceeds. This important PR step in 
living organisms ensures the original DNA/RNA 
template is copied without any mistake and 
passed on to the next generation. These PR 
enzymes are located either as a part of the 
replicase on the same polypeptide as a 
multifunctional enzyme (MFE) or as an 
independent subunit of a multienzyme complex 
(MEC). For example, in bacterial DNA 
polymerases I, three different enzymes are found 
on a single polypeptide as three distinct domains 
and exhibit three different activities, viz. i) 
polymerization, ii) proofreading and iii) DNA 
repair. The second type of PR exonucleases 
exists as an independent subunit of a 
multienzyme complex (MEC), e.g., ε-subunit of 
the bacterial DNA polymerases III (also known as 
replicases) [1 and references therein, 2]. To have 
a holistic view on these important PR enzymes in 
biological systems, including the one from the 
SARS, SARS-related and HCoVs an overview of 
these enzymes is presented in this 
communication.  
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1.1 PR Functions in Biological Systems 
 
The PR exonucleases are an important class of 
exonucleases. They are ubiquitous in biological 
systems and are reported from viruses, bacteria, 
fungi, plants, animals, etc. The PR function is not 
only associated with nucleic acid polymerases 
like DNA and RNA polymerases, but also 
associated with other nucleic acid modifying 
enzymes.  Based on the active site amino acids, 
they are broadly classified into two superfamilies, 
viz. DEDD and PHP [2,3] Most of the bacterial 
and CoV DNA/RNA polymerases-associated PR 
exonucleases use four acidic amino acids, 
DEDD, for metal-binding and catalysis and hence 
belong to the DEDD superfamily whereas the 
DNA polymerases X, DNA polymerase III co-
editing exonuclease [4] and YcdX 
phosphoesterases [5] use essentially His 
residues for metal-binding and catalysis. In this 
communication, the PR exonucleases belonging 
to the two different superfamilies are discussed 
in detail. 

 
1.1.1 PR Exonucleases of DEDD and PHP 

superfamilies  

 
The DEDD superfamily consists of two 
subfamilies, viz. DEDDy and DEDDh, depending 
upon whether they employ an invariant Y or a H 
as the proton acceptor during catalysis [2]. At 
least three different DNA polymerases involve in 
DNA repair and replication processes in 
prokaryotes. They are DNA polymerase I 
(encoded by polA), DNA polymerase II (encoded 
by polB) and DNA polymerase III, (a MEC). The 
DNA polymerases I, II and RNase D, belong to 
the DEDDY subfamily whereas the proofreading 
ε-subunit of the DNA polymerase III, RNase T, 
Exons of the RNA-dependent RNA polymerases 
(RdRps) of SARS, SARS-related CoVs and other 
HCoVs belong to the DEDDH subfamily. These 
two subfamilies and the PHP exonuclease 
superfamily are analyzed and discussed in detail.  

 
2. MATERILAS AND METHODS 
 

The protein sequences of the PR exonucleases 
of various DNA polymerases, RNases D, 
RNases T and RNA polymerases of SARS, 
SARS-related and human CoVs (HCoVs) were 
obtained from PUBMED and SWISS-PROT 
databases. The advanced version of Clustal 
Omega was used for protein sequence analysis. 
Along with the conserved motifs identified by the 
bioinformatics analysis, the data already 

available by biochemical, SDM experiments and 
X-ray crystallographic analysis on these 
enzymes were used to arrive at the possible 
active amino acids in the PR exonucleases.  

 

3. RESULTS AND DISCUSSION 
 

The PR function in eubacterial DNA polymerases 
I exists as an independent domain on the same 
polypeptide. The DNA polymerase I of E. coli is 
studied in great detail [1 and references therein]. 
It is a MFE and consists of three enzymes viz. i) 
5’-3’ exonuclease (DNA repair function), ii) 3’-5’ 
exonuclease (PR function) and iii) DNA 
polymerase and are located in three independent 
domains of the same polypeptide (Fig. 1). The 
last two domains are also known as Klenow 
polymerase, and the distance between them is 
found to be ~30 Å. 
 

Based on the conserved active site amino acids, 
this PR exonuclease is classified into DEDDy 
type [2]. Fig. 2 shows the MSA of the DNA 
polymerases I from different bacteria. Only the 
PR domains, from amino acids from 324-517, 
(numberings from the E. coli DNA polymerases I) 
and the polymerase region are shown here. (The 
E. coli enzyme is highlighted in yellow and the 
possible metal-binding sites are highlighted in 
green). The MSA analysis shows that the PR 
domain is almost completely conserved in all 
bacteria, except for few minor variations. At least 
four metal-binding sites are observed, and all the 
four are found in the completely conserved 
blocks. Two of the metal-binding sites, viz. –
DTE- (355-357) and –DAD- (501-503), were 
proved to be essential for PR exonuclease 
activity by SDM and X-ray crystallographic 
analyses in the E. coli DNA polymerases I 
(marked in red) [1 and references therein].  
Interestingly, the –DTE- site is found to be a 
fusion site where two –DXD- types of motifs are 
fused as one single site          -FDTETDS- (where 
the D is replaced by an equivalent amino acid E) 
and both the motifs are followed by a hydroxyl 
amino acid, T or S and the two Ts lie in-between. 
The typical -DEDD- with 4 invariant acidic amino 
acids is found in all the 3’-5’ exonucleases from 
bacterial DNA polymerases I and highlighted. 
The invariant –YA- template-binding pair 
(highlighted in yellow) suggests that they are all 
strictly template-dependent enzymes. The PR 
exonuclease with the four invariant acidic amino 
acids with an identifiable pattern -
DxE→D→Y→D- belongs to the DEDD 
exonuclease superfamily and to the dnaQ-Y 
subfamily (Fig. 2). 
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Fig. 1. Dissection of the 3 functional domains of E. coli DNA polymerase I 
  
Clustal (O) of PR 3’-5’ Exonucleases of bacterial DNA polymerases I (only the PR exonuclease and 
polymerase regions are shown). 

 
 

 

 

 
N                                                                                                                                                  C 
 

1                                          324                    517                                                                       928 
                  DNA Repair domain          PR domain                      Polymerase domain 

Klenow polymerase 

                  3’-5’ Exonuclease 

tr|A0A514EYQ8|A0A514EYQ8_9ENTR      GVKPAAKPAEASAVAEEEVEVAA TLSAENYVTILDEQTLIEWIEKLKKAPLVAFDTETDS 360 
tr|A0A1V0LLD5|A0A1V0LLD5_9ENTR      GAKPTAKPQETIVVEAEADMPAA TLSAEQYVTILDEETLQQWIAKLKSAPLFAFDTETDS 360 
tr|A0A1C4GJM7|A0A1C4GJM7_9ENTR      GAKSTAKPQETIVVEAEADMPAA ILSAEQYVTILDEETLQQWIAKLKSAPLFAFDTETDS 360 
tr|F0JW51|F0JW51_ESCFE              GAKPAARPQETSVADEAPEVTAT VISYDNYVTILDEEILKAWIAKLEKAPVFAFDTETDS 360 
tr|V0Y9R8|V0Y9R8_ECOLX              GAKPAARPQETSVADEAPEVTAT VISYDNYVTILDEETLKTWIAKLEKAPVFAFDTETDS 360 
tr|I6DHG2|I6DHG2_SHIBO              GAKPAAKPQETSVADEAPEVTAT VISYDNYVTILDEETLKAWIAKLEKAPVFAFDTETDS 360 
sp|P00582|DPO1_ECOLI                GAKPAAKPQETSVADEAPEVTAT VISYDNYVTILDEETLKAWIAKLEKAPVFAFDTETDS 360 2SDM 
tr|A0A3P6LP28|A0A3P6LP28_SHIDY      GAKPAAKPQETSVADEAPEVTAT VISYDNYVTILDEETLKAWIAKLEKAPVFAFDTETDS 360 
sp|Q9F173|DPO1_SALTY                GAKPAAKPQETVVIDESPSEPAA ALSYENYVTILDDVTLESWIEKLKKAPVFAFDTETDS 360 
tr|A0A2I8SCZ7|A0A2I8SCZ7_9ENTR      GTKPAAKPQETIAVDETPEGPAT VLSYDNYVTILDEATLEEWIAKLKKAPVFAFDTETDS 360 
                                    *.* :*:* *: .        *:  :* ::******:  *  ** **:.**:.******** 

 

tr|A0A514EYQ8|A0A514EYQ8_9ENTR      LDNISANMVGLSFAIEPGVAAYVPVAHDYLDAPDQIPRERVLTLLKPLLEDEKLLKVGQN 420 
tr|A0A1V0LLD5|A0A1V0LLD5_9ENTR      LDNISANLVGLSFAIEPGVAAYVPVAHDYLDAPDQIARDRVLELLKPLLEDENARKVGQN 420 
tr|A0A1C4GJM7|A0A1C4GJM7_9ENTR      LDNISANLVGLSFAIEPGIAAYVPVAHDYLDAPDQITRDRVLELLKPLLEDENARKVGQN 420 
tr|F0JW51|F0JW51_ESCFE              LDNISANLVGLSFAIEPGVAAYIPVAHDYLDAPDQISRERALELLKPLLEDEKALKVGQN 420 
tr|V0Y9R8|V0Y9R8_ECOLX              LDNISANLVGLSFAIEPGVAAYIPVAHDYLDAPDQISRERALELLKPLLENEKALKVGQN 420 
tr|I6DHG2|I6DHG2_SHIBO              LDNISANLVGLSFAIEPGVAAYIPVAHDYLDAPDQISRERALELLKPLLEDEKALKVGQN 420 
sp|P00582|DPO1_ECOLI                LDNISANLVGLSFAIEPGVAAYIPVAHDYLDAPDQISRERALELLKPLLEDEKALKVGQN 420 
tr|A0A3P6LP28|A0A3P6LP28_SHIDY      LDNISANLVGLSFAIEPGVAAYIPVAHDYLDAPDQISRERALELLKPLLEDEKALKVGQN 420 
sp|Q9F173|DPO1_SALTY                LDNIAANLVGLSFAIEPGVAAYVPVAHDYLDAPDQISRQRALELLKPLLEDEKVRKVGQN 420 
tr|A0A2I8SCZ7|A0A2I8SCZ7_9ENTR      LDNISANLVGLSFAIEPGVAAYVPVAHDYLDAPDQIARDRALALLKPLLEDENAHKVGQN 420 
                                    ****:**:**********:***:************* *:*.* *******:*:  ***** 

 
tr|A0A514EYQ8|A0A514EYQ8_9ENTR      LKYDRGILANYDIELRGIAFDTMLESYILDSVAGRHDMDSLADRWLKHKTITFEEIAGKG 480 
tr|A0A1V0LLD5|A0A1V0LLD5_9ENTR      LKYDRGVLENYGIELRGIAFDTMLESYTLDSVVGRHDMDSLSERWLQHKTITFEEIAGKG 480 
tr|A0A1C4GJM7|A0A1C4GJM7_9ENTR      LKYDRGVLENYGIELRGIVFDTMLESYTLDSVVGRHDMDSLSERWLQHKTITFEEIAGKG 480 
tr|F0JW51|F0JW51_ESCFE              LKYDRGILANYGIELRGIAFDTMLESYILNSVAGRHDMDSLAERWLKHKTITFEEIAGKG 480 
tr|V0Y9R8|V0Y9R8_ECOLX              LKYDRGILANYGIELRGIAFDTMLESYILNSVAGRHDMDSLAERWLKHKTITFEEIAGKG 480 
tr|I6DHG2|I6DHG2_SHIBO              LKYDRGILANYGIELRGIAFDTMLESYILNSVAGRHDMDSLAERWLKHKTITFEEIAGKG 480 
sp|P00582|DPO1_ECOLI                LKYDRGILANYGIELRGIAFDTMLESYILNSVAGRHDMDSLAERWLKHKTITFEEIAGKG 480 SDM 
tr|A0A3P6LP28|A0A3P6LP28_SHIDY      LKYDRGILANYGIELRGIAFDTMLESYILNSVAGRHDMDSLAERWLKHKTITFEEIAGKG 480 
sp|Q9F173|DPO1_SALTY                LKYDRGVLQNYGIELRGIAFDTMLESYILNSVAGRHDMDSLSDRWLKHKTITFEDIAGKG 480 
tr|A0A2I8SCZ7|A0A2I8SCZ7_9ENTR      LKYDRGILANYGIELRGITFDTMLESYILNSVAGRHDMDSLSDRWLKHKTITFEEIAGKG 480 
                                    ******:* **.******.******** *:**.********::***:*******:***** 

 
tr|A0A514EYQ8|A0A514EYQ8_9ENTR      KNQLTFNQIALEEAGRYAAEDADVTLQ LHLKMWPKLQQHEGPRNIFTHIEMPLVPVLSRV 540 
tr|A0A1V0LLD5|A0A1V0LLD5_9ENTR      KNQLTFNQIDLEQAGRYAAEDADVTLQ LHLKMWPELQKNAGPLNVFQNIEMPLVPVLSRI 540 
tr|A0A1C4GJM7|A0A1C4GJM7_9ENTR      KNQLTFNQIDLEQAGRYAAEDADVTLQ LHLKMWPELQKNAGPLNVFQNIEMPLVPVLSRV 540 
tr|F0JW51|F0JW51_ESCFE              KNQLTFNQIALEEAGRYAAEDADVTLQ LHLKMWPDLQKNKGPLNVFENIEMPLVPVLSRI 540 
tr|V0Y9R8|V0Y9R8_ECOLX              KNQLTFNQIALEEAGRYAAEDADVTLQ LHLKMWPDLQKHKGPLNVFENIEMPLVPVLSRI 540 
tr|I6DHG2|I6DHG2_SHIBO              KNPLTFNQIALEEAGRYAAEDADVTLQ LHLKMWPDLQKHKGPLNVFENIEMPLVPVLSRI 540 
sp|P00582|DPO1_ECOLI                KNQLTFNQIALEEAGRYAAEDADVTLQ LHLKMWPDLQKHKGPLNVFENIEMPLVPVLSRI 540 SDM 
tr|A0A3P6LP28|A0A3P6LP28_SHIDY      KNQLTFNQIALEEAGRYAAEDADVTLQ LHLKMWPDLQKHKGPLNVFENIEMPLVPVLSRI 540 
sp|Q9F173|DPO1_SALTY                KNQLTFNQIALEEAGRYAAEDADVTLQ LHLKMWPELQQHKGPLNVFENIEMPLVPVLSRV 540 
tr|A0A2I8SCZ7|A0A2I8SCZ7_9ENTR      KNQLTFNQIALEEAGRYAAEDADVTLQ LHLKMWPELQQHKGPLNVFENIDMPLVPVLSRV 540 
                                    ** ****** **:************** *******.**:: ** *:* :*:*********: 
 

// Polymerase I active site region 
tr|A0A514EYQ8|A0A514EYQ8_9ENTR      KGLLTAFAEGKDIHRATAAEVFGLPLESVSGEQRRSAKAINFGLIYGMSAFGLARQLNIP 780 
tr|A0A1V0LLD5|A0A1V0LLD5_9ENTR      KGLLSAFAEGKDIHRATAAEVFGLPLESVSNEQRRSAKAINFGLIYGMSAFGLSRQLNIP 780 
tr|A0A1C4GJM7|A0A1C4GJM7_9ENTR      KGLLSAFAEGKDIHRATAAEVFGLPLESVSSEQRRSAKAINFGLIYGMSAFGLSRQLNIP 780 
tr|F0JW51|F0JW51_ESCFE              KGLLTAFAEGKDIHRATAAEVFGLPLETVTSEQRRSAKAINFGLIYGMSAFGLARQLNIP 780 
tr|V0Y9R8|V0Y9R8_ECOLX              KGLLTAFAEGKDIHRATAAEVFGLPLETVTSEQRRSAKAINFGLIYGMSAFGLARQLNIP 780 
tr|I6DHG2|I6DHG2_SHIBO              KGLLTAFAEGKDIHRATAAEVFGLPLETVTSEQRRSAKAINFGLIYGMSAFGLARQLNIP 780 
sp|P00582|DPO1_ECOLI                KGLLTAFAEGKDIHRATAAEVFGLPLETVTSEQRRSAKAINFGLIYGMSAFGLARQLNIP 780 
tr|A0A3P6LP28|A0A3P6LP28_SHIDY      KGLLTAFAEGKDIHRATAAEVFGLPLETVTSEQRRSAKAINFGLIYGMSAFGLARQLNIP 780 
sp|Q9F173|DPO1_SALTY                KGLLTAFAEGKDIHRATAAEVFGLPLDSVTGEQRRSAKAINFGLIYGMSAFGLSRQLNIP 780 
tr|A0A2I8SCZ7|A0A2I8SCZ7_9ENTR      KGLLTAFAEGKDIHRATAAEVFGLPLDSVTGEQRRSAKAINFGLIYGMSAFGLARQLNIP 780 
                                    ****:*********************::*:.**********************:****** 
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Fig. 2. MSA of the PR 3’-5’ Exonucleases of bacterial DNA polymerases I 

A0A514EYQ8_9ENTR, Raoultella electrica   A0A1V0LLD5_9ENTR, Kosakonia radicincitans 
A0A1C4GJM7_9ENTR, Kosakonia oryziphila  F0JW51_ESCFE, Escherichia fergusonii ECD227 
V0Y9R8_ECOLX, Escherichia coli    I6DHG2_SHIBO, Shigella boydii 
P00582|DPO1_ECOLI, Escherichia coli (strain K12)    A0A3P6LP28_SHIDY, Shigella dysenteriae 
Q9F173|DPO1_SALTY, Salmonella typhimurium  A0A2I8SCZ7_9ENTR, Citrobacter freundii 
 
 

 
 

Fig. 3. A Schematic diagram showing the subsites-A and -B of the PR exonuclease of 
E. coli DNA polymerase  I. (Active sites amino acids are placed based on the crystallographic 

and SDM data) 
Fig. 3B shows only the proposed amino acids at the exonuclease active site with a 

water molecule as the 4th ligand. (All the four acidic amino acids of the DEDD superfamily are 
shown here) 

 

3.1 Active Site Analyses of the PR 
Exonuclease of DNA polymerase I 

 

The PR exonuclease activity of the DNA 
polymerase I of E. coli is one of the most well-
studied enzymes in this class [6. 7]. The active 
site of the PR exonuclease of the E. coli DNA 
polymerase I was analysed by genetics and SDM 
experiments and also by crystallographic studies.  
It was found that the PR exonuclease active site 
(EAS) essentially consisted of two sites, viz. a 
dNMP site and a metal-binding site. Therefore, 
dNMPs could inhibit the exonuclease reaction by 
product inhibition. The metal-binding site 

consisted of two subsites, viz., subsite-A and 
subsite-B and thus, EAS can bind two divalent 
metal ions. The presence of two divalent metal 
ion binding sites was further confirmed by 
anomalous scattering difference Fourier analysis 
of the wild-type enzyme with the ligands [6]. 

 
The subsite-A is coordinated by three amino 
acids, viz., Asp

355
, Glu

357 
and Asp

501
 and the 

dNMP-phosphate provides the fourth ligand. 
Usually a Zn

2+ 
is associated to the subsite-A. The 

second metal-binding site, subsite-B, is mainly 
coordinated by Asp

424
 and to the divalent metal 

ion Mg
2+

. The subsite-B is located between 

 
// End of the polymerase I 
tr|A0A514EYQ8|A0A514EYQ8_9ENTR      HELMENSTTLAVPLLVEVGSGENWDQAH 928 
tr|A0A1V0LLD5|A0A1V0LLD5_9ENTR      HELMESSTTLDVPLLVEVGSGQNWDQAH 928 
tr|A0A1C4GJM7|A0A1C4GJM7_9ENTR      HELMENSTTLDVPLLVEVGSGQNWDQAH 928 
tr|F0JW51|F0JW51_ESCFE              HQLMENCTRLDVPLLVEVGSGENWDQAH 928 
tr|V0Y9R8|V0Y9R8_ECOLX              HQLMENCTRLDVPLLVEVGSGENWDQAH 928 
tr|I6DHG2|I6DHG2_SHIBO              HQLMENCTRLDVPLLVEVGSGENWDQAH 928 
sp|P00582|DPO1_ECOLI                HQLMENCTRLDVPLLVEVGSGENWDQAH 928 
tr|A0A3P6LP28|A0A3P6LP28_SHIDY      HQLMENCTRLDVPLLVEVGSGENWDQAH 928 
sp|Q9F173|DPO1_SALTY                HQLMENCTRIDVPLLVEVGSGENWDQAH 928 
tr|A0A2I8SCZ7|A0A2I8SCZ7_9ENTR      HQLMENETQIDVPLLVEVGSGENWDQAH 928 
                                    *:***. * : **********:****** 
 

        3A 

         501Asp                            dNMP                         Asp424 

    Zn2+  ~3.9 Å        Mg2+ 

 

           357Glu              Asp355   

                               Tyr497  

                               CH2    
 

     

3B     O-       H+ 

                                   501Asp                  O-H  Asp424       

    Zn2+        Mg
2+ 

     

           357Glu   Asp355         
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dNMP-phosphate and the carboxylate of Asp424 

(Fig. 3A). The Zn
2+

 binding subsite-A was found 
to be very close to the 3’ O-of the susceptible 
bond to be cleaved, and the Mg

2+
 binding 

subsite-B is very close to subsite-A. X-ray 
crystallographic data showed that the distance 
between the two metal atoms is ~ 3.9 Å in E. coli 
PR exonuclease (Fig. 3A) [6]. 

 

 Further insights into the amino acids that 
constitute the EAS, were provided by SDM 
experiments by Joyce and Steitz [8]. 
 

a) In a double mutant with Asp
355
Ala and 

Glu
357
Ala, both the dNMP binding site and 

the metal-binding site A (Zn2+) were 
completely abolished. This mutant protein 
had lost the exonuclease activity, but 
exhibited the polymerase activity. This 
suggested that the dNMP site is coordinating 
by both the metal-binding sites (Fig. 3A)       
[8]. 

b) In the second SDM experiment, the Asp
424

 

was replaced by Ala (Asp
424Ala). In this 

mutant enzyme, the metal-binding site B 
(Mg2+) was abolished and exhibited no 
exonuclease activity (the mutant protein, 

D424A, did not bind to the metal ion in 
subsite B). However, in this mutant enzyme 
also the polymerase activity was found to be 
preserved [8]. 

 

These data suggest that the metal ions play a 
direct role during PR activity. The SDM studies 
have further shown that both the metal-binding 
sites are functionally connected and in the 
absence of one, the other cannot function. The 
Zn2+ binding site possibly involves in catalysis 
and the Mg-binding site, bind to dNMP-
phosphate and link the dNMP site. The Zn2+ 

ligands, viz. D
355

, E
357

, D
501

 with a water 
molecule were found within ~ 2.0 Å distances [8]. 
Furtehrmore, substitution of Asp355 and Glu357 in 
the E. coli polymerase I yielded an enzyme 
devoid (<0.01% remaining) of exonuclease 
activity, while retaining its overall structure [6]. 
The Tyr

497
 is placed as the proton acceptor as it 

is a completely conserved in the highly 
conserved block and is in the equivalent position 
to the His162 of the PR exonuclease of the DNA 
polymerase III ε-subunit (dnaQ-H family). 
Furthermore, the PR exonuclease of DNA 
polymerase I belongs to dnaQ-Y family where an 
invariant Y is proposed to involve in 
deprotonation of water molecule similar to the 
H

162
, an invariant amino acid in the dnaQ-H 

family performing the same function. 

A nucleophilic attack on the phosphorous atom of 
the terminal nucleotide is postulated to be carried 
out by a hydroxide ion that is activated by one 
divalent metal, while the expected 
pentacoordinate transition state and the leaving 
oxyanion are stabilized by a second divalent 
metal ion that is placed 3.9 Å away from the first 
metal ion [9]. Of particular importance is the 

mutant protein D
424A, which showed no 

measurable exonuclease activity. Not only this 
implies an important catalytic role for the metal 
ion B, but it also allows the preparation of a 
stable complex with a single-stranded DNA 
substrate. Therefore, it was concluded that the 
chemical catalysis of the hydrolytic phosphoryl 
transfer reaction is promoted by the two metal 
ions and a water molecule which is coordinated 
to the Zn2+ [6].  
 

Furthermore, the pH dependence of the 3'-5' 
exonuclease reaction is consistent with a 
mechanism in which nucleophilic attack on the 
terminal phosphodiester bond is initiated by a 
hydroxide ion coordinated to one of the enzyme-
bound metal ions [7]. The properties of the 
mutant proteins suggest that one metal ion plays 
a role in substrate binding while the other is 
involved in catalysis [6]. It is interesting to note 
that a complete absence of any C in this PR 
domain suggests that the Zn2+ is not coordinated 
by Cs as reported in other PR exonucleases 
discussed elsewhere. Based on the 
crystallographic data and SDM analysis, the 
proposed amino acids at the PR exonuclease 
active site is shown in Fig. 3B 

 

3.2  PR Function in DNA Polymerases II 
(DEDYD) 

 

The second enzyme that shows an intrinsic PR 
exonuclease function is the bacterial DNA 
polymerases II. The DNA polymerase II from E. 
coli is one of the most well-studied enzyme 
among this class [1 and references therein, 7]. It 
is encoded by polB gene and consists of 783 
amino acids with a molecular mass of ~90 kDa. It 
is a member of the Family B DNA polymerases, 
or otherwise known as repair polymerases. Like 
DNA polymerase I, it exists as a monomer and 
the catalytic core consists of the typical structural 
domains, viz. palm, fingers, and thumb as 
reported in other DNA/RNA polymerases. The 
enzyme exhibits both 5′→3′ DNA synthesis and 
3′→5′ PR exonuclease activity. The DNA 
polymerases II can extend primers in a variety of 
lesions, which is known as translesion synthesis. 
Wang and Yang [10] have shown that the amino 
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acids 147 to 367 comprise the 3’-5’ PR 
exonuclease domain (highlighted in red) and 368 
to 783 involve in polymerase function in E. coli 
polymerase II. As the D

335
→N mutant lost its 

exonuclease activity, it is implicated in the 
catalysis. The MSA analysis shows that the 
exonuclease domain is highly conserved in all 

bacterial DNA polymerases II (The E. coli 
sequence is highlighted in yellow). The PR 
exonuclease contains the four invariant acidic 
amino acids with an identifiable pattern                
-DxE→D→Y→D- and hence belongs to the 
DEDD exonuclease superfamily and to dnaQ-Y 
subfamily (Fig. 4).   

 
CLUSTAL O (1.2.4) MSA of DNA Polymerases II (only the PR exonuclease and polymerase active 
site regions are shown) 

 

 
         3’-5’ Exo 

tr|A0A381G280|A0A381G280_CITAM      TSPVWVEGETRNGAIVNARLKPHPDYR   PPLKWLSLDIETTRHGELYCIGLEGCGQRIVYM 180 
tr|A0A482PUL1|A0A482PUL1_CITRO      TAPVWVDGEARDGALVNARLKPHPDYR   PPLRWLSLDIETTRHGELYCIGLEGCGQRIVYM 180 
tr|A0A7G1PJC3|A0A7G1PJC3_CITKO      TAPVWLEGDTKDGAIVNARLKPHPDYR   PPLKWVSLDIETTRHGELYCIGLQGCGQRVVFM 180 
tr|A0A734HT46|A0A734HT46_SALER      TSPVWIDGEMRNGVIRNARLKPHPDYR   PPLKWVSLDIETTRHGELYCIGLEGCGQRTVYM 180 
tr|A0A379QFF6|A0A379QFF6_SALER      TSPVWIDGEMRNGVIRNARLKPHPDYR   PPLKWVSLDIETTRHGELYCIGLEGCGQRTVYM 180 
tr|A0A2B7LUW5|A0A2B7LUW5_9ESCH      TAPVWVDGDFRDGAIVNARLKPNPDYR   PPLKWVSIDIETTRHGELYCIGLEGCGQRIVYM 180 
tr|A0A200LKG6|A0A200LKG6_SHISO      TSPVWVEGDMHNGTIVNARLKPHPDYR   PPLKWVSIDIETTRHGELYCIGLEGCGQRIVYM 180 
tr|A0A2S8DDW7|A0A2S8DDW7_SHIDY      TSPVWVEGDMHNGTIVNARLKPHPDYR   PPLKWVSIDIETTRHGELYCIGLEGCGQRIVYM 180 
sp|P21189|DPO2_ECOLI                TSPVWVEGDMHNGTIVNARLKPHPDYR   PPLKWVSIDIETTRHGELYCIGLEGCGQRIVYM 180 SDM 
tr|A0A6N3RGJ9|A0A6N3RGJ9_SHIFL      TSPVWVEGDMHNGTIVNARLKPHPDYR   PPLKWVSIDIETTRHGELYCIGLEGCGQRIVYM 180 
tr|B2U266|B2U266_SHIB3              TSPVWVEGDMHNGTIVNARLKPHPDYR   PPLKWVSIDIETTRHGELYCIGLEGCGQRIVYM 180 
tr|A0A7D6UTK4|A0A7D6UTK4_9ENTR      TSPVWVEGDMRNGAIVNARLKPHPDYR   PPLKWVSIDIETTRHGELYCIGLEGCGQRIVYM 180 
tr|A0A181WSP1|A0A181WSP1_KLEOX      TSPVWVEGDIRNDAIVNARLKPHPDYR   PPLKWVSIDIETTRHGELYCIGLEGCGQRIVYM 180 
tr|B7LVT1|B7LVT1_ESCF3              TSPVWVEGDMHNGAIVNARLKPHPDYR   PPLKWVSIDIETTRHGELYCIGLEGCGQRIVYM 180 
tr|A0A7L6S4D3|A0A7L6S4D3_ESCFE      TSPVWVEGDMRNGAIVNARLKPHPDYR   PPLKWVSIDIETTRHGELYCIGLEGCGQRIVYM 180 
                                    *:***::*: ::..: ******:****   ***:*:*:***************:***** *:* 

 

tr|A0A381G280|A0A381G280_CITAM      LGPENGDSSALDFQLEYVNSRPQLLEKLNEWVARYDPDLIIGWNLVQFDLRVLQKHAERY 240 
tr|A0A482PUL1|A0A482PUL1_CITRO      LGPANGDASGLDFQLEYVTSRPQLLEKLNEWIARHDPDVIIGWNLVQFDLRMLQKHAERY 240 
tr|A0A7G1PJC3|A0A7G1PJC3_CITKO      LGPANGDASALDFQLEYAASRPLLLEKLNDWFARHDPDVIIGWNVVQFDLRVLQKHAERY 240 
tr|A0A734HT46|A0A734HT46_SALER      LGPANGDDRQLDFELVYVASRPQLLEKLNAWFAEHDPDVIIGWNVVQFDLRMLQKHAERY 240 
tr|A0A379QFF6|A0A379QFF6_SALER      LGPANGDDRQLDFELVYVASRPQLLEKLNAWFAEHDPDVIIGWNVVQFDLRMLQKHAERY 240 
tr|A0A2B7LUW5|A0A2B7LUW5_9ESCH      LGPENGDASALNFDLEYVASRPQLLEKLNAWFATHDPDVIIGWNVVQFDLRMLQKHAERY 240 
tr|A0A200LKG6|A0A200LKG6_SHISO      LGPENGDASSLDFELEYVASRPLLLEKLNAWFANHDPDVIIGWNVVQFDLRMLQKHAERY 240 
tr|A0A2S8DDW7|A0A2S8DDW7_SHIDY      LGPENGDASSLDFELEYVASRPQLLEKLNAWFANYDPDVIIGWNVVQFDLRMLQKHAERY 240 
sp|P21189|DPO2_ECOLI                LGPENGDASSLDFELEYVASRPQLLEKLNAWFANYDPDVIIGWNVVQFDLRMLQKHAERY 240 SDM 
tr|A0A6N3RGJ9|A0A6N3RGJ9_SHIFL      LGPENGDASSLDFELEYVASRPQLLEKLNAWFANYDPDVIIGWNVVQFDLRMLQKHAERY 240 
tr|B2U266|B2U266_SHIB3              LGPENGDASSLDFELEYVASRPQLLEKLNAWFANYDPDVIIGWNVVQFDLRMLQKHAERY 240 
tr|A0A7D6UTK4|A0A7D6UTK4_9ENTR      LGPENGDASALDFELEYVASRPLLLEKLNAWFATHDPDVIIGWNVVQFDLRMLQKHAERY 240 
tr|A0A181WSP1|A0A181WSP1_KLEOX      LGPENGDASALDFELEYVASRPQLLEKLNAWFANYDPDVIIGWNVVQFDLRMLQKHAERY 240 
tr|B7LVT1|B7LVT1_ESCF3              LGPENGDASALDFELEYVASRPQLLEKLNAWFANHDPDVIIGWNVVQFDLRMLQKHAERY 240 
tr|A0A7L6S4D3|A0A7L6S4D3_ESCFE      LGPENGDASALDFELEYVASRPQLLEKLNAWFANHDPDVIIGWNVVQFDLRMLQKHAERY 240 
                                    *** ***   *:*:* *. *** ****** *.* :***:*****:******:******** 

tr|A0A381G280|A0A381G280_CITAM      RIPLRFGRDNSELEWREHGFKNGVFFAQAKGRLIVDGIEALKSAFWNFSSFSLETVSQEL 300 
tr|A0A482PUL1|A0A482PUL1_CITRO      RIPLRFGRDSSELEWREHGFKNGVYFAQAKGRLIIDGIEALKSAFWNFSSFSLEAVSQEL 300 
tr|A0A7G1PJC3|A0A7G1PJC3_CITKO      RIPLRLGRDNTELEWREHGFKNGVFFAQAKGRLIIDGIEALKSAFWNFSSFSLETVAQEL 300 
tr|A0A734HT46|A0A734HT46_SALER      RIPLRLGRDNSELEWREHGFKNGVFFAQARGRVIIDGIDALKSAFWNFSSFSLEAVSQEL 300 
tr|A0A379QFF6|A0A379QFF6_SALER      RIPLRLGRDNSELEWREHGFKNGVFFAQARGRVIIDGIDALKSAFWNFSSFSLEAVSQEL 300 
tr|A0A2B7LUW5|A0A2B7LUW5_9ESCH      RIPLRLGRDNSELEWREHGFKNGVFFAQAKGRLIIDGIEALKSAFWNFSSFSLETVAQEL 300 
tr|A0A200LKG6|A0A200LKG6_SHISO      RLPLRLGRDNSELEWREHGFKNGVFFAQAKGRLIIDGIEALKSAFWNFSSFSLETVAQEL 300 
tr|A0A2S8DDW7|A0A2S8DDW7_SHIDY      RLPLRLGLDNSELEWREHGFKNSVFFAQAKGRLIIDGIEALKSAFWNFSSFSLETVAQEL 300 
sp|P21189|DPO2_ECOLI                RLPLRLGRDNSELEWREHGFKNGVFFAQAKGRLIIDGIEALKSAFWNFSSFSLETVAQEL 300 
tr|A0A6N3RGJ9|A0A6N3RGJ9_SHIFL      RLPLRLGRDNSELEWREHGFKNGVFFAQAKGRLIIDGIEALKSAFWNFSSFSLETVAQEL 300 
tr|B2U266|B2U266_SHIB3              RLPLRLGRDNSELEWREHGFKNGVFFAQAKGRLIIDGIEALKSAFWNFSSFSLETVAQEL 300 
tr|A0A7D6UTK4|A0A7D6UTK4_9ENTR      RIPLRLGRDNSELEWREHGLKNGVFFAQAKGRLIIDGIEALKSAFWNFSSFSLETVAQEL 300 
tr|A0A181WSP1|A0A181WSP1_KLEOX      RIPLRLGRDNSELEWREHGFKNGVFFAQVKGRLIIDGIEALKSAFWNFSSFSLETVAQEL 300 
tr|B7LVT1|B7LVT1_ESCF3              RIPLRLGRDNSELEWREHGFKNGVFFAQAKGRLIIDGIEALKSAFWNFSSFSLETVAQEL 300 
tr|A0A7L6S4D3|A0A7L6S4D3_ESCFE      RIPLRLGRDNSELEWREHGFKNGVFFAQAKGRLIIDGIEALKSAFWNFSSFSLETVAQEL 300 
                                    *:***:* *.:********:**.*:***.:**:*:***:***************:*:*** 

 
tr|A0A381G280|A0A381G280_CITAM      LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKDCELVTRVFHKTEIVPFLLERSTVNG 360 
tr|A0A482PUL1|A0A482PUL1_CITRO      LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKDCELVTKIFHKTEIMPFLLERATVNG 360 
tr|A0A7G1PJC3|A0A7G1PJC3_CITKO      LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360 
tr|A0A734HT46|A0A734HT46_SALER      LGEGKSIDNPWDRMDEIDRRFAQDKPALATYNLKDCELVTRIFHKTEIMPFLLERATING 360 
tr|A0A379QFF6|A0A379QFF6_SALER      LGEGKSIDNPWDRMDEIDRRFAQDKPALATYNLKDCELVTRIFHKTEIMPFLLERATING 360 
tr|A0A2B7LUW5|A0A2B7LUW5_9ESCH      LGEGKSIDNPWDRMDEIDRRFTEDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360 
tr|A0A200LKG6|A0A200LKG6_SHISO      LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360 
tr|A0A2S8DDW7|A0A2S8DDW7_SHIDY      LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKNCELVTQIFHKTEIMPFLLERATVNG 360 
sp|P21189|DPO2_ECOLI                LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360 SDM 
tr|A0A6N3RGJ9|A0A6N3RGJ9_SHIFL      LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360 
tr|B2U266|B2U266_SHIB3              LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360 
tr|A0A7D6UTK4|A0A7D6UTK4_9ENTR      LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360 
tr|A0A181WSP1|A0A181WSP1_KLEOX      LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360 
tr|B7LVT1|B7LVT1_ESCF3              LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360 
tr|A0A7L6S4D3|A0A7L6S4D3_ESCFE      LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360 
                                    *********************::***********:*****::******:******:*:** 

 



 
 
 
 

Palanivelu; IJBCRR, 30(3): 33-62, 2021; Article no.IJBCRR.70674 
 
 

 
40 

 

 
Fig. 4. MSA of the PR Exonuclease domain of bacterial DNA polymerases II 

A0A381G280_CITAMCitrobacter amalonaticus  A0A482PUL1_CITRO, Citrobacter rodentium 

A0A7G1PJC3_CITKO, Citrobacter koseri   A0A734HT46_SALER, Salmonella enterica subsp. Salamae 

A0A379QFF6_SALER, Salmonella enterica   A0A2B7LUW5_9ESCH, Escherichia marmotae 

A0A200LKG6_SHISO, Shigella sonnei   A0A2S8DDW7_SHIDY, Shigella dysenteriae 

P21189|DPO2_ECOLI, Escherichia coli  A0A6N3RGJ9_SHIFL, Shigella flexneri 
B2U266_SHIB3, Shigella boydii    A0A7D6UTK4_9ENTR, Enterobacter hormaechei 

A0A181WSP1_KLEOX, Klebsiella oxytoca  B7LVT1_ESCF3, Escherichia fergusonii 

A0A7L6S4D3_ESCFE, Escherichia fergusonii 

            Polymerase region 

tr|A0A381G280|A0A381G280_CITAM      LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
tr|A0A482PUL1|A0A482PUL1_CITRO      LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
tr|A0A7G1PJC3|A0A7G1PJC3_CITKO      LPADRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
tr|A0A734HT46|A0A734HT46_SALER      LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPLASPGGYVMDSQPGLYDSVLVLDY 420 
tr|A0A379QFF6|A0A379QFF6_SALER      LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPLASPGGYVMDSQPGLYDSVLVLDY 420 
tr|A0A2B7LUW5|A0A2B7LUW5_9ESCH      LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
tr|A0A200LKG6|A0A200LKG6_SHISO      LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
tr|A0A2S8DDW7|A0A2S8DDW7_SHIDY      LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
sp|P21189|DPO2_ECOLI                LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
tr|A0A6N3RGJ9|A0A6N3RGJ9_SHIFL      LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
tr|B2U266|B2U266_SHIB3              LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
tr|A0A7D6UTK4|A0A7D6UTK4_9ENTR      LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
tr|A0A181WSP1|A0A181WSP1_KLEOX      LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
tr|B7LVT1|B7LVT1_ESCF3              LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
tr|A0A7L6S4D3|A0A7L6S4D3_ESCFE      LPVDRHG  GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420 
                                    **.****  ***************************** **********:************ 

DNA polymerase II active site region (by sequence similarity) 
tr|A0A381G280|A0A381G280_CITAM      KRHGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHAIMRQTKALIEAQGYD 540 
tr|A0A482PUL1|A0A482PUL1_CITRO      KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHAIMRQTKALIEAQGYD 540 
tr|A0A7G1PJC3|A0A7G1PJC3_CITKO      KRHGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHAIMRQTKTLIEAQGYD 540 
tr|A0A734HT46|A0A734HT46_SALER      KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHAIMRQTKALIEAQGYD 540 
tr|A0A379QFF6|A0A379QFF6_SALER      KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHAIMRQTKALIEAQGYD 540 
tr|A0A2B7LUW5|A0A2B7LUW5_9ESCH      KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQIMRQTKALIEAQGYD 540 
tr|A0A200LKG6|A0A200LKG6_SHISO      KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQIMRQTKALIEAQGYD 540 
tr|A0A2S8DDW7|A0A2S8DDW7_SHIDY      KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQIMRQTKALIEAQGYD 540 
sp|P21189|DPO2_ECOLI                KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQIMRQTKALIEAQGYD 540 
tr|A0A6N3RGJ9|A0A6N3RGJ9_SHIFL      KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQIMRQTKALIEAQGYD 540 
tr|B2U266|B2U266_SHIB3              KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQIMRQTKALIEAQGYD 540 
tr|A0A7D6UTK4|A0A7D6UTK4_9ENTR      KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQIMRQTKALIEAQGYD 540 
tr|A0A181WSP1|A0A181WSP1_KLEOX      KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQIMRQTKALIEAQGYD 540 
tr|B7LVT1|B7LVT1_ESCF3              KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQIMRQTKALIEAQGYD 540 
tr|A0A7L6S4D3|A0A7L6S4D3_ESCFE      KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQIMRQTKALIEAQGYD 540 
                                    **:***************************************** ******:******** 

 
tr|A0A381G280|A0A381G280_CITAM      VIYGDTDSTFVWLKRAHTEEEAAKIGRALVAHVNAWWTQSLQEKNLTSALELEYETHFCR 600 
tr|A0A482PUL1|A0A482PUL1_CITRO      VIYGDTDSTFVWLKRARSEEEAAQIGRSLVAHVNAWWQQELQRQNLTSALELEYETHFCR 600 
tr|A0A7G1PJC3|A0A7G1PJC3_CITKO      VIYGDTDSTFVWLKGAHSEDEAARIGRELVRHVNDWWTQSLQQQKLTSALELEFETHFRR 600 
tr|A0A734HT46|A0A734HT46_SALER      VIYGDTDSTFVWLRRAHSEADAAKIGHMLVRHVNEWWAQTLQQQNLTSALELEFETHFCR 600 
tr|A0A379QFF6|A0A379QFF6_SALER      VIYGDTDSTFVWLRRAHSEADAAKIGHMLVRHVNEWWAQTLQQQNLTSALELEFETHFCR 600 
tr|A0A2B7LUW5|A0A2B7LUW5_9ESCH      VIYGDTDSTFVWLKGAHCEEEAAKIGRALVQHVNAWWAETLQKQRLTSALELEYETHFCR 600 
tr|A0A200LKG6|A0A200LKG6_SHISO      IIYGDTDSTFVWLKGAHSEEEAAKIGRALVQHVNAWWAETLQKQRLTSALELEYETHFCR 600 
tr|A0A2S8DDW7|A0A2S8DDW7_SHIDY      VIYGDTDSTFVWLKGAHSEEEAAKIGRALVQHVNAWWAETLQKQRLTSALELEYETHFCR 600 
sp|P21189|DPO2_ECOLI                VIYGDTDSTFVWLKGAHSEEEAAKIGRALVQHVNAWWAETLQKQRLTSALELEYETHFCR 600 
tr|A0A6N3RGJ9|A0A6N3RGJ9_SHIFL      VIYGDTDSTFVWLKGAHSEEEAAKIGRALVQHVNAWWAETLQKQRLTSALELEYETHFCR 600 
tr|B2U266|B2U266_SHIB3              VIYGDTDSTFVWLKGAHSEEEAAKIGRALVQHVNAWWAETLQKQRLTSALELEYETHFCR 600 
tr|A0A7D6UTK4|A0A7D6UTK4_9ENTR      VIYGDTDSTFVWLKGAHSEEEAAKIGRALVQHVNAWWAETLQKQRLTSALELEYETHFCR 600 
tr|A0A181WSP1|A0A181WSP1_KLEOX      VIYGDTDSTFVWLKGAHSEEEAAKIGRALVQHVNAWWAETLQKQRLTSALELEYETHFCR 600 
tr|B7LVT1|B7LVT1_ESCF3              VIYGDTDSTFVWLKGAHSEEEAAKIGRALVQHVNAWWAETLQQQRLTSALELEYETHFCR 600 
tr|A0A7L6S4D3|A0A7L6S4D3_ESCFE      VIYGDTDSTFVWLKGAHSEEEAAKIGRALVQHVNAWWAETLQQQRLTSALELEYETHFCR 600 
                                    :************: *: * :**:**: ** *** ** : **.:.********:**** * 

// End of DNA polymerases II 
tr|A0A381G280|A0A381G280_CITAM      GLF 783 
tr|A0A482PUL1|A0A482PUL1_CITRO      GLF 783 
tr|A0A7G1PJC3|A0A7G1PJC3_CITKO      GLF 783 
tr|A0A734HT46|A0A734HT46_SALER      GLF 783 
tr|A0A379QFF6|A0A379QFF6_SALER      GLF 783 
tr|A0A2B7LUW5|A0A2B7LUW5_9ESCH      GLF 783 
tr|A0A200LKG6|A0A200LKG6_SHISO      GLF 783 
tr|A0A2S8DDW7|A0A2S8DDW7_SHIDY      GLF 783 
sp|P21189|DPO2_ECOLI                GLF 783 
tr|A0A6N3RGJ9|A0A6N3RGJ9_SHIFL      GLF 783 
tr|B2U266|B2U266_SHIB3              GLF 783 
tr|A0A7D6UTK4|A0A7D6UTK4_9ENTR      GLF 783 
tr|A0A181WSP1|A0A181WSP1_KLEOX      GLF 783 
tr|B7LVT1|B7LVT1_ESCF3              GLF 783 
tr|A0A7L6S4D3|A0A7L6S4D3_ESCFE      GLF 783 
                                    *** 
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3. 2.1 Active Site Analyses of the PR 
Exonuclease of DNA polymerase II 

 
The probable active site amino acids in the 
bacterial DNA polymerases II are shown in Fig. 
5.  The exonuclease amino acids are very similar 
to the E. coli DNA polymerase I as both belong to 
the DEDD superfamily of exonucleases. The 
active site amino acids are placed based on the 
crystallographic and SDM data available on the 
enzyme (D156→N, D335→N and D229→N are the 
exo

-
 mutants) [10]. The Tyr

331
 is placed as the 

proton acceptor as it is a completely conserved 
amino acid in highly conserved block which is in 
the equivalent position to the His162 of the PR 
exonuclease of the DNA polymerase ε subunits. 
Furthermore, this PR function in DNA 
polymerase II could also belong to the dnaQ-Y 
family like DNA polymerase I where an invariant 
Y could involve in deprotonation of water 
molecule similar to the H

162
, an invariant amino 

acid in the dnaQ-H family performing the same 
function [10]. It is interesting to note that in both 
the DNA polymerases, (i.e.), I and II, the proton 
acceptor Tyr exhibits also a distance 
conservation, (i.e.), 4 amino acids from the last 
catalytic Asp (Fig. 5).  

3.3 PR Function RNase D Exonucleases 
(DEDYD) 

 
The RNase D (EC 3.1.13.5), one of the seven 
exoribonucleases, which involve in the 3’-
maturation of several stable RNAs like tRNA, 5S 
rRNA, and other small structured RNAs, also 
belong to the DEDD family [2]. They initiate 
hydrolysis at the 3'-terminus of an RNA  
molecule and releases 5'-mononucleotides.  
MSA of the RNase D from different bacteria is 
shown in Fig. 6. It is not highly conserved                   
like the DNA polymerases I and II (Figs. 2, 4).  
However, the active site regions are completely 
conserved. The metal-binding regions are 
highlighted in light green and the proton            
acceptor is highlighted in orange. This                     
class of enzyme also shows the four                
conserved acidic amino acids, viz. DEDD with 
the Y as the proton acceptor and hence               
belong to the DEDD superfamily of exonuclease. 
The pattern found –DxE→D→Y→D- is very 
similar to the other exonucleases of DEDYD 
subfamily of enzymes like DNA polymerases I 
and II.   

 
 
Fig. 5 Proposed amino acids at the active site of the PR Exonuclease of DNA polymerases II of 

E. coli 
 

CLUSTAL O (1.2.4) multiple sequence alignment RNase D (Only the exonuclease domain is shown) 
 

                                         Tyr331 

       

     O
-
       H

+
      

 

                       
335

Asp                  O-H   Asp
229  

        

     Zn2+        Mg2+     

  158Glu              Asp156          

 
sp|A6V8R6|RND_PSEA7                 MFVTAPEIQWIRDDASLAQQCREWRTQPYLALDTEFMRVDTFYPAAGLVQVGDGRREWLI 60 
tr|A0A6I7I490|A0A6I7I490_KLEPN      --MTAPEIQWIRDDASLAQQCREWRTQPYLALDTEFMRVDTFYPAAGLVQVGDGRQEWLI 58 
tr|B7LPP7|B7LPP7_ESCF3              -----MNYQLITTDDALASLCEAVRAFPAIALDTEFVRTRTYYPQLGLIQLFDGEHLALI 55 
tr|A0A7H9K3L2|A0A7H9K3L2_9ESCH      ---------MITTDDALASLCEAVRAFPAIALDTEFVRTRTYYPQLGLIQLFDGEHLALI 51 
tr|A0A7D6UZ56|A0A7D6UZ56_9ENTR      ---------MITTDDALASLCEAVRAFPAIALDTEFVRTRTYYPQLGLIQLFDGEHLALI 51 
tr|A0A659ZP75|A0A659ZP75_SHISO      ---------MITTDDALASLCEAVRAFPAIALDTEFVRTRTYYPQLGLIQLFDGEHLALI 51 
sp|P09155|RND_ECOLI                 -----MNYQMITTDDALASLCEAVRAFPAIALDTEFVRTRTYYPQLGLIQLFDGEHLALI 55 
tr|A0A380AWJ5|A0A380AWJ5_SHIFL      ---------MITTDDALASLCEAVRAFPAIALDTEFVRTRTYYPQLGLIQLFDGEHLALI 51 
tr|A0A6I1J9T0|A0A6I1J9T0_9ENTR      ---------MITTDDALASLCEAVRAFPAIALDTEFVRTRTYYPQLGLIQLFDGEHLALI 51 
tr|A0A5Q3TIV6|A0A5Q3TIV6_9ENTR      ---------MITTDDALASLCEAVRAFPAIALDTEFVRTRTYYPQLGLIQLFDGEHLALI 51 
tr|E7SVN6|E7SVN6_9ENTR              ---------MITTDDALASLCEAVRAFPAIALDTEFVRTRTYYPQLGLIQLFDGEHLALI 51 
                                              *  * :**. *.  *: * :******:*. *:**  **:*: **.:  ** 
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Fig. 6. MSA of RNase D exonucleases from different bacteria 

A6V8R6|RND_PSEA7, Pseudomonas aeruginosa  A0A6I7I490_KLEPN, Klebsiella pneumonia 
B7LPP7_ESCF3, Escherichia fergusonii   A0A7H9K3L2_9ESCH, Escherichia marmotae 
A0A7D6UZ56_9ENTREnterobacter hormaechei  A0A659ZP75_SHISO, Shigella sonnei 
P09155|RND_ECOLI, Escherichia coli (K12)   A0A380AWJ5_SHIFL, Shigella flexneri 
A0A6I1J9T0_9ENTR, Enterobacteriaceae bacterium  A0A5Q3TIV6_9ENTR, Salmonella 
E7SVN6_9ENTR, Shigella boydii 

 
 
Fig. 7. Proposed amino acids at the active site of the exonuclease of RNase D of E. coli 

 
sp|A6V8R6|RND_PSEA7                 DPLLVRDWGPFAELLEDPRVVKVLHACSEDLEVFLRLTGSLPVPLFDTQLAAAYLGMAHS 120 
tr|A0A6I7I490|A0A6I7I490_KLEPN      DPLLIQDWSPFAELLEDERVVKVLHACSEDLEVFLRLTGSLPVPLFDTQLAAAYLGMAHS 118 
tr|B7LPP7|B7LPP7_ESCF3              DPLTIRDWSPLKSVLRDPAITKFLHAGSEDLEVFLNKFGEMPQPLIDTQVLAAFCGRPMS 115 
tr|A0A7H9K3L2|A0A7H9K3L2_9ESCH      DPLGITDWSPLKAILRDPSITKFLHAGSEDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 111 
tr|A0A7D6UZ56|A0A7D6UZ56_9ENTR      DPLGISDWSPLKAILRDPSITKFLHAGSEDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 111 
tr|A0A659ZP75|A0A659ZP75_SHISO      DPLGITDWSPLKAILRDPSITKFLHAGSEDLEVFLNVFGELPQPLIDTQILAAFCGRPIS 111 
sp|P09155|RND_ECOLI                 DPLGITDWSPLKAILRDPSITKFLHAGSEDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 115 
tr|A0A380AWJ5|A0A380AWJ5_SHIFL      DPLGITDWSPLKAILRDPSITKFLHAGSEDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 111 
tr|A0A6I1J9T0|A0A6I1J9T0_9ENTR      DPLGITDWSPLKAILRDPSITKFLHAGSEDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 111 
tr|A0A5Q3TIV6|A0A5Q3TIV6_9ENTR      DPLGITDWSPLKAILRDPSITKFLHAGSEDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 111 
tr|E7SVN6|E7SVN6_9ENTR              DPLGITDWSPLKSILRDPSITKFLHAGSEDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 111 
                                    *** : **.*:  :*.*  :.*.*** ********.  *.:* **:***: **: *   * 

 
sp|A6V8R6|RND_PSEA7                 MGYSKLVKEVLDIDLPKDETRSDWLQRPLTEMQMRYAADDVQHLAQVYLALDARLSEEKR 180 
tr|A0A6I7I490|A0A6I7I490_KLEPN      MGYSKLVKEVLDIDLPKDETRSDWLQRPLTEMQMRYAADDVQHLAQVYLALDARLSEEKR 178 
tr|B7LPP7|B7LPP7_ESCF3              WGFASMVEEYSGVILDKSESRTDWLARPLTERQCEYAAADVWYLLPITAKLMA--ETEAS 173 
tr|A0A7H9K3L2|A0A7H9K3L2_9ESCH      WGFASMVEEYSGVTLDKSESRTDWLARPLTERQCEYAAADVWYLLPIAAKLMV--ETEAS 169 
tr|A0A7D6UZ56|A0A7D6UZ56_9ENTR      WGFASMVEEYSGVTLDKSESRTDWLARPLTERQCEYAAADVWYLLPITAKLMV--ETEAS 169 
tr|A0A659ZP75|A0A659ZP75_SHISO      WGFASMVEEYSGVTLDKSESRTDWLARPLTERQCEYAAADVWYLLPITAKLMV--ETEAS 169 
sp|P09155|RND_ECOLI                 WGFASMVEEYSGVTLDKSESRTDWLARPLTERQCEYAAADVWYLLPITAKLMV--ETEAS 173 
tr|A0A380AWJ5|A0A380AWJ5_SHIFL      WGFASMVEEYSGVTLDKSESRTDWLARPLTERQCEYAAADVWYLLPITAKLMV--ETEAS 169 
tr|A0A6I1J9T0|A0A6I1J9T0_9ENTR      WGFASMVEEYSGVTLDKSESRTDWLARPLTERQCEYAAADVWYLLPITAKLMV--ETEAS 169 
tr|A0A5Q3TIV6|A0A5Q3TIV6_9ENTR      WGFASMVEEYSGVTLDKSESRTDWLARPLTERQCEYAAADVWYLLPITAKLMV--ETEAS 169 
tr|E7SVN6|E7SVN6_9ENTR              WGFASMVEEYSGVTLDKSESRTDWLARPLTERQCEYAAADVWYLLPITAKLMV--ETEAS 169 
                                     *::.:*:*  .: * *.*:*:*** ***** * .*** ** :*  :   * .  . *   

// End of RNase D 
sp|A6V8R6|RND_PSEA7                 SLRGWRRERMGQALLNALESA-- 376 
tr|A0A6I7I490|A0A6I7I490_KLEPN      SLRGWRRERMGQALLDALESA-- 374 
tr|B7LPP7|B7LPP7_ESCF3              MISGWRGDLMAERLNALLQEYPQ 375 
tr|A0A7H9K3L2|A0A7H9K3L2_9ESCH      LISGWRGALMAEALHNLLQEYPQ 371 
tr|A0A7D6UZ56|A0A7D6UZ56_9ENTR      LISGWRGELMAEALHNLLQEYPQ 371 
tr|A0A659ZP75|A0A659ZP75_SHISO      LISGWRGELMAEALHNLLQEYPQ 371 
sp|P09155|RND_ECOLI                 LISGWRGELMAEALHNLLQEYPQ 375 
tr|A0A380AWJ5|A0A380AWJ5_SHIFL      LISGWRGELMAEALHNLLQEYPQ 371 
tr|A0A6I1J9T0|A0A6I1J9T0_9ENTR      LISGWRGELMAEALHNLLQEYPQ 371 
tr|A0A5Q3TIV6|A0A5Q3TIV6_9ENTR      LISGWRGELMAEALHNLLQEYPQ 371 
tr|E7SVN6|E7SVN6_9ENTR              LISGWRGELMAEALHNLLQEYPQ 371 
                                     : ***   *.: *   *:.    
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CLUSTAL O (1.2.4) MSA of the ε-subunits of DNA polymerases III  

 

 
Fig. 8. MSA of PR ε-subunits of DNA polymerases III from different organisms 

A0A0F6RDN9_CITAM, Citrobacter amalonaticus  P03007|DPO3E_ECOLI, Escherichia coli (strain K12) 
A0A1Q8NNQ1_SHIDY, Shigella dysenteriae  F3WE50_9ENTR, Shigella boydii 
E7SZS7_9ENTR, Shigella boydii    A0A5F1HT22_9ESCH, Escherichia, sp. E4385 
P0A1G9|DPO3E_SALTY, Salmonella typhimurium  A0A6C7I1V1_SALPK, Salmonella paratyphi 
A0A0F6AX64_SALT1, Salmonella typhimurium  A0A3V9NPW9_SALGL, Salmonella gallinarum 

 
The proposed active site amino acids are              
shown in Fig. 7. Interestingly, all the three 
DEDDY subfamily of exonucleases maintain a 
distance conservation between the last D          
and the proton acceptor Y, and it is only 4 amino 
acids.  

3.4 PR Function in DNA Polymerases III 
(DEDHD) 

 
Bacterial DNA polymerases III are the third type 
of polymerases where PR function is reported. 
The PR function is essential for these types of 

 
tr|A0A0F6RDN9|A0A0F6RDN9_CITAM      MTAMSTAITRQIVLDTETTGMNQIGAHYEGHKIIEIGAVEVVNRRLTGNNFHVYLKPDRL 60 
sp|P03007|DPO3E_ECOLI               ---MSTAITRQIVLDTETTGMNQIGAHYEGHKIIEIGAVEVVNRRLTGNNFHVYLKPDRL 57 
tr|A0A1Q8NNQ1|A0A1Q8NNQ1_SHIDY      ---MSTAITRQIVLDTETTGMNQIGAHYEGHKIIEIGAVEVVNRRLTGNNFHVYLKPDRL 57 
tr|F3WE50|F3WE50_9ENTR              ---MSTAITRQIVLDTETTGMNQIGAHYEGHKIIEIGAVEVVNRRLTGNNFHVYLKPDRL 57 
tr|E7SZS7|E7SZS7_9ENTR              MTAMSTAITRQIVLDTETTGMNQIGAHYEGHKIIEIGAVEVVNRRLTGNNFHVYLKPDRL 60 
tr|A0A5F1HT22|A0A5F1HT22_9ESCH      ---MSTAITRQIVLDTETTGMNQIGAHYEGHKIIEIGAVEVVNRRLTGNNFHVYLKPDRL 57 
sp|P0A1G9|DPO3E_SALTY               ---MSTAITRQIVLDTETTGMNQIGAHYEGHKIIEIGAVEVINRRLTGNNFHVYLKPDRL 57 
tr|A0A6C7I1V1|A0A6C7I1V1_SALPK      ---MSTAITRQIVLDTETTGMNQIGAHYEGHKIIEIGAVEVINRRLTGNNFHVYLKPDRL 57 
tr|A0A0F6AX64|A0A0F6AX64_SALT1      ---MSTAITRQIVLDTETTGMNQIGAHYEGHKIIEIGAVEVINRRLTGNNFHVYLKPDRL 57 
tr|A0A3V9NPW9|A0A3V9NPW9_SALGL      ---MSTAITRQIVLDTETTGMNQIGAHYEGHKIIEIGAVEVINRRLTGNNFHVYLKPDRL 57 
                                       **************************************:****************** 

 
tr|A0A0F6RDN9|A0A0F6RDN9_CITAM      VDPEAFGVHGIADEFLLDKPTFAEVADEFLDYIRGAELVIHNASFDIGFMDYEFGKLNRD 120 
sp|P03007|DPO3E_ECOLI               VDPEAFGVHGIADEFLLDKPTFAEVADEFMDYIRGAELVIHNAAFDIGFMDYEFSLLKRD 117 
tr|A0A1Q8NNQ1|A0A1Q8NNQ1_SHIDY      VDPEAFGVHGIADEFLLDKPTFAEVADEFMDYIRGAELVIHNAAFDIGFMDYEFSLLKRD 117 
tr|F3WE50|F3WE50_9ENTR              VDPEAFGVHGIADEFLLDKPTFAEVADEFMDYIRGAELVIHNAAFDIGFMDYEFSLLKRD 117 
tr|E7SZS7|E7SZS7_9ENTR              VDPEAFGVHGIADEFLLDKPTFAEVADEFMDYIRGAELVIHNAAFDIGFMDYEFSLLKRD 120 
tr|A0A5F1HT22|A0A5F1HT22_9ESCH      VDPEAFGVHGIADEFLLDKPTFAEVADEFMDYIRGAELVIHNAAFDIGFMDYEFSLLKRD 117 
sp|P0A1G9|DPO3E_SALTY               VDPEAFGVHGIADEFLLDKPVFADVVDEFLDYIRGAELVIHNASFDIGFMDYEFGLLKRD 117 
tr|A0A6C7I1V1|A0A6C7I1V1_SALPK      VDPEAFGVHGIADEFLLDKPVFADVVDEFLDYIRGAELVIHNASFDIGFMDYEFGLLKRD 117 
tr|A0A0F6AX64|A0A0F6AX64_SALT1      VDPEAFGVHGIADEFLLDKPVFADVVDEFLDYIRGAELVIHNASFDIGFMDYEFGLLKRD 117 
tr|A0A3V9NPW9|A0A3V9NPW9_SALGL      VDPEAFGVHGIADEFLLDKPVFADVVDEFLDYIRGAELVIHNASFDIGFMDYEFGLLKRD 117 
                                    ********************.**:*.***:*************:**********. *:** 

 
tr|A0A0F6RDN9|A0A0F6RDN9_CITAM      IPKTNTFCKVTDSLALARKMFPGKRNSLDALCSRYEIDNSKRTLHGALLDAQILADVYLM 180 
sp|P03007|DPO3E_ECOLI               IPKTNTFCKVTDSLAVARKMFPGKRNSLDALCARYEIDNSKRTLHGALLDAQILAEVYLA 177 
tr|A0A1Q8NNQ1|A0A1Q8NNQ1_SHIDY      IPKTNTFCKVTDSLAVARKMFPGKRNSLDALCARYEIDNSKRTLHGALLDAQILAEVYLA 177 
tr|F3WE50|F3WE50_9ENTR              IPKTNTFCKVTDSLAVARKMFPGKRNSLDALCARYEIDNSKRTLHGALLDAQILAEVYLA 177 
tr|E7SZS7|E7SZS7_9ENTR              IPKTNTFCKVTDSLAVARKMFPGKRNSLDALCARYEIDNSKRTLHGALLDAQILAEVYLA 180 
tr|A0A5F1HT22|A0A5F1HT22_9ESCH      IPKTNTFCKVTDSLAVARKMFPGKRNSLDALCARYEIDNSKRTLHGALLDAQILAEVYLA 177 
sp|P0A1G9|DPO3E_SALTY               IPKTNTFCKVTDSLALARKMFPGKRNSLDALCSRYEIDNSKRTLHGALLDAQILAEVYLA 177 
tr|A0A6C7I1V1|A0A6C7I1V1_SALPK      IPKTNTFCKVTDSLALARKMFPGKRNSLDALCSRYEIDNSKRTLHGALLDAQILAEVYLA 177 
tr|A0A0F6AX64|A0A0F6AX64_SALT1      IPKTNTFCKVTDSLALARKMFPGKRNSLDALCSRYEIDNSKRTLHGALLDAQILAEVYLA 177 
tr|A0A3V9NPW9|A0A3V9NPW9_SALGL      IPKTNTFCKVTDSLALARKMFPGKRNSLDALCSRYEIDNSKRTLHGALLDAQILAEVYLA 177 
                                    ***************:****************:**********************:***  
 
 
tr|A0A0F6RDN9|A0A0F6RDN9_CITAM      MTGGQTTMAFSMEGETQQ-QGNTGIQRLVRQASKLRVVFATDEEVAAHESRLDLVEKKGG 239 
sp|P03007|DPO3E_ECOLI               MTGGQTSMAFAMEGETQQQQGEATIQRIVRQASKLRVVFATDEEIAAHEARLDLVQKKGG 237 
tr|A0A1Q8NNQ1|A0A1Q8NNQ1_SHIDY      MTGGQTSMAFAMEGETQQQQGEATIQRIVRQASKLRVVFATDEELAAHEARLDLVEKKGG 237 
tr|F3WE50|F3WE50_9ENTR              MTGGQTSMAFAMEGETQQQQGEATIQRIVRQASKLRVVFATDEELAAHEARLDLVEKKGG 237 
tr|E7SZS7|E7SZS7_9ENTR              MTGGQTSMAFAMEGETQQQQGEATIQRIVRQASKLRVVFATDEELAAHEARLDLVEKKGG 240 
tr|A0A5F1HT22|A0A5F1HT22_9ESCH      MTGGQTSMAFAMEGETQQQQGEATIQRIVRQASKLRVVFATDEELAAHEARLDLVQEKGG 237 
sp|P0A1G9|DPO3E_SALTY               MTGGQTSMTFAMEGETQRQQGEATIQRIVRQASRLRVVFASEEELAAHESRLDLVQKKGG 237 
tr|A0A6C7I1V1|A0A6C7I1V1_SALPK      MTGGQTSMTFAMEGETQRQQGEATIQRIVRQASRLRVVFASEEELAAHESRLDLVQKKGG 237 
tr|A0A0F6AX64|A0A0F6AX64_SALT1      MTGGQTSMTFAMEGETQRQQGEATIQRIVRQASRLRVVFASEEELAAHESRLDLVQKKGG 237 
tr|A0A3V9NPW9|A0A3V9NPW9_SALGL      MTGGQTSMTFAMEGETQRQQGEATIQRIVRQASRLRVVFASEEELAAHESRLDLVQKKGG 237 
                                    ******:*:*:******: **:: ***:*****:******::**:****:*****::*** 
 
tr|A0A0F6RDN9|A0A0F6RDN9_CITAM      SCLWRA 245 
sp|P03007|DPO3E_ECOLI               SCLWRA 243 
tr|A0A1Q8NNQ1|A0A1Q8NNQ1_SHIDY      SCLWRA 243 
tr|F3WE50|F3WE50_9ENTR              SCLWRA 243 
tr|E7SZS7|E7SZS7_9ENTR              SCLWRA 246 
tr|A0A5F1HT22|A0A5F1HT22_9ESCH      SCLWRA 243 
sp|P0A1G9|DPO3E_SALTY               SCLWRA 243 
tr|A0A6C7I1V1|A0A6C7I1V1_SALPK      SCLWRA 243 
tr|A0A0F6AX64|A0A0F6AX64_SALT1      SCLWRA 243 
tr|A0A3V9NPW9|A0A3V9NPW9_SALGL      SCLWRA 243 
                                    ****** 
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enzymes, as they are the replicative enzymes. 
Unlike the other two polymerases, viz. the 
polymerases I and II, the polymerases III always 
exist as MECs with about 10 different subunits. 
For example, the DNA polymerase III 
holoenzyme from E. coli, the most well 
characterized in this category, is composed of 10 
subunits (α, β, ε, θ, δ, δ', γ, τ, χ, ψ), that together 
with the helicase (DnaB) and the RNA primase 
(DnaG) form the replisome with a combined 
molecular weight of ~1 MDa [1 and references 
therein]. The PR activity is associated with the ε-
subunit of the MEC. The ε-subunit which is made 
up of ~240 amino acid residues, consists of two 
domains, the N-terminal domain (1-186) with the 
PR activity and the C-terminal domain bind to the 
α-subunit of the polymerase. The ε-subunit 
encoded by dnaQ and contains the 3'-5' PR 
exonuclease catalytic site to edit any misinserted 
nucleotides by the α-subunit during the 
synthesis. Fig. 6 shows the MSA of the ε-subunit 
from different bacteria. The ε-subunits from 
different bacteria are highly conserved and 
exhibit over 99% identical residues over the 
entire sequence. The N-terminal domain contains 
three conserved exo motifs as marked by arrows. 
The metal-binding motifs are completely 
conserved (highlighted in light green) and the 
possible proton acceptor, H is highlighted in 
orange. The PR exonuclease contains all of the 
four invariant acidic amino acids with an 
identifiable pattern -DxE→D→H→D- and hence 

belongs to the DEDD exonuclease superfamily 
and to dnaQ-H subfamily (Fig. 8). 
 
3.4.1 Active Site Analyses of the PR 

Exonuclease of DNA polymerase III 
 

Fijalkowska and Schaaper [11] found that 
modification of the two conserved amino acid 
residues, viz. Asp

12
→Ala and Glu

14
→Ala, by 

SDM experiments resulted in the loss of the 
exonuclease function and hence suggested to 
play a role in the coordination of an essential 
metal ion. Further analysis of the enzyme by 
Cisneros et al [12] has shown that a water 
molecule bound to the catalytic metal acts as the 
nucleophile for the hydrolysis of the phosphate 
bond. Initially, they observed a direct proton 
transfer to H162. In a two metal mechanism, the 
catalytic metal (Me1) is proposed to form an 
attacking metal-hydroxide which performs a 
nucleophilic attack on the α-phosphate of the 
nucleotide base to be excised. The second metal 
(Me2) is termed as the nucleotide binding metal. 
These observations were further confirmed by X–
ray crystallographic analysis of the ε-186 by 
Hamdan et al [13]. Their results showed that the 
active site was composed of three residues, D12, 
E

14
 and D

167
, and bind to two divalent metals. In 

addition, H
162

 hydrogen bonds to a water 
molecule that is coordinated to the catalytic metal 
(Fig. 9).  

 

 
 
Fig. 9. Proposed amino acids at the active site of the ε-subunits of E. coli DNA polymerase III   

The ε- exonuclease belongs to the DnaQ-H family with the four active site carboxylates (Asp
12

, Glu
14

, Asp
103

, and 
Asp

167
) with the invariant His

162
. The H

162
 acts as a general base to deprotonate the active site nucleophile. Most 

important is the substitution of the highly conserved active site tyrosine in enzymes of the DnaQ-Y family (Tyr497 
in DNA polymerase I) as the His

162
 in the DnaQ-H family [14].  
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3.5 PR type 3’-5’ Exonuclease Activity in 
RNases T 

 

Another interesting PR type 3’ exonuclease was 
found not in polymerases, but in the tRNA 
processing enzyme, RNase T (EC 3.1.13.-) [15]. 
They are single-strand specific exonucleases 
which trim short 3' overhangs of a variety of RNA 
species with extreme sequence specificity, 
discriminating against cytosine at the 3' end of 
the substrate and thus leaving one or two 
nucleotide(s) 3' overhang. They are also 
responsible for the important end processing 
reaction in tRNAs, and thus they specifically 
remove the terminal AMP residue from 

uncharged tRNAs (tRNA-C-C-A). Therefore, they 
play a key role in the maturation of tRNAs. Fig. 8 
shows the MSA of the RNase T form different 
organisms. They are almost completely 
conserved from N- to C-terminal, with only a few 
amino acid modifications in the entire sequence. 
(The E. coli enzyme is highlighted in yellow). The 
metal-binding amino acids are highlighted in light 
green and the proton acceptor amino acid is 
highlighted in orange. The MSA analysis shows 
that they also belong to the DEDD superfamily of 
3’-5’exonucleases and are characterized by the 
presence of four acidic residues, DEDD, making 
the active site.  

 
CLUSTAL O (1.2.4) MSA of RNase T from various bacterial sources 

 
Fig. 10. MSA of RNase T from different bacteria 

A0A564UR04_ESCFE Ribonuclease T, Escherichia fergusonii; 
P30014|RNT_ECOLI Ribonuclease T, Escherichia coli (strain K12) 
P66683|RNT_SHIFL Ribonuclease T, Shigella flexneri 
Q3Z208|RNT_SHISS Ribonuclease T, Shigella sonnei 
Q32FB8|RNT_SHIDS Ribonuclease T, Shigella dysenteriae 
A0A181WQU7_KLEOX Ribonuclease T, Klebsiella oxytoca 
A0A2I8S6X4_9ENTR Ribonuclease T, Citrobacter freundii 
A0A482PCL8_CITRO Ribonuclease T, Citrobacter rodentium 

 
 

Fig. 11. The proposed amino acids at the active site of RNase T (E. coli) 

 
 
tr|A0A564UR04|A0A564UR04_ESCFE      MSDNAQLTGLCDRFRGFYPVVIDVETAGFNAKTDALLEIAAITLKMDEQGWLMPDTTLHF 60 
sp|P30014|RNT_ECOLI                 MSDNAQLTGLCDRFRGFYPVVIDVETAGFNAKTDALLEIAAITLKMDEQGWLMPDTTLHF 60 2xSDM 
sp|P66683|RNT_SHIFL                 MSDNAQLTGLCDRFRGFYPVVIDVETAGFNAKTDALLEIAAITLKMDEQGWLMPDTTLHF 60 
sp|Q3Z208|RNT_SHISS                 MSDNAQLTGLCDRFRGFYPVVIDVETAGFNAKTDALLEIAAITLKMDEQGWLMPDTTLHF 60 
sp|Q32FB8|RNT_SHIDS                 MSDNAQLTGLCDRFRGFYPVVIDVETAGFNAKTDALLEIAAITLKMDEQGWLMPDTTLHF 60 
tr|A0A181WQU7|A0A181WQU7_KLEOX      MSDNAQLTGLCDRFRGFYPVVIDVETAGFNAKTDALLEIAAITLKMDEQGWLMPDTTLHF 60 
tr|A0A2I8S6X4|A0A2I8S6X4_9ENTR      MSDNAQLSGLCDRFRGFYPVVIDVETAGFNAKTDALLEIAAITLKMDEQGWLMPDTTLHF 60 
tr|A0A482PCL8|A0A482PCL8_CITRO      MSDNAQLTGLCDRFRGFYPVVIDVETAGFNARTDALLEIAAITLKMDEQGWLMPDTTLHF 60 
                                    *******:***********************:**************************** 
 
tr|A0A564UR04|A0A564UR04_ESCFE      HVEPFVGANLQPEALAFNGIDPNDPDRGAVSEYEALHEIFKVVRKGIKASGCNRAIMVAH 120 
sp|P30014|RNT_ECOLI                 HVEPFVGANLQPEALAFNGIDPNDPDRGAVSEYEALHEIFKVVRKGIKASGCNRAIMVAH 120 
sp|P66683|RNT_SHIFL                 HVEPFVGANLQPEALAFNGIDPNDPDRGAVSEYEALHEIFKVVRKGIKASGCNRAIMVAH 120 
sp|Q3Z208|RNT_SHISS                 HVEPFVGANLQPEALAFNGIDPNDPDRGAVSEYEALHEIFKVVRKGIKASGCNRAIMVAH 120 
sp|Q32FB8|RNT_SHIDS                 HVEPFVGANLQPEALAFNGIDPNDPDRGAVSEYEALHEIFKVVRKGIKASGCNRAIMVAH 120 
tr|A0A181WQU7|A0A181WQU7_KLEOX      HVEPFVGANLQPEALAFNGIDPNDPDRGAVSEYEALHEIFKVVRKGIKASGCNRAIMVAH 120 
tr|A0A2I8S6X4|A0A2I8S6X4_9ENTR      HVEPFEGANLQPEALAFNGIDPNNPLRGAVSEYDALHAIFKMVRKGIKDSGCNRAIMVAH 120 
tr|A0A482PCL8|A0A482PCL8_CITRO      HVEPFEGANLQPEALAFNGIDPNNPLRGAVSEYDALHAIFKMVRKGIKDNGCNRAIMVAH 120 
                                    ***** *****************:* *******:*** ***:****** .********** 
 
tr|A0A564UR04|A0A564UR04_ESCFE      NANFDHSFMMAAAERASLKRNPFHPFATFDTAALAGLALGQTVLSKACQTAGMDFDSTQA 180 
sp|P30014|RNT_ECOLI                 NANFDHSFMMAAAERASLKRNPFHPFATFDTAALAGLALGQTVLSKACQTAGMDFDSTQA 180 
sp|P66683|RNT_SHIFL                 NANFDHSFMMAAAERASLKRNPFHPFATFDTAALAGLALGQTVLSKACQTAGMDFDSTQA 180 
sp|Q3Z208|RNT_SHISS                 NANFDHSFMMAAAERASLKRNPFHPFATFDTAALAGLALGQTVLSKACQTAGMDFDSTQA 180 
sp|Q32FB8|RNT_SHIDS                 NANFDHSFMMAAAERASLKRNPFHPFATFDTAALAGLALGQTVLSKACQTAGMDFDSTQA 180 
tr|A0A181WQU7|A0A181WQU7_KLEOX      NANFDHSFMMAAAERASLKRNPFHPFATFDTAALAGLALGQTVLSKACQTAGMDFDSTQA 180 
tr|A0A2I8S6X4|A0A2I8S6X4_9ENTR      NATFDHSFMMAAAERASLKRNPFHPFVTFDTAALSGLSLGQTVLSKACLAAGMEFDGTQA 180 
tr|A0A482PCL8|A0A482PCL8_CITRO      NATFDHSFMMAAAERASLKRNPFHPFVTFDTAALSGLALGQTVLSKACLAAGMEFDGTQA 180 
                                    **.***********************.*******:**:********** :***:**.*** 
 
 
tr|A0A564UR04|A0A564UR04_ESCFE      HSALYDTERTAVLFCEIVNRWKRLGGWPLPTAEEV 215 
sp|P30014|RNT_ECOLI                 HSALYDTERTAVLFCEIVNRWKRLGGWPLSAAEEV 215 2xSDM 
sp|P66683|RNT_SHIFL                 HSALYDTERTAVLFCEIVNRWKRLGGWPLPAAEEV 215 
sp|Q3Z208|RNT_SHISS                 HSALYDTERTAVLFCEIVNRWKRLGGWPLPAAEEV 215 
sp|Q32FB8|RNT_SHIDS                 HSALYDTERTAVLFCEIVNRWKRLGGWPLPAAEEV 215 
tr|A0A181WQU7|A0A181WQU7_KLEOX      HSALYDTERTAVLFCEIVNRWKRLGGWPLPAAEEV 215 
tr|A0A2I8S6X4|A0A2I8S6X4_9ENTR      HSALYDTERTAVLFCEIVNRWKRLGGWPLPVPEEA 215 
tr|A0A482PCL8|A0A482PCL8_CITRO      HSALYDTERTAVLFCEIVNRWKRLGGWPLATPEA- 214 
                                    ***************************** . *   
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As the exonuclease contains all of the four 
invariant acidic amino acids with an identifiable 
pattern -DxE→D→H→D- they are also classified 
under the DEDD exonuclease superfamily (Fig. 
10). 
 

3.5.1 Active Site Analyses of the 
Exonuclease of RNase T 

 

The E coli RNase T has been extensively studied 
both by X-ray crystallography and SDM 
experiments [2,15]. Four conserved acidic 
residues, viz. Asp23 and Glu25, Asp125 and Asp186 
were identified in the active site of the enzyme 
and are also found to be essential for the 
exonuclease activity. In addition to the above 
essential amino acid residues, modification of 
His181 by an SDM experiment also abolished the 
exonuclease activity, suggesting that His

181
 also 

play an important role in catalysis. Thus, in E. 
coli RNase T, at least five amino acid residues, 
viz. Asp

23
, Glu

25
, Asp

125
, His

181
 and Asp

186
 are 

found in the active site (Fig. 11). These residues, 
together with the substrate, are known to bind 
two divalent metal ions.  The structures of RNase 
T from Pseudomonas aeruginosa and E. coli 
have been solved by Zuo et al [15]. The site A 
metal ion is coordinated by the three conserved 
acidic residues, and the site B metal ion is 
coordinated by the conserved aspartate residue. 
The B site metal ion in P. aeruginosa has an 
octahedral coordination typical for a magnesium 
ion whereas the A site metal ion is occupied by a 
non-magnesium ion (used here a Zn

2+
). In fact, a 

water molecule (Water-164) occupying the A site 
in P. aeruginosa RNase T might mimic a non-
magnesium metal ion (Zn

2+
) with 5 potential 

coordination ligands [15]. Interestingly, all the 
three DEDDH subfamily of exonucleases 
maintains a distance conservation between the 
last D and the proton acceptor H and it is only 5 
amino acids. This distance conservation is also 
maintained in SARS, SARS-related and HCoVS 
PR exonucleases as well.  
 

4. PR FUNCTION BY PHP 
SUPERFAMILY OF EXONUCLEASES 

 

A different type of PR function is reported from 
Family B DNA polymerases. They belong to the 

PHP superfamily of exonucleases and include 
DNA polymerases X, DNA polymerases III (co-
editing), eukaryotic, YcdX phosphatases, etc. 
There are at least 4 different X-type of DNA 
polymerases are also reported from eukaryotes, 
viz. the terminal transferases and DNA 
polymerases β, λ, and μ [16, 17].  Unlike the 
DEDD superfamily, these enzymes use two 
invariant Hs followed by three acidic amino acids 
with the general pattern -HxH→E→H→D-. These 
enzymes which belong to the PHP superfamily 
are analyzed further for their active site 
structure(s). 

 
4.1 Bacterial DNA Polymerases X  
 
The DNA polymerases X are ubiquitous like the 
DNA polymerases I and are reported in wide 
variety of organisms like viruses, protozoa, 
archaea, eubacteria, and eukaryotes [3]. They 
are strictly template-directed DNA polymerases 
and preferentially act on DNA structures 
containing gaps from one to a few nucleotides 
with a phosphate group at the 5' -end of the 
downstream of DNA fragments. Therefore, they 
are suggested to participate in the later stages of 
DNA synthesis like in base excision repair (BER) 
and in error-prone non-homologous end joining 
(NHEJ) activity to repair double-stranded breaks 
[3].  It is interesting to note that these enzymes 
are structurally different from the DNA 
polymerases I and II, as the members of this 
family possess a different type of PR domain, 
known as the PHP domain. The polymerase 
domain is found at their N-terminal, whereas the 
PHP domain is present at the C-terminal end of 
the polypeptide. The polymerase domains also 
found to harbour a HNH motif (Fig. 12). Unlike in 
DNA polymerases I where the PR function is 
localized in front of the polymerase domain, in X 
DNA polymerases, it is localized behind the 
polymerase domain (Figs. 1, 12), i.e., the PR 
domains are reversed. In addition to the 
polymerase and PR domains, a HNH 
endonuclease type of motif (highlighted in red) is 
also observed towards at the end of the 
polymerase domain [3]. 

 
    

Fig. 12. A schematic diagram of the bacterial DNA Polymerases X 
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CLUSTAL O (1.2.4) MSA of DNA polymerases X (1-315 Polymerase & 336-570 Exo domains in B 
Subtilis). 

 

 

 
 
tr|A0A3P4ARX8|A0A3P4ARX8_THETH      PGVERAELCGSARRYKDTVGDLDFLVASREGKAVVEGFVRLPQVKEIYAKGKERATVFLN 237 
PCQ20452.1                          EDINQYQVAGSFRRMKEMSKDLDYIISTEEPTKVQQALLEFPDIKEQIAVGQTKVSLDLQ 233 
COE05251.1                          DDIDQYASAGSFRRYKEQSKDLDFIISTNHPEKVQQQLLDIPNKVKDVAIGSTKVSLELE 232 
tr|A0A0D6HTC1|A0A0D6HTC1_STAAU      NYIDQYSSAGSFRRFKEMSKDLDFIISTDNPKAVQQQLLNIPNKVKEVAVGNTKVSLELA 232 
AAW38032.1                          NYIDQYSSAGSFRRFKEMSKDLDFIISTDNPKAVQQQLLNIPNKVKEVAVGNTKVSLELA 232 
tr|A0A4V0A0W1|A0A4V0A0W1_STAHY      NYIDQYSSAGSFRRFKEMSKDLDFIISTDNPKAVQQQLLNIPNKVKEVAVGNTKVSLELA 232 
tr|A0A348BAD9|A0A348BAD9_9STAP      EGIDQYSSAGSFRRYKEKSKDLDFIISTNKPKEVQQQLLEIPNKVKEVAVGNTKVSLELS 232 
tr|A0A077UIA1|A0A077UIA1_9STAP      EGIDQYSSAGSFRRYKEMSKDLDFIISTNNPKEVQQQLLDIPNKVKEVAVGNTKVSLELS 232 
tr|A0A2K4ADG4|A0A2K4ADG4_9STAP      EGIDQYSSAGSFRRYKEMSKDLDFIISTNNPKEVQQQLLDIPNKVKEVAVGNTKVSLELS 232 
AAP11460.1                          AEVIRFSRAGSLRRVRETVKDLDFIIATTEPAAVREHLLQFDNMIEVIASGDTKVSVRLQ 235 
tr|A0A5M8S3G5|A0A5M8S3G5_BACAT      TDIIKFSRAGSLRRARETVKDLDYIIATDNPAEVREQLLKLPTIKSVISSGDTKVSVILS 232 
tr|A0A6H2JTG9|A0A6H2JTG9_BACMO      TDIIKYSRAGSLRRARETVKDLDYIIATDHPAEVREQLLALPNIKSVIASGDTKVSVILS 232 
tr|A0A7H1CCW5|A0A7H1CCW5_9BACI      TDIIKYSRAGSLRRARETVKDLDYIIATDHPAEVREQLLALPNIKSVIASGDTKVSVILS 232 
tr|A0A6M4JMH3|A0A6M4JMH3_BACSU      THIIKFSRAGSLRRARETVKDLDYIIATDHPAEVREQLLELPNIKSVIASGDTKVSVILS 232 2SDM 

tr|D4FZT5|D4FZT5_BACNB              THIIKFSRAGSLRRARETVKDLDYIIATDHPAEVREQLLELPNIKSVIASGDTKVSVILS 232 
tr|A0A6H0WNP9|A0A6H0WNP9_9BACI      TDIIKFSRAGSLRRARETVKDLDYIIATDHPAEVREQLLALPNIKSVIASGDTKVSVILS 232 
tr|A0A410WE37|A0A410WE37_BACVA      TDIIKFSRAGSLRRARETVKDLDYIIATDHPAEVREQLLALPNIKSVIASGDTKVSVILS 232 
tr|A0A1Q9FQD6|A0A1Q9FQD6_BACLI      TDIIKFSRAGSLRRARETVKDLDYIIATDHPAEVREQLLALPNIKSVIASGDTKVSVILS 232 
                                      : :   .** ** ::   ***::::: .   * : :: :    .  : *. :.:: *  

  

tr|A0A3P4ARX8|A0A3P4ARX8_THETH      TLEELWEAAKALGYQYLGITDHSPAVRVAGGPSPEEALKRIEAIRRFNETHGPPYLLAGA 412 SDM 
PCQ20452.1                          KLEEMIEAAIERQYQFICITDHSRSLAVANGLSIERLLEQNEKIKKLNESYKEIDIYSGT 408 
COE05251.1                          SIRDMVEANIAKGYEFMVITDHSQSLRVANGLQVERLLRQNEEIKQLNKEYDEIDIYSGI 407 
tr|A0A0D6HTC1|A0A0D6HTC1_STAAU      SIRDMVEANIAKGYKFMVITDHSQSLRVANGLQVERLLRQNEEIKALDKEYSEIDIYSGT 407 
AAW38032.1                          SIRDMVEANIAKGYKFMVITDHSQSLRVANGLQVERLLRQNEEIKALDKEYSEIDIYSGT 407 
tr|A0A4V0A0W1|A0A4V0A0W1_STAHY      SIRDMVEANIAKGYKFMVITDHSQSLRVANGLQVERLLRQNEEIKALDKEYSEIDIYSGT 407 
tr|A0A348BAD9|A0A348BAD9_9STAP      SIRDMVEANIAKGYDYMVITDHSQSLRVANGLQVERLLRQNEEIKALNKEYKEIDIYSGT 407 
tr|A0A077UIA1|A0A077UIA1_9STAP      SIRDMIEANIAKGYDYMVITDHSQSLRVANGLQVERLLRQNEEIKALNKEYKEIDIYSGT 407 
tr|A0A2K4ADG4|A0A2K4ADG4_9STAP      SIRDMVEANIAKGYDYMVITDHSQSLRVANGLQVERLLRQNEEIKALNKEYKEIDIYSGT 407 
AAP11460.1                          SIEEMVQACRARGYKFMAITDHSQYLKVANGLTKERLREQAKEIERMNEKYPDITILRGI 412 
tr|A0A5M8S3G5|A0A5M8S3G5_BACAT      SIREMAKACMEKGYEYMAITDHSQYLKVANGLTAERLRLQAKEIDALNAEFENFHIFKGV 409 
tr|A0A6H2JTG9|A0A6H2JTG9_BACMO      SIREMAEACIKKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRIFKGV 409 
tr|A0A7H1CCW5|A0A7H1CCW5_9BACI      SIREMAEACMKKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFESFRIFKGV 409 
tr|A0A6M4JMH3|A0A6M4JMH3_BACSU      SIREMAEACIKKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409 
tr|D4FZT5|D4FZT5_BACNB              SIREMAEACIKKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409 
tr|A0A6H0WNP9|A0A6H0WNP9_9BACI      SIREMAEACMEKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409 
tr|A0A410WE37|A0A410WE37_BACVA      SIREMAEACMNKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409 
tr|A0A1Q9FQD6|A0A1Q9FQD6_BACLI      SIREMAEACMKKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409 
                                    .:.:: :*     *.:: *****  : **.*   *.   : : *  ::  .    :  *  

 
tr|A0A3P4ARX8|A0A3P4ARX8_THETH      EVDIHPDGTLDYPDWVLRELDLVLVSVHSRFNLPKAEQTKRLLKALENPFVHVLAHPTAR 472 2SDM 
PCQ20452.1                          EMDIKPDGSLDYPDDVLKELDYVIAAIHQSFNQSEEEIMNRLRTACENQYVRHIAHPTGR 468 
COE05251.1                          EMDILPDGSLDYDDEILAQLDYVIAAIHQSFNQSEAEIMQRLENACHNPYVRHIAHPTGR 467 
tr|A0A0D6HTC1|A0A0D6HTC1_STAAU      EMDILPDGSLDYDDEILAQLDYVIGAIHQSFNQSEEQIMERLANACRNPYVRHIAHPTGR 467 
AAW38032.1                          EMDILPDGSLDYDDEILAQLDYVIGAIHQSFNQSEEQIMERLANACRNPYVRHIAHPTGR 467  
tr|A0A4V0A0W1|A0A4V0A0W1_STAHY      EMDILPDGSLDYDDEILAQLDYVIGAIHQSFNQSEEQIMERLANACRNPYVRHIAHPTGR 467 
tr|A0A348BAD9|A0A348BAD9_9STAP      EMDILPDGSLDYDDEILAQLDYVIAAIHQSFNQSEEQIMERLANACRNPYVRHIAHPTGR 467 
tr|A0A077UIA1|A0A077UIA1_9STAP      EMDILPDGSLDYDDEILAQLDYVIAAIHQSFNQSEEQIMERLANACRNPYVRHIAHPTGR 467 
tr|A0A2K4ADG4|A0A2K4ADG4_9STAP      EMDILPDGTLDYDDEILAQLDYVIAAIHQSFNQSEEQIMERLANACRNPYVRHIAHPTGR 467 
AAP11460.1                          EMDILPDASLDFDDEVLAELDYVIGAIHSSFSQDRETIMKRLRTAFENKHVTMIAHLTGR 472 
tr|A0A5M8S3G5|A0A5M8S3G5_BACAT      EMDILPDGTLDYDDDMLSEMDLVIASIHSSFNQPEHVIMKRLEQALTSKHVDIIAHPTGR 469 
tr|A0A6H2JTG9|A0A6H2JTG9_BACMO      EMDILPDGTLDYDDDVLAEMDLVIASIHSSFNQPEHVIMKRLETALTNKHVDIIAHPTGR 469 
tr|A0A7H1CCW5|A0A7H1CCW5_9BACI      EMDILPDGTLDYDDDVLAEMDLVIASIHSSFNQPEHVIMKRLETALTNKHVDIIAHPTGR 469 
tr|A0A6M4JMH3|A0A6M4JMH3_BACSU      EMDILPDGTLDYDDDVLAEMDIVIASIHSSFNQPEHVIMKRLETALTNKHVDIIAHPTGR 4692SDM 
tr|D4FZT5|D4FZT5_BACNB              EMDILPDGTLDYDDDMLAEMDIVIASIHSSFNQPEHVIMKRLETALTNKHVDIIAHPTGR 469 
tr|A0A6H0WNP9|A0A6H0WNP9_9BACI      EMDILPDGTLDYDDDVLAEMDIVIASIHSSFNQPEHVIMKRLETALTSKHVDIIAHPTGR 469 
tr|A0A410WE37|A0A410WE37_BACVA      EMDILPDGTLDYDDDVLADMDIVIASIHSSFNQPEHVIMKRLETALANKHVDIIAHPTGR 469 
tr|A0A1Q9FQD6|A0A1Q9FQD6_BACLI      EMDILPDGTLDYDDDVLAEMDIVIASIHSSFNQPEHVIMKRLETALANKHVDIIAHPTGR 469 
                                    *:** **.:**: * :* ::* *: ::*. *.  .    :**  *  . .*  :** *.* 

  
tr|A0A3P4ARX8|A0A3P4ARX8_THETH      ---NGLQVDLRVVPPESYGAGLQYLTGSKAHSIRLRALAQEKGLKLSEYGVFRGEK--RL 292 
             H       N            H                       -       
A0A097J243_9CAUD HNH Endo               9DANGPIPKDSDGRTDEIHHKDGNRENNDLDNLMCLSIQEHYDIHLAQKDYQACHAI      64 
PCQ20452.1                          IEDDVIGVDFRLIQPEAFYHTLQHFTGSKDHNIKIRQLAKQKNEKVSEYGIEEA-NGNII 292 
COE05251.1                          YDDETIGVDFRLIEPVAFYHTLQHFTGSKDHNIRIRQLAKAQDEKVSEYGIEKA-NGELL 291 
tr|A0A0D6HTC1|A0A0D6HTC1_STAAU      YDDETIGVDFRLIEPSAFYHTLQHFTGSKEHNIRIRQLAKARDEKVSEYGIEQA-DGTLI 291 
AAW38032.1                          YDDETIGVDFRLIEPSAFYHTLQHFTGSKEHNIRIRQLAKARDEKVSEYGIEQA-DGTLI 291 
tr|A0A4V0A0W1|A0A4V0A0W1_STAHY      YDDETIGVDFRLIEPSAFYHTLQHFTGSKEHNIRIRQLAKARDEKVSEYGIEQA-DGTLI 291 
tr|A0A348BAD9|A0A348BAD9_9STAP      FDDETIGVDFRLIEPSAFYHTLQHFTGSKEHNIRIRQLAKAQNEKVSEYGIEQA-DGTLI 291 
tr|A0A077UIA1|A0A077UIA1_9STAP      FDDETIGVDFRLIEPSAFYHTLQHFTGSKEHNIRIRQLAKARNEKVSEYGIEQA-DGTLI 291 
tr|A0A2K4ADG4|A0A2K4ADG4_9STAP      FDDETIGVDFRLIEPSAFYHTLQHFTGSKEHNIRIRQLAKARNEKVSEYGIEQA-DGTLI 291 
AAP11460.1                          YEYD-ISIDFRLVKPEEFITTLHHFTGSKDHNVKMRQIAKDKGEKISEYGVENLETGEVK 294 
tr|A0A5M8S3G5|A0A5M8S3G5_BACAT      FEYE-TSVDFRLVTEEQFPTTLHHFTGSKDHNIKMRQIAKERGERISEYGVETVETGEVK 291 
tr|A0A6H2JTG9|A0A6H2JTG9_BACMO      FEYE-TSVDFRLVTEEQFPTTLHHFTGSKDHNIKMRQIAKERGERISEYGVETVETGEIK 291 
tr|A0A7H1CCW5|A0A7H1CCW5_9BACI      FEYE-TSVDFRLVTEEQFPTTLHHFTGSKDHNIKMRQIAKERGERISEYGVETVETGEIK 291 
tr|A0A6M4JMH3|A0A6M4JMH3_BACSU      FEYE-TSVDFRLVTEEQFPTTLHHFTGSKDHNIKMRQIAKERGERISEYGVETVETGEIK 291 
tr|D4FZT5|D4FZT5_BACNB              FEYE-TSVDFRLVTEEQFPTTLHHFTGSKDHNIKMRQIAKERGERISEYGVETVETGEIK 291 
tr|A0A6H0WNP9|A0A6H0WNP9_9BACI      FEYE-TSVDFRLVTEEQFPTTLHHFTGSKDHNIKMRQIAKERGERISEYGVETVETGDIK 291 
tr|A0A410WE37|A0A410WE37_BACVA      FEYE-TSVDFRLVTEEQFPTTLHHFTGSKDHNIKMRQIAKERGERISEYGVETVETGDIK 291 
tr|A0A1Q9FQD6|A0A1Q9FQD6_BACLI      FEYE-TSVDFRLVTEEQFPTTLHHFTGSKDHNIKMRQIAKERGERISEYGVETIETGAIK 291 
                                       :   :*:*::    :   *:::**** *.:::* :*: :. ::****:          

     Polymerase  Linker            3’-5’Exonuclease 
tr|A0A3P4ARX8|A0A3P4ARX8_THETH      AGETEEGVYAALGLPFIPPPLRED HGEIEAALAGRLPRLLEISEIK GDLQVHSTYSDGQN 352 SDM 
PCQ20452.1                          TYQSEKEIYDHFNVSYIPPTMRED GTEFD----KDIQDIIQLEDIN GDIHMHTTYSDGAF 348 
COE05251.1                          QFNSEAEIYEHFGVSWIEPSMRED GSEFD----KDLSQIIQLDDIK GDLHMHTTYSDGAF 347 
tr|A0A0D6HTC1|A0A0D6HTC1_STAAU      QYDSEAKIYEHFNVNFIPPAMRED GSEFD----KDLSNIITIDDIN GDIHMHTTYSDGAF 347 
AAW38032.1                          QYDSEAKIYEHFNVNFIPPAMRED GSEFD----KDLSNIITIDDIN GDIHMHTTYSDGAF 347 
tr|A0A4V0A0W1|A0A4V0A0W1_STAHY      QYDSEAKIYEHFNVNFIPPAMRED GSEFD----KDLSNIITLDDIN GDIHMHTTYSDGAF 347 
tr|A0A348BAD9|A0A348BAD9_9STAP      QYDSEAKIYEHFNVNFIPPAMRED GSEFD----KDLNNIITLDDIN GDIHMHTTYSDGAF 347 
tr|A0A077UIA1|A0A077UIA1_9STAP      QYDSEAKIYEHFNVNFIPPAMRED GSEFD----KDLSNIITLDDIN GDIHMHTTYSDGAF 347 
tr|A0A2K4ADG4|A0A2K4ADG4_9STAP      QYDSETKIYEHFNVNFIPPAMRED GSEFD----KDLSNIITLDDIN GDIHMHTTYSDGAF 347 
AAP11460.1                          TFETEEDFFAHFGLPFIPPEVRED GKEIEL—-IKEYPNLLQFSDIQ GDLHMHTTWSDGAF 352 
tr|A0A5M8S3G5|A0A5M8S3G5_BACAT      TFPSEQAFYAHFGLPLIPPEIRES GQEVDT—-YHDGIELIETHDIK GDLHMHSAWSDGAF 349 
tr|A0A6H2JTG9|A0A6H2JTG9_BACMO      TFPSEREFYAHFGLPLIPPELRES GQEVET—-YNDSIELIEHEQIK GDLHMHSTWSDGAF 349 
tr|A0A7H1CCW5|A0A7H1CCW5_9BACI      TFPSEREFYAHFGLPLIPPELRES GQEVET—-YNDSIELIEHDQIK GDLHMHSTWSDGAF 349 
tr|A0A6M4JMH3|A0A6M4JMH3_BACSU      TFPSEREFYAHFGLPLIPPEIRES GQEVET—YSDSIELIELGQIK  GDLHMHSTWSDGAF 3492SDM 
tr|D4FZT5|D4FZT5_BACNB              TFPSEREFYAHFGLPLIPPEIRES GQEVET—-YSDSIELIEPGQIK GDLHMHSTWSDGAF 349 
tr|A0A6H0WNP9|A0A6H0WNP9_9BACI      TFPSEREFYAHFGLPLIPPELRES GQEVET--YSDSIELIEPGQIK GDLHMHSTWSDGAF 349 
tr|A0A410WE37|A0A410WE37_BACVA      TFPSEREFYAHFGLPLIPPELRES GQEVET—-YSDSIELIEPGHIK GDLHMHSTWSDGAF 349 
tr|A0A1Q9FQD6|A0A1Q9FQD6_BACLI      TFPSEREFYAHFGLPLIPPELRES GQEVET—-YSDSIELIEPGQIK GDLHMHSTWSDGAF 349 
                                       :*  .:  :.:  * * :**. *.:         ::   .     *:**:::*:::***  
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Fig. 13. MSA of the DNA polymerases X from different organisms 

A0A3P4ARX8_THETH DNA polymerase beta Thermus thermophilus 
PCQ20452.1 DNA polymerase/3'-5' exonuclease PolX  [Klebsiella pneumoniae] 
COE05251.1 DNA polymerase/3'-5' exonuclease PolX [Staphylococcus warneri] 
A0A0D6HTC1_STAAU DNA polymerase beta,Staphylococcus aureus 
AAW38032.1 DNA-dependent DNA polymerase family X, Staphylococcus aureus subsp. aureus 
A0A4V0A0W1_STAHY DNA polymerase beta,Staphylococcus hyicus 
A0A348BAD9_9STAP DNA polymerase beta, Staphylococcus argenteus 
A0A077UIA1_9STAP DNA polymerase beta, Staphylococcus schweitzeri 
A0A2K4ADG4_9STAP DNA polymerase beta, Staphylococcus schweitzeri 
AAP11460.1 DNA polymerase X family, Bacillus cereus 
A0A5M8S3G5_BACAT DNA-directed DNA polymerase, Bacillus atrophaeus 
A0A6H2JTG9_BACMO DNA-directed DNA polymerase, Bacillus mojavensis 
A0A7H1CCW5_9BACI DNA polymerase/3'-5' exonuclease PolX, Bacillus halotolerans 
A0A6M4JMH3_BACSU DNA-directed DNA polymerase, Bacillus subtilis 
D4FZT5_BACNB DNA-directed DNA polymerase, Bacillus subtilis subsp. Natto 
A0A6H0WNP9_9BACI DNA-directed DNA polymerase, Bacillus tequilensis 
A0A410WE37_BACVA DNA-directed DNA polymerase, Bacillus vallismortis 
A0A1Q9FQD6_BACLI DNA-directed DNA polymerase, Bacillus licheniformis 
A0A097J243_9CAUD Homing endonuclease, Enterobacteria phage RB5 

 

tr|A0A3P4ARX8|A0A3P4ARX8_THETH      TLEELWEAAKALGYQYLGITDHSPAVRVAGGPSPEEALKRIEAIRRFNETHGPPYLLAGA 412 SDM 
PCQ20452.1                          KLEEMIEAAIERQYQFICITDHSRSLAVANGLSIERLLEQNEKIKKLNESYKEIDIYSGT 408 
COE05251.1                          SIRDMVEANIAKGYEFMVITDHSQSLRVANGLQVERLLRQNEEIKQLNKEYDEIDIYSGI 407 
tr|A0A0D6HTC1|A0A0D6HTC1_STAAU      SIRDMVEANIAKGYKFMVITDHSQSLRVANGLQVERLLRQNEEIKALDKEYSEIDIYSGT 407 
AAW38032.1                          SIRDMVEANIAKGYKFMVITDHSQSLRVANGLQVERLLRQNEEIKALDKEYSEIDIYSGT 407 
tr|A0A4V0A0W1|A0A4V0A0W1_STAHY      SIRDMVEANIAKGYKFMVITDHSQSLRVANGLQVERLLRQNEEIKALDKEYSEIDIYSGT 407 
tr|A0A348BAD9|A0A348BAD9_9STAP      SIRDMVEANIAKGYDYMVITDHSQSLRVANGLQVERLLRQNEEIKALNKEYKEIDIYSGT 407 
tr|A0A077UIA1|A0A077UIA1_9STAP      SIRDMIEANIAKGYDYMVITDHSQSLRVANGLQVERLLRQNEEIKALNKEYKEIDIYSGT 407 
tr|A0A2K4ADG4|A0A2K4ADG4_9STAP      SIRDMVEANIAKGYDYMVITDHSQSLRVANGLQVERLLRQNEEIKALNKEYKEIDIYSGT 407 
AAP11460.1                          SIEEMVQACRARGYKFMAITDHSQYLKVANGLTKERLREQAKEIERMNEKYPDITILRGI 412 
tr|A0A5M8S3G5|A0A5M8S3G5_BACAT      SIREMAKACMEKGYEYMAITDHSQYLKVANGLTAERLRLQAKEIDALNAEFENFHIFKGV 409 
tr|A0A6H2JTG9|A0A6H2JTG9_BACMO      SIREMAEACIKKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRIFKGV 409 
tr|A0A7H1CCW5|A0A7H1CCW5_9BACI      SIREMAEACMKKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFESFRIFKGV 409 
tr|A0A6M4JMH3|A0A6M4JMH3_BACSU      SIREMAEACIKKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409 
tr|D4FZT5|D4FZT5_BACNB              SIREMAEACIKKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409 
tr|A0A6H0WNP9|A0A6H0WNP9_9BACI      SIREMAEACMEKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409 
tr|A0A410WE37|A0A410WE37_BACVA      SIREMAEACMNKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409 
tr|A0A1Q9FQD6|A0A1Q9FQD6_BACLI      SIREMAEACMKKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409 
                                    .:.:: :*     *.:: *****  : **.*   *.   : : *  ::  .    :  *  

 
tr|A0A3P4ARX8|A0A3P4ARX8_THETH      EVDIHPDGTLDYPDWVLRELDLVLVSVHSRFNLPKAEQTKRLLKALENPFVHVLAHPTAR 472 2SDM 
PCQ20452.1                          EMDIKPDGSLDYPDDVLKELDYVIAAIHQSFNQSEEEIMNRLRTACENQYVRHIAHPTGR 468 
COE05251.1                          EMDILPDGSLDYDDEILAQLDYVIAAIHQSFNQSEAEIMQRLENACHNPYVRHIAHPTGR 467 
tr|A0A0D6HTC1|A0A0D6HTC1_STAAU      EMDILPDGSLDYDDEILAQLDYVIGAIHQSFNQSEEQIMERLANACRNPYVRHIAHPTGR 467 
AAW38032.1                          EMDILPDGSLDYDDEILAQLDYVIGAIHQSFNQSEEQIMERLANACRNPYVRHIAHPTGR 467  
tr|A0A4V0A0W1|A0A4V0A0W1_STAHY      EMDILPDGSLDYDDEILAQLDYVIGAIHQSFNQSEEQIMERLANACRNPYVRHIAHPTGR 467 
tr|A0A348BAD9|A0A348BAD9_9STAP      EMDILPDGSLDYDDEILAQLDYVIAAIHQSFNQSEEQIMERLANACRNPYVRHIAHPTGR 467 
tr|A0A077UIA1|A0A077UIA1_9STAP      EMDILPDGSLDYDDEILAQLDYVIAAIHQSFNQSEEQIMERLANACRNPYVRHIAHPTGR 467 
tr|A0A2K4ADG4|A0A2K4ADG4_9STAP      EMDILPDGTLDYDDEILAQLDYVIAAIHQSFNQSEEQIMERLANACRNPYVRHIAHPTGR 467 
AAP11460.1                          EMDILPDASLDFDDEVLAELDYVIGAIHSSFSQDRETIMKRLRTAFENKHVTMIAHLTGR 472 
tr|A0A5M8S3G5|A0A5M8S3G5_BACAT      EMDILPDGTLDYDDDMLSEMDLVIASIHSSFNQPEHVIMKRLEQALTSKHVDIIAHPTGR 469 
tr|A0A6H2JTG9|A0A6H2JTG9_BACMO      EMDILPDGTLDYDDDVLAEMDLVIASIHSSFNQPEHVIMKRLETALTNKHVDIIAHPTGR 469 
tr|A0A7H1CCW5|A0A7H1CCW5_9BACI      EMDILPDGTLDYDDDVLAEMDLVIASIHSSFNQPEHVIMKRLETALTNKHVDIIAHPTGR 469 
tr|A0A6M4JMH3|A0A6M4JMH3_BACSU      EMDILPDGTLDYDDDVLAEMDIVIASIHSSFNQPEHVIMKRLETALTNKHVDIIAHPTGR 4692SDM 
tr|D4FZT5|D4FZT5_BACNB              EMDILPDGTLDYDDDMLAEMDIVIASIHSSFNQPEHVIMKRLETALTNKHVDIIAHPTGR 469 
tr|A0A6H0WNP9|A0A6H0WNP9_9BACI      EMDILPDGTLDYDDDVLAEMDIVIASIHSSFNQPEHVIMKRLETALTSKHVDIIAHPTGR 469 
tr|A0A410WE37|A0A410WE37_BACVA      EMDILPDGTLDYDDDVLADMDIVIASIHSSFNQPEHVIMKRLETALANKHVDIIAHPTGR 469 
tr|A0A1Q9FQD6|A0A1Q9FQD6_BACLI      EMDILPDGTLDYDDDVLAEMDIVIASIHSSFNQPEHVIMKRLETALANKHVDIIAHPTGR 469 
                                    *:** **.:**: * :* ::* *: ::*. *.  .    :**  *  . .*  :** *.* 

 
tr|A0A3P4ARX8|A0A3P4ARX8_THETH      LLGRRAPIEADWEAVFKKAKEKGVAVEIDGYYDRMDLPDDLARMAYGMGLWISLSTDAHQ 532 2SDM 
PCQ20452.1                          IIGRRKGYRPNIDELIKMARETNTLLELNANPQRLDLNADVLKNN--PDLMITINTDAHH 526 
COE05251.1                          IIGRRPGYEPNIEKLAQLAEETNTILEINANPKRLDLNAQTVRQY--PNVKLTINTDAHH 525 
tr|A0A0D6HTC1|A0A0D6HTC1_STAAU      IIGRRDGYKPNIEQLMALAEETNTVLEINANPHRLDLSADIVRKY--PNVKLTINTDAHH 525 
AAW38032.1                          IIGRRDGYKPNIEQLMALAEETNTVLEINANPHRLDLSADIVRKY--PNVKLTINTDAHH 525 
tr|A0A4V0A0W1|A0A4V0A0W1_STAHY      IIGRRDGYKPNIEQLMALSEETNTVLEINANPHRLDLNADIVRKY--PNVKLTINTDAHH 525 
tr|A0A348BAD9|A0A348BAD9_9STAP      IIGRREGYKPNIEQLVSLAEETNTILEINANPHRLDLNADIVRKY--PNVKLTINTDAHH 525 
tr|A0A077UIA1|A0A077UIA1_9STAP      IIGRREGYKPNIEQLVSLAEETNTILEINANPHRLDLNADIVRKY--PNVKLTINTDAHH 525 
tr|A0A2K4ADG4|A0A2K4ADG4_9STAP      IIGRREGYKPNIEQLVSLAVETNTILEINANPHRLDLNADIVRKY--PNVKLTINTDAHH 525 
AAP11460.1                          LLGRREGYDVDTDLLIELAKETNTVLELNANPNRLDLSAKLLKQAQDAGVKVAINTDAHT 532 
tr|A0A5M8S3G5|A0A5M8S3G5_BACAT      LIGRRAGYQIDIDQLIELAKKTNTALELNANPARLDLRTEHLIKANDNGVTLVINTDAHN 529 
tr|A0A6H2JTG9|A0A6H2JTG9_BACMO      LIGRRAGYEIDIDKLIELAKKTNTALELNSNPARLDLRTEHLIKANEQGVTLVINTDAHN 529 
tr|A0A7H1CCW5|A0A7H1CCW5_9BACI      LIGRRAGYEIDIDKLIELAKKTNTALELNSNPARLDLRTEHLIKANEQGVTLVINTDAHN 529 
tr|A0A6M4JMH3|A0A6M4JMH3_BACSU      LIGRRAGYEIDIDQLIELARKTNTALELNANPARLDLRTEHLMKANEQGVTLVINTDAHN 529SDM 
tr|D4FZT5|D4FZT5_BACNB              LIGRRAGYEIDIDQLIELARKTNTALELNANPARLDLRTEHLMKANEQGVTLVINTDAHN 529 
tr|A0A6H0WNP9|A0A6H0WNP9_9BACI      LIGRRAGYEIDIDKLIELAKKTNTALELNANPARLDLRTEHVMKANEQGVTLVINTDAHN 529 
tr|A0A410WE37|A0A410WE37_BACVA      LIGRRAGYEIDIDKLIELAKKTNTALELNANPARLDLRTEHLIKANEQGVTLVINTDAHN 529 
tr|A0A1Q9FQD6|A0A1Q9FQD6_BACLI      LIGRRAGYEIDIDKLIELAKKTNTALELNANPARLDLRTEHLIKANEQGVTLVINTDAHN 529 
                                    ::***     : : :   : :... :*::.   *:**  .        .: : :.****  

tr|A0A3P4ARX8|A0A3P4ARX8_THETH      TDHLRFMELAVGTAQRAWIGPERVLNTLDYEDLLSWLKARRGV-- 575 
PCQ20452.1                          IDHFDFMKYGVGTAQKGWVKKSQVINAKSREAFKKWIQLTK---- 567 
COE05251.1                          VDHLEFMKYGVATAQKGFVTKDRVINTMSREAFKSFINDNKKLKK 570 
tr|A0A0D6HTC1|A0A0D6HTC1_STAAU      TNHLDFMNYGVATAQKGFVTKDRVINALSREAFKDFIENNTKLKK 570 
AAW38032.1                          TNHLDFMNYGVATAQKGFVTKDRVINALSREAFKDFIENNTKLKK 570 
tr|A0A4V0A0W1|A0A4V0A0W1_STAHY      TNHLDFMNYGVATAQKGFVTKDRVINALSREAFKDFIENNIKLKK 570 
tr|A0A348BAD9|A0A348BAD9_9STAP      INHLEFMAYGVATAQKGFVTKDRVINTLSRDAFKEFIENNKKLKK 570 
tr|A0A077UIA1|A0A077UIA1_9STAP      INHLEFMAYGVATAQKGFVTKDRVINTLSRDAFKEFIENNKKLKK 570 
tr|A0A2K4ADG4|A0A2K4ADG4_9STAP      INHLEFMAYGVATAQKGFVTKDRVINTLSRDAFKEFIENNKKLKK 570 
AAP11460.1                          LEMLEDMETGVAAARKGWIQKDNVINTWDIERLLDYIKRNK---- 573 
tr|A0A5M8S3G5|A0A5M8S3G5_BACAT      IDMLNDMKTGVTAARKGWTEKKHVLNARSLKEVKAFLKRND---- 570 
tr|A0A6H2JTG9|A0A6H2JTG9_BACMO      IEMLNDMKTGVTAARKGWTETKNVLNARSLEDVQAFLKRND---- 570 
tr|A0A7H1CCW5|A0A7H1CCW5_9BACI      IEMLNDMKTGVTAARKGWTETKNVLNARSLEDVQAFLKRND---- 570 
tr|A0A6M4JMH3|A0A6M4JMH3_BACSU      IEMLDDMKTGVTAARKGWTETKNVLNARSLKDVEAFLKRND---- 570 
tr|D4FZT5|D4FZT5_BACNB              IEMLDDMKTGVTAARKGWTETKNVLNARSLKDVEVFLKRND---- 570 
tr|A0A6H0WNP9|A0A6H0WNP9_9BACI      IEMLDDMKTGVTAARKGWTEMKNVLNARSLEDVEAFLKRND---- 570 
tr|A0A410WE37|A0A410WE37_BACVA      IEMLDDMKTGVTAARKGWTETKNVLNARSLEDVEAFLKRND---- 570 
tr|A0A1Q9FQD6|A0A1Q9FQD6_BACLI      IDMLDDMKTGVTAARKGWTETKNVLNARSLEDVEAFLKRND---- 570 
                                     : :  *  .* :*::.:   ..*:*: . . .  :::     
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4.1.1 Active Site Analyses of PR Exonuclease 
Domain in Bacterial DNA polymerases X 

 

The PHP domain has been shown to possess 
the 3′–5′ exonuclease activity and perform the 
PR function in DNA polymerases X [16-19]. Fig. 
13 shows the MSA of the DNA polymerases X 
form different organisms. Unlike the DNA 
polymerases I and II, only there are a few 
conserved motifs among them, suggesting that 
they are highly diverged during evolution. 
However, the active site regions are completely 
conserved (Fig. 13). The X polymerases follow 
the completely conserved pattern –GSKD          
H-5xxxxRQ1IAKERGERISEY13GV- suggesting 
the repair is strictly template strand based with 
the template-binding YG pair with the NTP 
selecting invariant basic amino acid H at -5 from 
the catalytic R. (In the DNA polymerase I family, 
the polymerase catalytic region is slightly 
different from the X polymerases and is –SEQ     
R-4xxxKAINFGLIY766GI/L/M-). However, the RQ 
and YG pairs are followed by I//V as in DNA 
polymerases I. The metal-binding site –DLD- is 
completely conserved in all X polymerases 
(highlighted in light green).  Within the 
polymerase domain a HNH homing 
endonuclease domain is also observed as 
suggested by Nagpal and Nair [3]. (The active 
site region of the HNH homing endonuclease 
domain of Enterobacteria phage RB5 is 
highlighted in grey). Though the HH---N are 
completely conserved in all, the last H is not 
conserved and is replaced with another basic 
amino acid, K/R in DNA polymerases X, but 
preceded by an E in all the cases (Fig. 13).   
 

The DNA polymerase domain in X polymerases 
is located from amino acids 1 to 315 and the 3’-5’ 
exonuclease PR domain is located from amino 
acids 337-570 (numberings from Bacillus subtilis 
enzyme and highlighted in different colours) (Fig. 
13). SDM experiments have shown that the 
polymerase and PR activities were independent 
of each other. For example, in a double mutant 
where both the Ds are replaced by As 
(193DLD→ALA), abolished the polymerase 
activity [18] whereas in a similar experiment 
where both the Hs are replaced by As 
(339HMH→AMA), the exonuclease activity was 
abolished. The metal-dependent exonuclease 
activity is further confirmed by deletion mutants 
too. For example, in a deletion mutant 316–570 
(mutant ΔPHP), the exonuclease activity was 
completely abolished [18].  

 

DNA polymerases X of Thermus thermophilus 
was extensively studied by Nakane et al [19]. It 

possessed both the DNA polymerase (ttPOLXc) 
and the exonuclease activities belonging to the 
PHP family, as two independent domains. The 
enzyme was subjected to SDM experiments by 
them. The ttPOLXc domain showed Mg2+-
dependent DNA polymerase activity but no 3’-5’ 
exonuclease activity.  They could hardly detect 
any 3’–5’exonuclease activity of the mutant 
enzymes with H

344
→A, H

374
→A, H

468
→A and 

D529→A mutations. Therefore, they concluded 
that His

344
 (-QVH

344
-), His

374
 (-DH

374
SP-), His

468
 

(-AH
468

P-) and Asp
529

 (-D
529

AH-) are the most 
important residues for the 3’–5’exonuclease 
activity (marked in the margin). 
 
The corresponding amino acids in B. subtilis 
enzyme are placed in the active site (marked in 
red and highlighted in blue) (Fig. 13). Nakane et 
al [19] also found that the POLX-core and PHP 
domains interacted with each other and a mixture 
of the two domains had Mn

2+
-dependent 3’–5’ 

exonuclease activity. Importantly, the DNA 
polymerase exhibited Mg

2+
-dependent activity 

and the PHP domain exhibited no exonuclease 
activity in the presence of Mg2+ or Mn2+ but 
exhibited exonuclease activity only with Zn

2+
, 

further corroborating the involvement of Zn2+ in 
the PR functions. 

 

The Zn
2+

 atom is coordinated by three invariant 
His residues, and the fourth ligand is occupied by 
a water molecule (Fig. 14). Under the 
polymerase assay conditions, in the presence of 
Mn

2+ 
the Q

342→
A, D

349→
A, E

413→
A and H

531→
A 

mutant exhibited stronger 3’-5’ exonuclease 
activity.  
 

The Bacillus subtilis DNA polymerases X was 
also analyzed by SDM experiments by Banos et 
al. [18]. They found that H

339
 and H

341
 

(highlighted in light green) in the HxH motif are 
shown to be essential for the PR exonuclease 
active site in the DNA polymerase X. Fig. 14 
shows the proposed active site at the PR site in 
Bacillus subtilis DNA polymerases X. The active 
site amino acids are proposed based on the 
SDM analysis of T. thermophilus and B. subtilis X 
polymerases. They follow the general active site 
pattern as -HxH→E→H→D-. 
 
4.2 Bacterial YcdX class of Exonucleases 
 

The second group of enzyme is the YcdX types 
which exhibits a phosphoesterase activity. It is 
interesting to note, these phosphoesterases do 
not form a part of polymerases, but also belong 
to the PHP superfamily because of their 
structural and sequence similarities [5]. Like the 
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other PHP enzymes, the YcdX also consists of 
four conserved sequence motifs that contain 
invariant histidine and aspartate residues, which 
are implicated in metal ion coordination and 
catalysis. X-ray crystallographic data on the E. 

coli YcdX is available [5]. The X-ray 
crystallographic studies have shown that the 
catalytic site of YcdX of E. coli consists of three 
Zn atoms and is similar to those enzymes which 
hydrolyze phosphoester bonds.  

 

 
 

Fig. 14. Proposed amino acids at the active site of DNA polymerases X from B. Subtilis 
 

CLUSTAL O (1.2.4) MSA of bacterial YcdX phosphoesterases of PHP superfamily 

 
Fig. 15 MSA of YcdX phosphoesterases belonging to PHP superfamily 

B1EL68_ESCAT, Escherichia albertii   A0A2B7MK98_9ESCH, Escherichia marmotae 
Q0T606|YCDX_SHIF8, Shigella flexneri   A0A6I1J2J7_9ENTR, Enterobacteriaceae bacterium 
A0A0A6ZQ83_SHIDY, Shigella dysenteria   P75914|YCDX_ECOLI, Escherichia coli (strain K12) 
A0A5Q3TIN6_9ENTR, Salmonella sp.   Q31Z90|YCDX_SHIBS, Shigella boydii 
Q3Z392|YCDX_SHISS, Shigella sonnei   E7T3G3_9ENTR, Shigella boydii ATCC 9905 
A0A7D6YTS2_9ENTR, Enterobacter hormaechei  A0A163VYN4_KLEOX, Klebsiella oxytoca 

                                     His465 

                                            
                  HN       N:  

                                        H+          

            339His               O-H  Glu410  

     Zn2+    Mg2+ 

            341His               Asp526                         

 

tr|B1EL68|B1EL68_ESCAT              MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHFINMRIWP 60 
tr|A0A2B7MK98|A0A2B7MK98_9ESCH      MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHFINMRIWP 60 
sp|Q0T606|YCDX_SHIF8                MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHFINMRIWP 60 
tr|A0A6I1J2J7|A0A6I1J2J7_9ENTR      MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHFINMRIWP 60 
tr|A0A0A6ZQ83|A0A0A6ZQ83_SHIDY      MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHFINMRIWP 60 
sp|P75914|YCDX_ECOLI                MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHFINMRIWP 60 
tr|A0A5Q3TIN6|A0A5Q3TIN6_9ENTR      MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHFINMRIWP 60 
sp|Q31Z90|YCDX_SHIBS                MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHFINMRIWP 60 
sp|Q3Z392|YCDX_SHISS                MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHFINMRIWP 60 
tr|E7T3G3|E7T3G3_9ENTR              MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHFINMRIWP 60 
tr|A0A7D6YTS2|A0A7D6YTS2_9ENTR      MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHFINMRIWP 60 
tr|A0A163VYN4|A0A163VYN4_KLEOX      MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHFINMRIWP 60 
                                    ************************************************************ 

 
tr|B1EL68|B1EL68_ESCAT              RVVDGVGSLRGIEANIKNVDGEIDCSGKMFESLDLIIAGFHEPVFAPHDKATNTRAMIAA 120 
tr|A0A2B7MK98|A0A2B7MK98_9ESCH      RVVDGVGILRGIEANIKNVDGEIDCSGKMFESLDLIIAGFHEPVFAPHDKATNTQAMIAT 120 
sp|Q0T606|YCDX_SHIF8                RVVDGVGILRGIEANIKNVDGEIDCSGKMFDSLDLIIAGFHEPVFAPHDKATNTQAMIST 120 
tr|A0A6I1J2J7|A0A6I1J2J7_9ENTR      RVVDGVGILRGIEANIKNVDGEIDCSGKMFDSLDLIIAGFHEPVFAPHDKATNTQAMIAT 120 
tr|A0A0A6ZQ83|A0A0A6ZQ83_SHIDY      RVVDGVGILRGIEANIKNVDGEIDCSGKMFDSLDLIIAGFHEPVFAPHDKATNTQAMIAT 120 
sp|P75914|YCDX_ECOLI                RVVDGVGILRGIEANIKNVDGEIDCSGKMFDSLDLIIAGFHEPVFAPHDKATNTQAMIAT 120 
tr|A0A5Q3TIN6|A0A5Q3TIN6_9ENTR      RVVDGVGILRGIEANIKNVDGEIDCSGKMFDSLDLIIAGFHEPVFAPHDKATNTQAMIAT 120 
sp|Q31Z90|YCDX_SHIBS                RVVDGVGILRGIEANIKNVDGEIDCSGKMFDSLDLIIAGFHEPVFAPHDKATNTQAMIAT 120 
sp|Q3Z392|YCDX_SHISS                RVVDGVGILRGIEANIKNVDGEIDCSGKMFDSLDLIIAGFHEPVFAPHDKATNTQAMIAT 120 
tr|E7T3G3|E7T3G3_9ENTR              RVVDGVGILRGIEANIKNVDGEIDCSGKMFDSLDLIIAGFHEPVFAPHDKATNTQAMIAT 120 
tr|A0A7D6YTS2|A0A7D6YTS2_9ENTR      RVVDGVGILRGIEANIKNVDGEIDCSGKMFDSLDLIIAGFHEPVFAPHDKATNTQAMIAT 120 
tr|A0A163VYN4|A0A163VYN4_KLEOX      RVVDGVGILRGIEANIKNVDGEIDCSGKMFDSLDLIIAGFHEPVFAPHDKATNTQAMIAT 120 
                                    ******* **********************:***********************:***:: 

 
tr|B1EL68|B1EL68_ESCAT              MASGHVHMVSHPGNPKYPVDFKAIAEAAAEYQVALEINNSSFLHSRKGSEDNCRALAAAV 180 
tr|A0A2B7MK98|A0A2B7MK98_9ESCH      IASGNVHIISHPGNPKYSIDFNAVAEAAAKYQVALEINNSSFLHSRKGSEENCRAVAAAV 180 
sp|Q0T606|YCDX_SHIF8                IASGNVHIISHPGNPKYEIDVKAVAEAAAKHQVALEINNSSFLHSRKGSEDNCRAVAAAV 180 
tr|A0A6I1J2J7|A0A6I1J2J7_9ENTR      IASGNVHIISHPGNPKYEIDVKAVAEAAAKYQVALEINNSSFLHSRKGSEDNCRAVAAAV 180 
tr|A0A0A6ZQ83|A0A0A6ZQ83_SHIDY      IASGNVHIISHPGNPKYEIDVKAVAEAAAKHQVALEINNSSFLHSRKGSEDNCRAVAAAV 180 
sp|P75914|YCDX_ECOLI                IASGNVHIISHPGNPKYEIDVKAVAEAAAKHQVALEINNSSFLHSRKGSEDNCREVAAAV 180 

tr|A0A5Q3TIN6|A0A5Q3TIN6_9ENTR      IASGNVHIISHPGNPKYEIDVKAVAEAAAKHQVALEINNSSFLHSRKGSEDNCREVAAAV 180 
sp|Q31Z90|YCDX_SHIBS                IASGNVHIISHPGNPKYEIDVKAVAEAAAKHQVALEINNSSFLHSRKGSEDNCRAVAAAV 180 
sp|Q3Z392|YCDX_SHISS                IASGNVHIISHPGNPKYEIDVKAVAEAAAKHQVALEINNSSFLHSRKGSEDNCRAVAAAV 180 
tr|E7T3G3|E7T3G3_9ENTR              IASGNVHIISHPGNPKYEIDVKAVAEAAAKHQVALEINNSSFLHSRKGSEDNCRAVAAAV 180 
tr|A0A7D6YTS2|A0A7D6YTS2_9ENTR      IASGNVHIISHPGNPKYEIDVKAVAEAAAKHQVALEINNSSFLHSRKGSEDNCRAVAAAV 180 
tr|A0A163VYN4|A0A163VYN4_KLEOX      IASGNVHIISHPGNPKYEIDVKAVAEAAAKHQVALEINNSSFLHSRKGSEDNCRAVAAAV 180 
                                    :***:**::******** :*.:*:*****::*******************:*** :**** 

 
tr|B1EL68|B1EL68_ESCAT              RDAGGWVALGSDSHTAFTMGEFEECRKILDAVDFPQERILNVSPRRLLSFLESRGMSPIA 240 
tr|A0A2B7MK98|A0A2B7MK98_9ESCH      RDAGGWVALGSDSHTAFTMGDFAECRKILDAVDFPQERILNVSPRRLLNFLESRGMAPIA 240 
sp|Q0T606|YCDX_SHIF8                RDAGGWVALGSDSHTAFTMGEFEECLKILDAVDFPLERILNVSPRRLLNFLESRGMAPIA 240 
tr|A0A6I1J2J7|A0A6I1J2J7_9ENTR      RDAGGWVALGSDSHTAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPIA 240 
tr|A0A0A6ZQ83|A0A0A6ZQ83_SHIDY      RDAGGWVALGSDSHTAFSMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPIA 240 
sp|P75914|YCDX_ECOLI                RDAGGWVALGSDSHTAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPIA 240 
tr|A0A5Q3TIN6|A0A5Q3TIN6_9ENTR      RDAGGWVALGSDSHTAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPIA 240 
sp|Q31Z90|YCDX_SHIBS                RDAGGWVALGSDSHTAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPIA 240 
sp|Q3Z392|YCDX_SHISS                RDAGGWVALGSDSHTAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPIA 240 
tr|E7T3G3|E7T3G3_9ENTR              RDAGGWVALGSDSHTAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPIA 240 
tr|A0A7D6YTS2|A0A7D6YTS2_9ENTR      RDAGGWVALGSDSHTAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPIA 240 
tr|A0A163VYN4|A0A163VYN4_KLEOX      RDAGGWVALGSDSHTAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPIA 240 
                                    *****************:**:* ** ********* ************.*******:*** 
 
tr|B1EL68|B1EL68_ESCAT              EFADF 245 
tr|A0A2B7MK98|A0A2B7MK98_9ESCH      EFADL 245 
sp|Q0T606|YCDX_SHIF8                EFADL 245 
tr|A0A6I1J2J7|A0A6I1J2J7_9ENTR      EFADL 245 
tr|A0A0A6ZQ83|A0A0A6ZQ83_SHIDY      EFADL 245 
sp|P75914|YCDX_ECOLI                EFADL 245 
tr|A0A5Q3TIN6|A0A5Q3TIN6_9ENTR      EFADL 245 
sp|Q31Z90|YCDX_SHIBS                EFADL 245 
sp|Q3Z392|YCDX_SHISS                EFADL 245 
tr|E7T3G3|E7T3G3_9ENTR              EFADL 245 
tr|A0A7D6YTS2|A0A7D6YTS2_9ENTR      EFADL 245 
tr|A0A163VYN4|A0A163VYN4_KLEOX      EFADL 245 
                                    ****: 
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Fig. 16. Proposed amino acids at the active site of E. coli YcdX phosphoesterase 

 
They have found that the YcdX had an unusual 
type of topology with a β7α7barrel type of 
structure whose C-terminal side had a deep cleft 
that contained three metal-binding sites which 
were ligated to the imidazole group of residues 
His

7
, His

9
 and His

15
 from motif I; His

40
 from motif 

II; His101 from motif III, His131 and His194 from 
motif IV; as well as to the carboxylate group of 
Glu

73
, Glu

156
 and Asp

192
, the latter belonged also 

to Motif IV. Fig. 15 shows the MSA of the YcdX 
phosphoesterases which belong to PHP 
superfamily with the active site pattern as -
HxH→E→H→D-.  Furthermore, these enzymes 
are almost completely conserved in their               
entire sequence only with a few changes.  A 
probable HNH motif is also observed  
(highlighted in light red) suggesting their possible 
lateral transfer between genomes of bacterial 
species. 

 
4.2.1 Active Site Analyses of the YcdX 

Phosphoesterase 
 
Out of the three Zn atoms, the Zn2 which is 
coordinated by H

7
, H

9
, E

73
 and D

192
 and also 

coordinated to a water molecule could possibly 
involve in the excision of the nucleotide (Fig. 16). 
Zn1 is the “high-affinity” site occupied by zinc in 
the native structure bound to H

15
, H

40
, H

194
 and 

H20 (marked in red) could likely play the 
structural role. The proposed active site is based 
on the X-ray crystallographic data. The               
catalytic mechanism of YcdX may proceed 
through the nucleophilic attack of the susceptible 
phosphorus atom by the water molecule bridging 
Zn2 and Zn3, which is presumably a hydroxide 
ion [5 and references therein]. Interestingly, no 
Mg2+ or other divalent metal ions are found                 
in the X-ray crystallographic data. The               
conserved amino acids, viz. H131 of the motif –
SH

131
P- and E

156 
of the motif -E

156
IN- are based 

on the sequence similarity to DNA polymerases 
X. 

4.3. Intrinsic PR Activity in the 
Replicative DNA Polymerases III  

 
As shown in the earlier section, in the bacterial 
DNA polymerases III the PR function is 
performed by an independent subunit of the 
enzyme, (i.e.), by the ε-subunit which is a part of 
the MEC. In the MEC, the catalytic α-subunit of 
the polymerase III performs the polymerase 
function, whereas the ε-subunit performs the PR 
function.  However, a novel PHP type PR 
exonuclease activity was reported in the DNA 
polymerase III α-subunit itself from the 
thermophilic bacterium, Thermus thermophilus 
[4]. They have reported that the PR exonuclease 
domain was in the same polypeptide as the 
polymerase domain and was located in the N-
terminal region of the polymerase. They also 
found that the PR exonuclease was a typically a 
Zn

2+
 dependent enzyme, as the Zn

2+
 chelator O-

phenanthroline inhibited the enzyme activity 
drastically even in the presence of 10 mM Mg

2+
. 

Therefore, it was suggested that the functions of 
these two exonuclease activities could be 
complementary, i.e., the PHP enzyme might be 
more active on mismatches not preferred by the 
ε-exonuclease. From the MSA analysis it is clear 
that the active site of this type of enzyme 
consists of 4 motifs similar to other exonucleases 
of the PHP superfamily (Fig. 17). For example, 
the motif I has a dyad of histidines, which are 
separated by a single amino acid as HxH, which 
apparently coordinating the metal ion zinc. Motif 
II has an Asp/Glu, motif III has a His and motif IV 
has an Asp residue. It was proposed that the 
motifs II to IV might be involved in catalysis by 
participating in proton transfer and/or through 
metal ion coordination. The MSA shows the 
general active site pattern –HxH→E→H→D-, 
which is very similar to the pattern found in other 
PHP enzymes like DNA polymerases X and 
YcdX. The presence of the highly conserved 
template-binding YG pair (highlighted in yellow) 

                        His131                           H2O 
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suggests that this PR function is template-
dependent activity. 
 
Mix and Match analysis of the α-subunit of DNA 
polymerases III of E. coli and other mesophilic  
enzymes along with the thermophilic counterpart  
is shown in Fig. 15 (only the N-terminal PHP 
domain is shown here).  It shows that the 
mesophilic and thermophilic enzymes are not 
highly conserved but for the active site amino 
acids. However, some of the active site amino 
acids are not completely aligned in both the 
group of enzymes. Such a shift in the active site 
regions is already reported for invertases by 
Palanivelu [20]. Like other PHP enzymes this 
enzyme is also a strictly template–dependent 
enzyme as the template-binding YG pair is 

completely conserved in all (YK in the 
thermophilic enzyme) (highlighted in yellow). The 
metal-binding regions are highlighted in light 
green (Fig. 17).  

 

However, the MSA shows that the conserved 
amino acids that are found in T. thermophilus 

enzyme are also found in other α-subunits of the 
mesophilic DNA polymerases III, but with slight 
modifications, e.g., HLH→HLR; DHG→DFT; 
EMG→EM/LT; DAR→DAH (similar conserved 
sequences in mesophiles are shown in red) (Fig. 
16). The first and the last triads are highly 
conserved with similar amino acids motif. These 
data suggest that the active site amino acids are 
still intact in the α-subunits of the DNA 
polymerases III in both the groups of organisms.  

 
CLUSTAL O (1.2.4) Mix and Match analysis of the α-subunit of DNA polymerases III 

 
 
 

 
 
 

 
tr|Q72GP2|Q72GP2_THET2              MGRKLRFAHLHQHTQFSLLDGAAKLSDLLKWVKETTPEDPALAMTDHGNLFGAVEFYKKA 60 
tr|A0A071LXE8|A0A071LXE8_9ENTR      -MAEPRFVHLRIHSDYSMIDGLAKVGPLVKKA--ASLNMPAMAITDFTNLCGLVKFYGGA 57 
sp|P10443|DPO3A_ECOLI               -MSEPRFVHLRVHSDYSMIDGLAKTAPLVKKA--AALGMPALAITDFTNLCGLVKFYGAG 57 
tr|A0A7H8SQP7|A0A7H8SQP7_SHISO      -MSEPRFVHLRVHSDYSMIDGLAKTAPLVKKA--AALGMPALAITDFTNLCGLVKFYGAG 57 
tr|A0A0M7N2M0|A0A0M7N2M0_9BURK      -MSEPRFVHLRVHSDYSMIDGLAKTAPLVKKA--AALGMPALAITDFTNLCGLVKFYGAG 57 
tr|A0A6B8XLK6|A0A6B8XLK6_SHIBO      -MSEPRFVHLRVHSDYSMIDGLAKTAPLVKKA--AALGMPALAITDFTNLCGLVKFYGAG 57 
tr|A0A3C0H056|A0A3C0H056_9ENTR      -MAEPRFVHLRVHSDYSMIDGLAKTGPLVKKA--ASLGMPALAITDFTNLCGLVKFYGGA 57 
tr|A0A447ML45|A0A447ML45_KLUIN      -MAEPRFVHLRVHSDYSMIDGLAKTGPLVKKA--AALGMPALAITDFTNLCGLVKFYGAG 57 
tr|A0A2P5GML4|A0A2P5GML4_9ENTR      -MAEPRFVHLRVHSDYSMIDGLAKTGPLVKTA--ASLGMPALAITDFMNLCGLVKFYGTA 57 
tr|A0A5R9ING3|A0A5R9ING3_9ENTR      -MAEPRFVHLRVHSDYSMIDGLAKTGPLVKKA--AALGMPALAITDFTNLCGLVKFYGTA 57 
tr|A0A5B7XQ40|A0A5B7XQ40_9ENTR      -MAEPRFVHLRVHSDYSMIDGLAKTGPLVKKA--AALGMPALAITDFTNLCGLVKFYGTA 57 
tr|A0A2N0CMK4|A0A2N0CMK4_9ENTR      -MAEPRFVHLRVHSDYSMIDGLAKTGPLVKKA--ASLGMPALAITDFTNLCGLVKFYGTA 57 
tr|A0A5D4YAD4|A0A5D4YAD4_9ENTR      -MAEPRFVHLRVHSDYSMIDGLAKTGPLVKKA--ASLGMPALAITDFTNLCGLVKFYGTA 57 
tr|A0A3S5XXT2|A0A3S5XXT2_LELAM      -MAEPRFVHLRVHSDYSMIDGLAKTGPLVKKA--AALGMPALAITDFTNLCGLVKFYGAA 57 
                                       : **.**: *:::*::** ** . *:* .  ::   **:*:**. ** * *:**  . 

tr|Q72GP2|Q72GP2_THET2              TEMGIKPILGYEAYVAAESRFDRKRGKGLDGGYFHLTLLAKDFTGYQNLVRLASRAYLEG 120 
tr|A0A071LXE8|A0A071LXE8_9ENTR      HGVGMKPIVGADLQMTSEISG---------DEMTQLTVLAVNNTGYQNLTLLISHAYQRG 108 
sp|P10443|DPO3A_ECOLI               HGAGIKPIVGADFNVQCDLLG---------DELTHLTVLAANNTGYQNLTLLISKAYQRG 108 
tr|A0A7H8SQP7|A0A7H8SQP7_SHISO      HGAGIKPIVGADFNVQCDLLG---------DELTHLTVLAANNTGYQNLTLLISKAYQRG 108 
tr|A0A0M7N2M0|A0A0M7N2M0_9BURK      HGAGIKPIVGADFNVQCDLLG---------DELTHLTVLAANNTGYQNLTLLISKAYQRG 108 
tr|A0A6B8XLK6|A0A6B8XLK6_SHIBO      HGAGIKPIVGADFNVQCDLLG---------DELTHLTVLAANNTGYQNLTLLISKAYQRG 108 
tr|A0A3C0H056|A0A3C0H056_9ENTR      HGAGMKPIIGADFNVHNPIMG---------DELNELTVLAADNTGYQNLTLLISRAYQRG 108 
tr|A0A447ML45|A0A447ML45_KLUIN      HGAGIKPIVGADFHVQSELFG---------DELTQLTVLAANNVGYQNLTLLISKAYQRG 108 
tr|A0A2P5GML4|A0A2P5GML4_9ENTR      HGAGIKPIVGADFHVQNDLLA---------DEMTQLTVLAMNNVGYQNLTLLISRAYQRG 108 
tr|A0A5R9ING3|A0A5R9ING3_9ENTR      HGAGMKPVIGADFHVQSELLA---------DEMTQITVLAMNNTGYQNLTLLISRAYQRG 108 
tr|A0A5B7XQ40|A0A5B7XQ40_9ENTR      HGAGMKPVIGADFHLQSELLA---------DEMTQITVLAMNNTGYQNLTLLISRAYQRG 108 
tr|A0A2N0CMK4|A0A2N0CMK4_9ENTR      HGSGLKPIVGADFHVQCDLIG---------DELTQISVLAMNNTGYQNLTLLISRAYQRG 108 
tr|A0A5D4YAD4|A0A5D4YAD4_9ENTR      HGSGLKPIVGADFHVQCDLIG---------DELTQISVLAMNNTGYQNLTLLISRAYQRG 108 
tr|A0A3S5XXT2|A0A3S5XXT2_LELAM      HGAGLKPIIGADFHVQSELLG---------DEMTQISVLAMNNTGYQNLTLLISRAYQRG 108 
                                       *:**::* :  :               .   .:::** : .*****. * *:** .* 

 
tr|Q72GP2|Q72GP2_THET2              FYE-KPRIDREILREHAEGLIALSGCLGAEIPQFILQDRLDLAEARLNEYLSIFKDRFFI 179 
tr|A0A071LXE8|A0A071LXE8_9ENTR      YGDAGPWIDREWLVELSEGLIILSGGRMGEVGKAILRGNDVQVEQSLAFWKQHFPDRFYL 168 
sp|P10443|DPO3A_ECOLI               YGAAGPIIDRDWLIELNEGLILLSGGRMGDVGRSLLRGNSALVDECVAFYEEHFPDRYFL 168 
tr|A0A7H8SQP7|A0A7H8SQP7_SHISO      YGAAGPIIDRDWLIELNEGLILLSGGRMGDVGRSLLRGNSALVDECVAFYEEHFPDRYFL 168 
tr|A0A0M7N2M0|A0A0M7N2M0_9BURK      YGAAGPIIDRDWLIELNEGLILLSGGRMGDVGRSLLRGNSALVDECVAFYEEHFPDRYFL 168 
tr|A0A6B8XLK6|A0A6B8XLK6_SHIBO      YGAAGPIIDRDWLIELNEGLILLSGGRMGDVGRSLLRGNSALVDECVAFYEEHFPDRYFL 168 
tr|A0A3C0H056|A0A3C0H056_9ENTR      YGAAGPFIDLDWLAEHRDGLILLSGARKGDVGKSLLRGNMALVDQCLSFYQQHFADRFYL 168 
tr|A0A447ML45|A0A447ML45_KLUIN      YGAAGPIIDRDWLVELKEGLILLSGARMGDVGRALLRGNMALVEQCAEFYETHFPNAYFL 168 
tr|A0A2P5GML4|A0A2P5GML4_9ENTR      YGALGPWIDRDWLAELGEGLILLSGGRLGDVGRSVMRGNNTLVDQCLSFYETHFPDRFYL 168 
tr|A0A5R9ING3|A0A5R9ING3_9ENTR      YGPQGPWIDREWLAELNEGLLLISGGRMGDIGRCLLRGNTALVEQCVDFYKEYFPDRFYL 168 
tr|A0A5B7XQ40|A0A5B7XQ40_9ENTR      YGPQGPWIDREWLAELNEGLLLISGGRMGDIGRCLLRGNTALVEQCVDFYKEYFPDRFYL 168 
tr|A0A2N0CMK4|A0A2N0CMK4_9ENTR      YGAAGPWIDREWLAELNEGLLLISGGRLGDVGKSLLRGNSALVDQCVAFYEEHFADRFYL 168 
tr|A0A5D4YAD4|A0A5D4YAD4_9ENTR      YGAAGPWIDREWLAELNEGLLLISGGRLGDVGKSLLRGNSALVDQCVAFYEEHFADRFYL 168 
tr|A0A3S5XXT2|A0A3S5XXT2_LELAM      YGAAGPWIDRDWLAELNEGLLLISGGRMGDVGKSLIRGNNILVEQCVAFYEEYFPDRFYL 168 
                                    :    * ** : * *  :**: :**   .:: : :::..   .:     :   * : ::: 
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Fig. 17 Mix and Match analysis of the α-subunit of the thermophilic DNA polymerase III with 
mesophilic DNA polymerase III α-subunits 

Q72GP2_THET2, Thermus thermophilus   A0A071LXE8_9ENTR, Mangrovibacter sp. 
P10443|DPO3A_ECOLI, Escherichia coli (K12) A0A7H8SQP7_SHISO, Shigella sonnei 
A0A0M7N2M0_9BURK, Achromobacter sp.  A0A6B8XLK6_SHIBO, Shigella boydii 
A0A3C0H056_9ENTR, Enterobacteriaceae bacterium A0A447ML45_KLUIN, Kluyvera intermedia 
A0A2P5GML4_9ENTR, Superficieibacter electus  A0A5R9ING3_9ENTR, Enterobacter sp. 
A0A5B7XQ40_9ENTR, Leclercia adecarboxylata  A0A2N0CMK4_9ENTR, Cedecea lapagei 
A0A5D4YAD4_9ENTR, Lelliottia nimipressurali;  A0A3S5XXT2_LELAM, Lelliottia amnigena 

 
Therefore, it is intriguing to know how E. coli and 
other mesophilic organisms have lost this activity 
or not detectable in their α-subunits even though 
both possess similar active site amino acids and 
motifs. Therefore, it is tempting to speculate that 
these mesophilic enzymes may also have the 
intrinsic co-editing function but possibly 
unexplored.  

 

The T. thermophilus α-subunit of the DNA 
polymerase III and B. subtilis X polymerase 
shows – very similar active site patterns. For 
example, the 9HLH-----46DHG---61EMG----220DAR 
pattern at the very N-terminal region of the α-
subunit of the DNA polymerase III is very similar 

to the ---339HMH------370DHS--428EMD----526DAH-
pattern found in DNA polymerases X (numbering 
from B. subtilis DNA polymerase X) (Fig. 17).  
 

5. PR FUNCTION IN CORONAVIRAL RNA 
POLYMERASES 

 

5.1 PR Function in RdRps of SARS-CoVs 
 

Majority of the human diseases are caused by 
RNA viruses [21]. All these RNA viruses replicate 
their genome as well as transcribe their genes 
using the single enzyme, the RdRp. Therefore, 
major advancements towards the design and 
development of antivirals are expected to come 

 
 
tr|Q72GP2|Q72GP2_THET2              EIQNHGLPEQKKVNEVLKEFARKYGLGMVATNDGHYVRKEDARAHEVLLAIQSKSTLDDP 239 
tr|A0A071LXE8|A0A071LXE8_9ENTR      ELIRTGRPDEESYLHAAVKLAEQHGLPVVATNDVRFLEASDFDAHEIRVAIHDGFTLDDP 228 
sp|P10443|DPO3A_ECOLI               ELIRTGRPDEESYLHAAVELAEARGLPVVATNDVRFIDSSDFDAHEIRVAIHDGFTLDDP 228 
tr|A0A7H8SQP7|A0A7H8SQP7_SHISO      ELIRTGRPDEESYLHAAVELAEARGLPVVATNDVRFIDSSDFDAHEIRVAIHDGFTLDDP 228 
tr|A0A0M7N2M0|A0A0M7N2M0_9BURK      ELIRTGRPDEESYLHAAVELAEARGLPVVATNDVRFIDSSDFDAHEIRVAIHDGFTLDDP 228 
tr|A0A6B8XLK6|A0A6B8XLK6_SHIBO      ELIRTGRPDEESYLHAAVELAEARGLPVVATNDVRFIDSSDFDAHEIRVAIHDGFTLDDP 228 
tr|A0A3C0H056|A0A3C0H056_9ENTR      ELIRTGRTDEERYLHAAVALAEEKGLPVVATNDVRFINTDDFDAHEIRVAIHDGFTLDDP 228 
tr|A0A447ML45|A0A447ML45_KLUIN      ELIRTGRQDEEAYLHAAVRLAETRGLPVVATNDVRFLEPGDFDAHEIRVAIHDGFTLDDP 228 
tr|A0A2P5GML4|A0A2P5GML4_9ENTR      ELIRTGRQDEESYLHAAIKLAEERGLPVVATNDVRFISADDFDAHEIRVAIHDGFTLDDP 228 
tr|A0A5R9ING3|A0A5R9ING3_9ENTR      ELIRTGRPDEENYLHAAVALAEEQGLPVVASNDVRFINADDFDAHEIRVAIHDGFTLDDP 228 
tr|A0A5B7XQ40|A0A5B7XQ40_9ENTR      ELIRTGRPDEENYLHAAVALAEEQGLPVVASNDVRFINADDFDAHEIRVAIHDGFTLDDP 228 
tr|A0A2N0CMK4|A0A2N0CMK4_9ENTR      ELIRTGRPDEESYLHAAVALAEERGLPVVATNDVRFLEPDDFDAHEIRVAIHDGFTLDDP 228 
tr|A0A5D4YAD4|A0A5D4YAD4_9ENTR      ELIRTGRPDEESYLHAAVALAEERGLPVVATNDVRFLEPGDFDAHEIRVAIHDGFTLDDP 228 
tr|A0A3S5XXT2|A0A3S5XXT2_LELAM      ELIRTGRPDEENYLHAAVALAEQRGLPVVATNDVRFINAEDFDAHEIRVAIHDGFTLDDP 228 
                                    *: . *  :::   ..   :*.  ** :**:** :::   *  ***: :**:.  ***** 

/ / Probable polymerase active site region 
tr|A0A071LXE8|A0A071LXE8_9ENTR      EFMAAVMTADMDNTDKIVGLVDECWRMGLKILPPDINSGLYHFHVNNDGEIVYGIGAIKG 840 
sp|P10443|DPO3A_ECOLI               EFMAAVMTADMDNTEKVVGLVDECWRMGLKILPPDINSGLYHFHVNDDGEIVYGIGAIKG 840 
tr|A0A7H8SQP7|A0A7H8SQP7_SHISO      EFMAAVMTADMDNTEKVVGLVDECWRMGLKILPPDINSGLYHFHVNDDGEIVYGIGAIKG 840 
tr|A0A0M7N2M0|A0A0M7N2M0_9BURK      EFMAAVMTADMDNTEKVVGLVDECWRMGLKILPPDINSGLYHFHVNDDGEIVYGIGAIKG 840 
tr|A0A6B8XLK6|A0A6B8XLK6_SHIBO      EFMAAVMTADMDNTEKVVGLVDECWRMGLKILPPDINSGLYHFHVNDDGEIVYGIGAIKG 840 
tr|A0A3C0H056|A0A3C0H056_9ENTR      EFMAAVMTADMDNTDKVVGLVDECWRMGLKILPPDINSGLYHFHVNDDGEIVYGIGAIKG 840 
tr|A0A447ML45|A0A447ML45_KLUIN      EFMAAVMTADMDNTEKVVGLVDECWRMGLKILPPDINSGLYHFHVNQDGEIVYGIGAIKG 840 
tr|A0A2P5GML4|A0A2P5GML4_9ENTR      EFMAAVMTADMDNTEKVVGLVDECWRMGLKILPPDINSGLYHFHVNDDGEIVYGIGAIKG 840 
tr|A0A5R9ING3|A0A5R9ING3_9ENTR      EFMAAVMTADMDNTEKVVGLVDECWRMGLKILPPDINSGQYHFHVNDDGEIVYGIGAIKG 840 
tr|A0A5B7XQ40|A0A5B7XQ40_9ENTR      EFMAAVMTADMDNTEKVVGLVDECWRMGLKILPPDINSGQYHFHVNDDGEIVYGIGAIKG 840 
tr|A0A2N0CMK4|A0A2N0CMK4_9ENTR      EFMAAVMTADMDNTEKVVGLVDECWRMGLKILPPDINAGMYHFHVNDDGEIVYGIGAIKG 840 
tr|A0A5D4YAD4|A0A5D4YAD4_9ENTR      EFMAAVMTADMDNTEKVVGLVDECWRMGLKILPPDINAGMYHFHVNDDGEIVYGIGAIKG 840 
tr|A0A3S5XXT2|A0A3S5XXT2_LELAM      EFMAAVMTADMDNTEKVVGLVDECWRMGLKILPPDINAGMYHFHVNDDGEIVYGIGAIKG 840 
                                    **************:*:********************:* ******:************* 

// End of polymerase α-subunit 
tr|Q72GP2|Q72GP2_THET2              EAAGFRAYLLPDREVLLQGGQAGEAQEAVPF 2067 
tr|A0A071LXE8|A0A071LXE8_9ENTR      ------------------------------- 1160 
sp|P10443|DPO3A_ECOLI               ------------------------------- 1160 
tr|A0A7H8SQP7|A0A7H8SQP7_SHISO      ------------------------------- 1160 
tr|A0A0M7N2M0|A0A0M7N2M0_9BURK      ------------------------------- 1160 
tr|A0A6B8XLK6|A0A6B8XLK6_SHIBO      ------------------------------- 1160 
tr|A0A3C0H056|A0A3C0H056_9ENTR      ------------------------------- 1160 
tr|A0A447ML45|A0A447ML45_KLUIN      ------------------------------- 1160 
tr|A0A2P5GML4|A0A2P5GML4_9ENTR      ------------------------------- 1160 
tr|A0A5R9ING3|A0A5R9ING3_9ENTR      ------------------------------- 1160 
tr|A0A5B7XQ40|A0A5B7XQ40_9ENTR      ------------------------------- 1160 
tr|A0A2N0CMK4|A0A2N0CMK4_9ENTR      ------------------------------- 1160 
tr|A0A5D4YAD4|A0A5D4YAD4_9ENTR      ------------------------------- 1160 
tr|A0A3S5XXT2|A0A3S5XXT2_LELAM      ------------------------------- 1160 
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from studies on the structure-function 
relationships of the enzymes of the RTC (RdRp, 
Primase, etc.) and PR exonuclease, also known 
as ExoN in CoVs. Active site analyses of the 
RdRps and Primases in SARS, SARS-related 
CoVs and HCoVs have been already reported by 
[22, 23 and references therein]. Therefore, in this 
communication, the ExoN which plays an 
important role in the replication of the viral 
genome is analysed to understand its active-site 
architecture and catalytic mechanism. As the 
ExoN of the SARS-CoVs directly interferes with 
the replication of the genome, it is also 
considered as a new target for drug design in 
addition to the RdRps and primases. 

 
The ExoNs are found in nidoviruses only when 
their genome-size exceed beyond a certain 
threshold, i.e., >20 kb and thus, all nidoviruses 
with genome sizes above this threshold 
invariably possess the ExoN, whereas below the 
threshold do not possess the ExoN. [24]. 
Therefore, in all the four families of the 
Nidovirales, only the Arteriviridae (infects 
vertebrates) with a genome size ~15 kb do not 
possess the ExoN. The other three families, 
viz. Coronaviridae (~30 kb, infect vertebrates, 
mostly mammals), and the Roniviridae (~26 kb, 

infect mainly crustaceans) and Mesoniviridae 
(~20 kb, infect invertebrates) possess the Exon 
[25]. Therefore, the Coronaviridae with larger 
genome sizes, like the SARS-CoVs, SARS-
related CoVs and HCoVs, invariably possess the 
ExoNs. It is suggested that the ExoNs might 
have been acquired by the three nidoviruses 
during evolution for the maintenance and stability 
of their larger genomes. The ExoN is encoded by 
the nonstructural protein 14 (NSP14) in CoVs 
and is found to be a bifunctional enzyme 
harbouring two enzyme activities on the same 
polypeptide, viz. a PR exonuclease activity at the 
N-terminal region (from amino acids 1 to 287), 
and a guanine-N7-methyltransferase (N7-MTase) 
activity for mRNA capping at the C-terminal 
region (from amino acids 288 to 527, numbering 
from SARS-CoV-1).  Amino acids from 288 to 
301 make a convoluted loop and a break in the 
loop resulted in the abolishment of the N7-MTase 
activity. The PR exonuclease and the N7-MTase 
domains perform PR function and viral mRNA 
capping, respectively, during genome replication 
and transcription processes. [26, 27] have found 
that these two domains function independently 
as in all ExoN knockout mutants the PR activity 
was severely affected, whereas the N7-MTase 
activity was not affected.  

 

CLUSTAL O (1.2.4) MSA of ExoN and PR-exonucleases (Amino acids 1-287 represent PR 
exonuclease and 288-527 represent N7-MTase) 

 

 
 
 
 

 
    PR exonuclease 

HCoV-NL63_NSP14         SSQVCGLFKNCTRTPLNLPPTHAHTFLSLSDQFKTTGDLAVQIGSN-NVCTYEHVISFMG     59 
HCoV-229E_NSP14         SESSCGLFKDCARNPIDLPPSHATTYLSLSDRFKTSGDLAVQIGNN-NVCTYEHVISYMG 59 
YP_460021.1             --CTTNLFKDCSKSCLGYHPAHAPSFLAVDDKYKVNENLAVNLNICEPVLTYSRLISLMG 58 
YP_009555255.1          --CSTNLFKDCSKSYSGYHPAHAPSFLAVDDKYKATGDLAVCLGIGDSAVTYSRLISLMG 58 
MERS-CoV_NSP14          SQIVTGLFKDCSRETSGLSPAYAPTYVSVDDKYKTSDELCVNLNLP-ANVPYSRVISRMG 59 
SARS-CoV-1              AENVTGLFKDCSKIITGLHPTQAPTHLSVDIKFKTEGLCVDIPGIP-KDMTYRRLISMMG 59 
Civet-CoV_NSP14         AENVTGLFKDCSKIITGLHPTQAPTHLSVDIKFKTEGLCVDIPGIP-KDMTYRRLISMMG 59 
Pangolin-CoV_NSP14      AENVTGLFKDCSKVITGLHPTQAPTYLSVDTKFKTEGLCVDIPGIP-KDMTYRRLISMMG 59 
SARS-CoV-2              AENVTGLFKDCSKVITGLHPTQAPTHLSVDTKFKTEGLCVDIPGIP-KDMTYRRLISMMG 59 
Bat-CoV_RaTG13          AENVTGLFKDCSKVITGLHPTQAPTHLSVDTKFKTEGLCVDIPGIP-KDMTYRRLISMMG 59 
                             .***:*::   .  *: * :.:::. ::*.        .       * ::** ** 

 
HCoV-NL63_NSP14         FRFDISIPGSHSLFCTRDFAIRNVRGWLGMDVESAHVCGDNIGTNVPLQVGFSNGVNFVV 119 
HCoV-229E_NSP14         FRFDVSMPGSH--FCTRDFAMRHVRGWLGMDVEGAHVTGDNVGTNVPLQVGFSNGVDFVA 117 
YP_460021.1             FKLDLTLDGYSKLFITKDEAIKRVRGWVGFDVEGAHATRENIGTNFPLQIGFSTGVDFVV 118 
YP_009555255.1          FKLDVTLDGYCKLFITKEEAVKRVRAWVGFDAEGAHATRDSIGTNFPLQLGFSTGIDFVV 118 
MERS-CoV_NSP14          FKLDATVPGYPKLFITREEAVRQVRSWIGFDVEGAHASRNACGTNVPLQLGFSTGVNFVV 119 
SARS-CoV-1              FKMNYQVNGYPNMFITREEAIRHVRAWIGFDVEGCHATRDAVGTNLPLQLGFSTGVNLVA 1192SDM 
Civet-CoV_NSP14         FKMNYQVNGYPHMFITREEAIRHVRAWIGFDVEGCHATRDAVGTNLPLQLGFSTGVNLVA 119 
Pangolin-CoV_NSP14      FKMNYQVNGYPNMFITREEAIKHVRAWVGFDVEGCHATREAVGTNLPLQLGFSTGVNLVA 119 
SARS-CoV-2              FKMNYQVNGYPNMFITREEAIRHVRAWIGFDVEGCHATREAVGTNLPLQLGFSTGVNLVA 119 
Bat-CoV_RaTG13          FKMNYQVNGYPNMFITREEAVRHVRAWIGFDVEGCHATREAIGTNLPLQLGFSTGVNLVA 119 
                        *:::  : *    * *:: *::.**.*:*:*.*..*.  :  ***.***:***.*:::*. 
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HCoV-NL63_NSP14         QTEGCVSTNFGDVIKPVCAKSPPGEQFRHLVPLLRKGQPWLIVRRRIVQMISDYLSNLSD 179 
HCoV-229E_NSP14         QPEGCVLTNTGSVVKPVRARAPPGEQFTHIVPLLRKGQPWSVLRKRIVQMIADFLAGSSD 177 
YP_460021.1             EATGLFAERDCYTFKKTVAKAPPGEKFKHLIPLMSKGQKWDIVRIRIVQMLSDYLLDLSD 178 
YP_009555255.1          EATGLFADRDGYSFKKAVAKAPPGEQFKHLIPLMTRGHRWDVVRPRIVQMFADHLIDLSD 178 
MERS-CoV_NSP14          QPVGVVDTEWGNMLTGIAARPPPGEQFKHLVPLMHKGAAWPIVRRRIVQMLSDTLDKLSD 179 
SARS-CoV-1              VPTGYVDTENNTEFTRVNAKPPPGDQFKHLIPLMYKGLPWNVVRIKIVQMLSDTLKGLSD 179 
Civet-CoV_NSP14         VPTGYVDTENNTEFTRVNAKPPPGDQFKHLIPLMYKGLPWNVVRIKIVQMLSDTLKGLSD 179 
Pangolin-CoV_NSP14      VPTGYVDTPNATEFSRVSAKPPPGDQFKHLIPLMYKGLPWNIVRIKIVQMLSDTLKNLSD 179 
SARS-CoV-2              VPTGYVDTPNNTDFSRVSAKPPPGDQFKHLIPLMYKGLPWNVVRIKIVQMLSDTLKNLSD 179 
Bat-CoV_RaTG13          VPTGYVDTPNNTDFSRVSAKPPPGDQFKHLIPLMYKGLPWNVVRIKIVQMLSDTLKNLSD 179 
                           * .       ..   *: ***::* *::**: :*  * ::* :****::* *   ** 

HCoV-NL63_NSP14         ILVFVLWAGSLELTTMRYFVKIGPIK-YCYCGNFATCYNSVSNEYCCFKHALGCDYVYNP 238 
HCoV-229E_NSP14         VLVFVLWAGGLELTTMRYFVKIGAVK-HCQCGTVATCYNSVSNDYCCFKHALGCDYVYNP 236 
YP_460021.1             SVVFITWSASFELTCLRYFAKLGRELNCNVCSNRATCYNSRTGYYGCWRHSYTCDYVYNP 238 
YP_009555255.1          CVVLVTWAANFELTCLRYFAKVGREISCNVCTKRATVYNSRTGYYGCWRHSVTCDYLYNP 238 
MERS-CoV_NSP14          YCTFVCWAHGFELTSASYFCKIGKEQKCCMCNRRAAAYSSPLQSYACWTHSCGYDYVYNP 239  
SARS-CoV-1              RVVFVLWAHGFELTSMKYFVKIGPERTCCLCDKRATCFSTSSDTYACWNHSVGFDYVYNP 2392SDM 
Civet-CoV_NSP14         RVVFVLWAHGFELTSMKYFVKIGPERTCCLCDKRATCFSTSSDTYACWNHSVGFDYVYNP 239 
Pangolin-CoV_NSP14      RVVFVLWAHGXELTSMKYFVKIGPERTCCLCDKRATCFCTASDTYACWHHSVGFDYVYNP 239 
SARS-CoV-2              RVVFVLWAHGFELTSMKYFVKIGPERTCCLCDRRATCFSTASDTYACWHHSIGFDYVYNP 239 
Bat-CoV_RaTG13          RVVFVLWAHGFELTSMKYFVKIGPERTCCLCDKRATCFSTASDTYACWHHSIGFDYVYNP 239 
                          .:: *: . ***   ** *:*       *   *: : :    * *: *:   **:*** 

                   N-7 MTase 
HCoV-NL63_NSP14         YAFDIQQWGYVGSLSQNHHTFCNIHRNEHDASGDAVMTRCLAVHDCFV KNVDWTVTYPFI 298 
HCoV-229E_NSP14         YVIDIQQWGYVGSLSTNHHAICNVHRNEHVASGDAIMTRCLAVYDCFV KNVDWSITYPMI 296 
YP_460021.1             LIVDIQQWGYTGSLTSNHDIICNVHKGAHVASADAIMTRCLAIYDCFC KSVNWNLEYPII 298 
YP_009555255.1          LIVDIQQWGYIGSLSSNHDLYCSVHKGAHVASSDAIMTRCLAVYDCFC NNINWNVEYPII 298 
MERS-CoV_NSP14          FFVDVQQWGYVGNLATNHDRYCSVHQGAHVASNDAIMTRCLAIHSCFI ERVDWDIEYPYI 299  
SARS-CoV-1              FMIDVQQWGFTGNLQSNHDQHCQVHGNAHVASCDAIMTRCLAVHECFV KRVDWSVEYPII 2995SDM 
Civet-CoV_NSP14         FMIDVQQWGFTGNLQSNHDQHCQVHGNAHVASCDAIMTRCLAVHECFV KRVDWSVEYPII 299 
Pangolin-CoV_NSP14      FMIDVQQWGFTGNLQSNHDQYCQVHGNAHVASCDAIMTRCLAVHECFV KRVDWTIEYPII 299 
SARS-CoV-2              FMIDVQQWGFTGNLQSNHDLYCQVHGNAHVASCDAIMTRCLAVHECFV KRVDWTIEYPII 299 
Bat-CoV_RaTG13          FMIDVQQWGFTGNLQSNHDLYCQVHGNAHVASCDAIMTRCLAVHECFV KRVDWTIEYPII 299 
                          .*:****: *.*  **.  *.:* . * ** **:******::.**  : ::* : ** * 

HCoV-NL63_NSP14         ANEKFINGCGRNVQGHVVRAALKLYKPSVIHDIGNPKGVRCAVT-DAKWYCYDKQPVNSN 357 
HCoV-229E_NSP14         ANENAINKGGRTVQSHIMRAAIKLYNPKAIHDIGNPKGIRCAVT-DAKWYCYDKNPINSN 355 
YP_460021.1             SNEVSINTSCRLLQRVMLKAAMLCNRYNLCYDIGNPKGLACVKD--YEFKFYDAFPVAKS 356 
YP_009555255.1          SNELSINTSCRVLQRVILKAAMLCNRYTLCYDIGNPKAIACVKD--FDFKFYDAQPIVKS 356 
MERS-CoV_NSP14          SHEKKLNSCCRIVERNVVRAALLAGSFDKVYDIGNPKGIPIVDDPVVDWHYFDAQPLTRK 359 
SARS-CoV-1              GDELRVNSACRKVQHMVVKSALLADKFPVLHDIGNPKAIKCVPQAEVEWKFYDAQPCSDK 359 
Civet-CoV_NSP14         GDELRVNSACRKVQHMVVKSALLADKFPVLHDIGNPKAIKCVPQAEVEWKFYDAQPCSDK 359 
Pangolin-CoV_NSP14      GDELKINAACRKVQHMVVKAALLADKFPVLHDIGNPKAIKCVPQADTDWKFYDAQPCSDK 359 
SARS-CoV-2              GDELKINAACRKVQHMVVKAALLADKFPVLHDIGNPKAIKCVPQADVEWKFYDAQPCSDK 359 
Bat-CoV_RaTG13          GDELKINAACRKVQHMVVKAALLADKFPVLHDIGNPKAIKCVPQADVEWKFYDAQPCSDK 359 
                        ..*  :*   * ::  ::::*:        :******.:  .     .:  :*  *   . 
 
HCoV-NL63_NSP14         V---KLLDYDYATH--GQLDGLCLFWNCNVDMYPEFSIVCRFDTRTRSVFNLEGVNGGSL 412 
HCoV-229E_NSP14         V---KTLEYDYMTH--GQMDGLCLFWNCNVDMYPEFSIVCRFDTRTRSTLNLEGVNGGSL 410 
YP_460021.1             V---KQLFYVYDVHKDNFKDGLCMFWNCNVDKYPSNSIVCRFDTRVLNKLNLPGCNGGSL 413 
YP_009555255.1          V---KTLLYSFEAHKDSFKDGLCMFWNCNVDKYPPNAVVCRFDTRVLNNLNLPGCNGGSL 413 
MERS-CoV_NSP14          V---QQLFYT-EDMASRFADGLCLFWNCNVPKYPNNAIVCRFDTRVHSEFNLPGCDGGSL 415 
SARS-CoV-1              AYKIEELFYSYATHHDKFTDGVCLFWNCNVDRYPANAIVCRFDTRVLSNLNLPGCDGGSL 419 
Civet-CoV_NSP14         AYKIEELFYSYATHHDKFTDGVCLFWNCNVDRYPANAIVCRFDTRVLSNLNLPGCDGGSL 419 
Pangolin-CoV_NSP14      AYKIEELFYSYATHSDKFKDGVCLFWNCNVDRYPANAIVCRFDTRVLSNLNLPGCDGGSL 419 
SARS-CoV-2              AYKIEELFYSYATHSDKFTDGVCLFWNCNVDRYPANSIVCRFDTRVLSNLNLPGCDGGSL 419 
Bat-CoV_RaTG13          AYKIEELFYSYATHSDKFTDGVCLFWNCNVDRYPANSIVCRFDTRVLSNLNLPGCDGGSL 419 
                        .   : * *          **:*:******  **  ::*******. . :** * :**** 

 
HCoV-NL63_NSP14         YVNKHAFHTPAYDKRAFVKLKPMPFFYFDDSDCDVV-----QEQVNYVPLRASSCVTRCN 467 
HCoV-229E_NSP14         YVNNHAFHTPAYDKRAMAKLKPAPFFYYDDGSCEVV-----HDQVNYVPLRATNCITKCN 465 
YP_460021.1             YVNKHAFHTNPFTRTVFENLKPMPFFYYSDTPCVYVDG-LESKQVDYVPLRSATCITRCN 472 
YP_009555255.1          YVNKHAFHTKPFARAAFEHLKPMPFFYYSDTPCVYMDG-MDAKQVDYVPLKSATCITRCN 472 
MERS-CoV_NSP14          YVNKHAFHTPAYDVSAFRDLKPLPFFYYSTTPCEVHGNGSMIEDIDYVPLKSAVCITACN 475 
SARS-CoV-1              YVNKHAFHTPAFDKSAFTNLKQLPFFYYSDSPCESHGKQ-VVSDIDYVPLKSATCITRCN 478 
Civet-CoV_NSP14         YVNKHAFHTPAFDKSAFTNLKQLPFFYYSDSPCESHGKQ-VVSDIDYVPLKSATCITRCN 478 
Pangolin-CoV_NSP14      YVNKHAFHTPAFDKSAFVNLKQLPFFYYSDSPCESHGKQ-VVSDIDYVPLKSATCITRCN 478 
SARS-CoV-2              YVNKHAFHTPAFDKSAFVNLKQLPFFYYSDSPCESHGKQ-VVSDIDYVPLKSATCITRCN 478 
Bat-CoV_RaTG13          YVNKHAFHTPAFDKSAFVNLKQLPFFYYSDSPCESHGKQ-VVSDIDYVPLKSATCITRCN 478 
                        ***:*****  :   .: .**  ****:.   *         .:::****::: *:* ** 
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Fig. 18 MSA of the PR exonucleases from SARS, SARS-related CoVs and other HCoVs 

Amino acids highlighted in light blue indicates the crystallographic data 
JX104161.1 HCoV-NL63 (CBJ 037)  NC_002645, HCoV-229E 
YP_460021.1 HCoV-HKU1   YP_009555255.1 HCoV-OC43 
NC_019843, MERS-CoV    NC_004718, SARS-CoV-1 
AAU04645, Civet-CoV    QIQ54047, Pangolin-CoV 
NC_045512.2, SARS-CoV-2   MN996532.2, Bat (RaTG13)-CoV 

 
Furthermore, they also found that the SARS-
CoV-2 ExoN knockout mutant was unable to 
replicate, suggesting a possibility for 
development of antivirals for ExoNs. 
 

Fig. 18 shows the MSA of the ExoNs from SARS, 
SARS-related CoVs and HCoVs. The PR 
exonuclease region is highlighted in yellow and 
the MTase region is highlighted in green. But for 
few peptide regions, PR exonuclease regions are 
not highly conserved.  Interestingly, the active 
site amino acids and the Zn binding motifs are 
completely conserved in all, suggesting their 
importance in the structure and function of these 
enzymes. The PR exonuclease domains of CoVs 
show that they all belong to the member of the 
DEDD superfamily of exonucleases [2]. The 
ExoN domains possess four possible Zn binding 
motifs (ZFMs) (two in the PR domain with the 
patterns-CxxC→CxxH- and -HxxxCxxH→C- and 
two in the N7-MTase domain with the patterns -
Cx4C→CxxD- and –Cx3C→CxxH- (Fig. 18).   

 

5.2 Active Site Analyses of the Exons of 
SARS-CoVs  

 

The Exon’s PR exonuclease active sites of 
SARS-CoV-1 and MERS-CoV and SARS-CoV-2 
were studied by different investigators [28-29]. 
Minskaia et al [29] have analyzed the SARS-
CoV-1 ExoN by SDM experiments and identified 
the residues D

90
/E

92
 (motif I), D

243
 (motif II), and 

D
273

 (motif III) as the putative active-site 
residues. They have further demonstrated that 
modification of the ExoN active site amino acids 
resulted in the failure to recover infectious viral 
progenies. Ma et al [28] have analyzed the 
crystal structures of SARS-CoV-1 ExoN, in 
complex with its activator (NSP10) and functional 
ligands. They found that the amino acid residues 

Cys
207

, Cys
210

, Cys
226

, and His
229

 constituted the 
first zinc finger whereas the second zinc finger 
was consisted of His257, Cys261, His264, and 
Cys

279
. Simultaneously mutating Asp

90
 and Glu

92 

to Ala, impaired the ExoN activity drastically, 
whereas E

191
→A, H

268
→A, or D

273
→A mutants 

severely affected their ability to degrade RNA, 
confirming their importance in the exonuclease 
function. Asp

243
 is the fifth highly conserved 

amino acid identified in motif II. The ExoN activity 
of D

243
→A mutant was completely lost, 

suggesting its possible role in the catalysis. 
 

Ma et al. [28] have also found that the catalytic 
core of the SARS-CoV-1 ExoN was very similar 
to other DEDD superfamily of PR exonucleases 
but starkly differed from other PR exonucleases 
by the presence of two zinc fingers. Furthermore, 
SDM studies indicated that both these zinc 
fingers are essential for the function of the 
ExoN’s PR function.  For example, a set of 
mutations generated by SDM experiments on the 
PR domain of the ZFMs (C

210
→H in ZF1 and 

C261→A and H264→R in ZF2) abolished 
replication of SARS-CoV-1 genome, suggesting 
the importance of both ZFMs in the genome 
viability of SARS-CoV-1. MSA shows that the 2 
ZFMs (highlighted in orange) are highly 
conserved in all SARS, SARS-related CoVs and 
other HCoVs suggesting, one ZFM may play the 
structural role and the other one could possibly 
involve in catalysis (Fig. 19).  

 
The MERS-CoV and SARS-CoV-2 ExoNs were 
analyzed by SDM experiments and knockout 
mutations by Ogando et al [27].  They subjected 
all the five predicted active-site amino acid 
residues of MERS-CoV’s ExoN domain (D90, E92, 
E191, D273, and H268) by replacing them with Ala  
or with more conservative substitutions like D to 

 
HCoV-NL63_NSP14         IGGAVCSKHANLYQKYVEAYNTFTQAGFNIWVPHSFDVYNLWQIFIETNLQ 518 
HCoV-229E_NSP14         IGGAVCSKHANLYRAYVESYNIFTQAGFNIWVPTTFDCYNLWQTFTEVNLQ 516 
YP_460021.1             LGGAVCSKHAEEYCNYLESYNIVTTAGFTFWVYKNFDFYNLWNTFTTLQ-- 521 
YP_009555255.1          LGGAVCLKHAEEYREYLESYNTATTAGFTFWVYKTFDFYNLWNTFTKLQ-- 521 
MERS-CoV_NSP14          LGGAVCRKHATEYREYMEAYNLVSASGFRLWCYKTFDIYNLWSTFTKVQ-- 524 
SARS-CoV-1              LGGAVCRHHANEYRQYLDAYNMMISAGFSLWIYKQFDTYNLWNTFTRLQ-- 527 
Civet-CoV_NSP14         LGGAVCRHHANEYRQYLDAYNMMISAGFSLWIYKQFDTYNLWNTFTRLQ-- 527 
Pangolin-CoV_NSP14      LGGAVCRHHANEYRLYLDAYNMMISAGFSLWIYKQFDTYNLWNTFTRLQ-- 527 
SARS-CoV-2              LGGAVCRHHANEYRLYLDAYNMMISAGFSLWVYKQFDTYNLWNTFTRLQ-- 527 
Bat-CoV_RaTG13          LGGAVCRHHANEYRLYLDAYNMMISAGFSLWVYKQFDTYNLWNTFTRLQ-- 527 
                        :***** :**  *  *:::**    :** :*    ** ****. *   :   
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E or Q; E to D or Q. This SDM experiment 
yielded a total of 14 ExoN active-site mutants, 
including the D90→A/E92→A (motif I), double 
mutant, which was frequently used as a 
prototypic viable ExoN knockout mutant in 
SARS-CoV-1 studies. The following SDM 
experiments of the MERS-CoV ExoN yielded 
non-viable phenotypes: D90→A/Q/E; E92→A/D/Q; 
E

191
→A/Q; D

273
→A/E/Q; H

268
→A, suggesting 

their importance in the activity of the PR 
exonuclease. Furthermore, the ZF mutations 
(C

210
→H in ZF1 and C

261
→A and H

264
→R in 

ZF2) abolished MERS-CoV replication, further 
establishing the importance of both the ZFMs for 
MERS-CoV viability. These results are also in 
close agreement with the SARS-CoV-1 results 
obtained by Ma et al [28]. They further evaluated 

the impact of ExoN inactivation (using a 
D

90
→A/E

92
→A ExoN motif I double mutant) on 

SARS-CoV-2 replication and viability. 
Surprisingly, they could not rescue any viable 
progeny in which the two key residues of the 
ExoN active site amino acids were mutated. 
Interestingly, all ExoN exonuclease knockout 
mutations that proved lethal in reverse genetics 
were found to severely decrease ExoN activity 
without affecting N7-MTase activity. The SDM 
and crystallographic analyses of the PR 
exonuclease domains of the ExoNs of SARS-
CoV-1, MERS-CoV and SARS-CoV-2 have 
clearly established that the same set of amino 
acids are making the active site as shown in Fig. 
19.  

 
 

Fig. 19 Proposed amino acids at the active site for the PR exonuclease of SARS-CoV-2 
 
Table 1 Summary of the PR 3’-5’ exonucleases from different bacteria and CoVs 

Family    Consensus  Proton  Catalytic  Zn-Binding  
    As* Pattern  Acceptor  Metal ion** site(s) 

 
DEDD 
DNA Pol I   -DxE-D-Y-D- Tyr  Zn

2+
  1 

DNA Pol II   -DxE-D-Y-D- Tyr  Zn
2+

  1 
RNase D    -DxE-D-Y-D- Tyr  Zn2+  1 
DNA Pol III, ε-subunit  -DxE-D-H-D- His  Zn

2+
  1 

RNase T    -DxE-D-H-D- His  Zn2+  1 
^SARS-CoV-1 ExoN/ACE2$ -DxE-D-H-D- His  Zn

2+
  3 

MERS-CoV   ExoN/DPP4# -DxE-D-H-D- His  Zn
2+

  3 
SARS-CoV-2 ExoN//ACE2 -DxE-D-H-D- His  Zn2+  3 
HCoV-NL63   ExoN/ACE2 -DxE-D-H-D- His  Zn

2+
  3 

PHP 
DNA Pol X (B. Subtilis)  -HxH-E-H-D- His  Zn

2+
  1 

YcdX (E. coli)   -HxH-E-H-D- His  Zn
2+  

3 
DNA Pol III (Tth) co-editing -HxH-E-H-D- His  Zn2+  1 
*As, Active site; Pol, polymerase 
**proposed catalytic metal ions, water bound Zn2+ 
^Similar active sites and structural features are found in SARS-related CoVs and HCoVs too 
$ACE2, Angiotensin-Converting Enzyme 2; #DPP4, Dipeptidyl peptidase 4 
 

                                                             261Cys                 His264 

                                  His268        Zn2+                              

                                                    257His           Cys279       

                     HN       N:  
226

Cys                   Cys
210

                

                                           H
+
        Asp

243
      Zn

2+
    

 

                               273Asp                         O  H                            

               Zn2+              Mg2+ 229His      Cys207 

          92
Glu            Asp

90               191
Glu
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Table 1 summarizes the minimum participating 
amino acids in both the superfamilies of 
exonucleases. The first two amino acids are 
acidic (DxE) in DEDD superfamily, whereas they 
are basic (HxH) in PHP superfamily. The next 
three amino acids are functionally equivalent in 
both.  
 

5.3 Role of ExoN in the Functioning of 
the RdRp in CoVs 

 

The ExoN activity is stimulated by binding of the 
NSP10. The activated ExoN is now placed, likely 
next to the RdRp’s polymerization site during 
replication. As soon as the elongation starts, the 
N7-MTase caps the RNA to mimic the host 
mRNAs and to avoid degradation by host 
exonucleases. By a mechanism of stuttering at 
the slippery stop-site present at the end of viral 
genome, it adds the poly-A chain and thus, 
making the genome replication process 
complete. Only this faithfully replicated RNA, also 
known as the genomic RNA, is encapsidated and 
assembled into virions (Fig. 20).  

 
Even though the replication and transcription 
processes are accomplished by the same set of 
enzymes, mechanistically both appears to be 
different. For example, the viral the genomic 
RNA is replicated by a continuous process from 
end to end, but the transcription process is not a 
continuous process, but a discontinuous process 
and a complex one. For example, the SARS-

CoV-2 makes 1 genomic (1ab) and 9 
subgenomic mRNAs (S, 3a, E, M, 6, 7a, 8, 7b 
and N, 10?). All the mRNAs are capped at their 
5’-ends and tailed at their 3’-ends like the host 
mRNAs for subsequent translations. Invariably, 
all the genomic and the subgenomic RNAs in 
CoVs contain a transcription-regulating sequence 
(TRS) at their 5’-ends, which are located 
immediately adjacent to the ORFs. Each 
subgenomic mRNA contains the common 5-
‘‘leader’’ sequence (~70 nt) fused to the ‘‘body’’ 
TRS also known as TRS-B. The TRS-L and 
TRS-B sites have a conserved core sequence 
(CS) of 7 to 8 nt (-AACGAAC- is the CS in 
SARS-CoV-2). Thus, the genomic and 
subgenomic RNAs have the same common 
leader sequence and TRS at their 5’-ends. 
Because TRS-B is a signal for RdRp to switch 
templates, it is possible that recombination 
events are more likely to occur at or near TRS-B 
sites. As mentioned elsewhere, all the 
subgenomic mRNAs are created by 
discontinuous transcription. The discontinuous 
transcription requires base-pairing between cis-
acting body TRSs, with the leader sequence 
located at the 5′-end of the viral genome. 
Because of such discontinuous extension of 
minus strands, all these subgenome-length 
minus strands carry the complement of the 
leader sequence at their 3’-ends [29, 30]. During 
replication mode, the Replication-Transcription 
Complex (RTC) ignores the transcription signals.  

 

 
 

Fig. 20 A proposed simplified model for the replication, transcription and translation 
processes in SARS-CoVs 

 
  

                                     NSP10    

                                             NSP14 (ExoN) (Activated) 

                                           PR exo   N7-MTase (Active) 

                                                  RTC 
             (+) strand genomic RNA as template 

    (-) strand RNA synthesis  

                      RTC + (PR exo  N7-MTase) 

   (+) strand genomic RNA production       Transcription  

        Genomic and Subgenomic mRNAs 

          Translation 

                       NSPs and SPs + APs 
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.  
 

 
 

 
Fig. 21 Steps (1-4) involved in the proposed mechanism of action of ExoN PR Exonuclease of 

SARS-CoV-2  
Steps 1 and 2: The wrongly added base is excised by the PR exonuclease by the mismatch induced activation 
of the water molecule bound to Zn2+, initiating proton transfer with the simultaneous nucleophilic attack on the 
susceptible phosphodiester bond by the highly reactive Zn-hydroxide. 
Step 3 and 4: The wrongly added base is excised, and the polymerase resume synthesis with the right  
nucleotide 
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The RTC plays three different roles during 
replication and transcription processes, viz. i) 
synthesis of the (-) RNA strand using genomic 
(+) strand as template, ii) production of large 
number of the (+) genomic RNAs from the (-) 
RNA strand as template and iii) transcription of 
genomic and subgenomic mRNAs from the (-) 
RNA strand. The mutations that occur during the 
(-) strand synthesis will be reflected in the (+) 
strand genomic RNAs and in the genomic and 
subgenomic mRNAs and hence, in the 
nonstructural, structural and accessory proteins 
(NSPs, SPs, APs). Effecting a large deletion, the 
5” leader sequence is fused to each subgenomic 
RNAs, which ensures discontinuous transcription 
of subgenomic mRNAs. Fig. 20 shows a 
proposed model for the replication, transcription 
and translation processes in SARS-CoVs. 

 
6. GENERAL MECHANISM PROPOSED 

FOR PR EXONUCLEASES IN DNA/RNA 
SYNTHESIS AND MODIFICATIONS 

 

A two-metal ion mechanism is proposed for the 
PR exonucleases from both the superfamilies. A 
water-bound Zn

2+
 is proposed as the primary 

metal ion which initiates the catalysis and the 
Mg2+ which is also making the active site, is 
proposed as the supporting metal ion. The 
mismatch at the active site of the polymerase, 
signals the PR exonuclease to move-in and 
excise the mismatch. Zinc is placed as the 
primary metal ion as it is one of the most 
ubiquitous cofactors found in a large number of 
enzymes and proteins. For example, >450 
enzymes and proteins use Zn

2+
 as cofactor. In 

these enzymes, the zinc atoms are known to play 
both the structural and catalytic roles. For 
example, zinc based catalysis is established in 
many enzymes like carboxypeptidases-A, 
carbonic anhydrases, thermolysin, alkaline 
phosphatases, metallo β-lactamases, PR 
exonucleases of DNA and RNA polymerases, 
RNA modifying enzymes, etc. [31 and references 
therein]. One common theme proposed for many 
of these enzymes is the activation of a water 
molecule coordinated to the Zn2+ for a 
nucleophilic attack on the carbonyl carbon of a 
peptide bond, or the phosphorus atom of a 
phosphoester bond. Furthermore, it is proposed 
that several of the zinc enzymes’ action is 
facilitated by the formation of a zinc-hydroxide [1 
and references therein]. During instances of 
mismatch of nucleotides, the RdRp stalls/pause, 
allowing the PR domain to excise the 
mismatched nucleotide. Fig. 21 shows a 
proposed mechanism for PR exonuclease 

function for excising a mismatched nucleotide 
during RNA replication in SARS-CoV-2. 

 
In addition to the catalytic zinc, a second active 
site metal ion like Mg2+/Zn2+ is also known to be 
essential for assisting the catalysis by SDM 
experiments. The secondary metal ion is 
suggested to function to stabilize the transient 
pentacovalent species and/or to facilitate the 
leaving of the 3' oxyanion from an axial position, 
whereas the primary metal ion facilitate the 
formation of an attacking hydroxide ion. 
Involvement of both the metal ions has been 
unequivocally proved by X-ray crystallographic 
data and SDM experiments. The PHP 
superfamily of PR exonucleases invariably use 
Zn

2+
 as the primary metal ion, as other metal 

ions could not fit into its place whereas the 
DEDD superfamily of enzymes which use Zn

2+
 

as the primary metal ion, but other divalent metal 
ions like Mg

2+
/Mn

2+
 could also fit into the primary 

Zn2+ site as it is essentially made up of three 
acidic amino acids [32]. In the DEDYD subfamily 
of exonucleases, Tyr is used as the proton 
acceptor.  In fact, Tyr serves as the nucleophile 
in the active site of topoisomerases, which also 
makes phosphodiester bond breaks during 
catalysis [33]. 
 
7. CONCLUSIONS 
 
The PR functions form an important component 
of the replicative polymerases in biological 
systems. This study shows there are at least two 
different types of PR exonucleases performing 
this function in prokaryotes and viruses (CoVs). 
They belong to either DEDD or PHP 
superfamilies. The DEDD superfamily of 
exonucleases essentially uses the four acidic 
amino acids, DEDD in their catalytic site with 
additional Y or H as the proton acceptor             
(-DEDDY/H-). The PHP superfamily essentially 
uses -HxH-E-H-D- pattern at the active site with 
an invariant H as the proton acceptor. The PHP 
exonucleases are found to be mainly a Zn

2+
-

dependent enzymes. From the similarities of 
active site amino acids/motifs, it may be 
concluded that the DEDD and PHP superfamilies 
of PR exonucleases should have evolved from a 
common ancestor but diverged very long ago. 
The structural features of the PR enzymes from 
the CoVs suggest that CoVs may have acquired 
the exonuclease function, possibly from a 
prokaryote. However, the presence of two zinc- 
binding sites in PR active site of SARS, SARS-
related CoVs and HCoVs sets it apart from their 
homologues. 
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