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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 | and Il, RNase D, RNase T and
e-subunit of DNA polymerases |l 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, ¢-
subunit of DNA polymerases lll 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, Il and RNase D belong to DEDYD
subfamily. The bacterial DNA polymerases X, YcdX phosphoesterases and the co-editing
exonuclease of DNA polymerases Ill 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 replication. When a mismatch is encountered by

the DNA or RNA polymerases during replication,
Maintenance of genome stability is very the polymerases stall/pause, which in-turn
important for all living organisms and relies activates the PR function which promptly excises
mainly on the DNA and RNA polymerases which  the mismatch. Following the excision of the
replicate the genomes. They replicate the wrong base, the correct base is inserted and
genomes faithfully and thus, preserve and replication proceeds. This important PR step in
maintain the blueprint of life in all living cells. An  living organisms ensures the original DNA/RNA
in-depth analysis of these crucial catalysts of life, template is copied without any mistake and
not only reveal fundamental information about passed on to the next generation. These PR
their emergence, but also on the evolution of life enzymes are located either as a part of the
on earth. Interestingly, not only the living cells but  replicase on the same polypeptide as a
also the non-living entities like DNA and RNA  multifunctional enzyme (MFE) or as an
viruses also possess these important enzymes. independent subunit of a multienzyme complex
The DNA and RNA polymerases exhibit strong (MEC). For example, in bacterial DNA
discrimination for NTPs and dNTPs and rarely polymerases |, three different enzymes are found
insert a wrong nucleotide during replication of the  on a single polypeptide as three distinct domains
genomes and hence the error rate in DNA or and exhibit three different activities, viz. i)
RNA synthesis is very, very minimum and is polymerization, ii) proofreading and iii) DNA
usually in the order of ~10°-10%and~10" to 10°, repair. The second type of PR exonucleases
respectively. Even one mistake in critical areas is exists as an independent subunit of a
detrimental to the survival of organisms. multienzyme complex (MEC), e.g., e-subunit of
Therefore, these crucial enzymes are invariably  the bacterial DNA polymerases lll (also known as
associated with a PR mechanism to correct any  replicases) [1 and references therein, 2]. To have
insertion error(s) during genome replication. a holistic view on these important PR enzymes in
These PR exonucleases belong to 3'—5’ types, biological systems, including the one from the
and they excise any wrongly added nucleotide =~ SARS, SARS-related and HCoVs an overview of
from the 3'-growing end, and thus, helping the these enzymes is presented in this
polymerases to perform error-free genome 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 Il 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 |
(encoded by polA), DNA polymerase Il (encoded
by poiB) and DNA polymerase lll, (a MEC). The
DNA polymerases |, Il and RNase D, belong to
the DEDDY subfamily whereas the proofreading
e-subunit of the DNA polymerase lll, 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
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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
| exists as an independent domain on the same
polypeptide. The DNA polymerase | 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 A.

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 | 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 |
(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 | 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 |

Clustal (O) of PR 3’-5’ Exonucleases of bacterial DNA polymerases | (only the PR exonuclease and

polymerase regions are shown).

3’-5" Exonuclease

tr |AOA514EYQ8 |AOA514EYQ8 9ENTR GVKPAAKPAEASAVAEEEVEVAA TLSAENYVTILDEQTLIEWIEKLKKAPLVAFDTETDS 360
tr |[AOA1VOLLDS | AOA1VOLLD5 9ENTR GAKPTAKPQETIVVEAEADMPAA TLSAEQYVTILDEETLQQOWIAKLKSAPLHAFDTETDS 360
tr |AOA1CAGIMT | AOA1CAGIMT 9ENTR GAKSTAKPQETIVVEAEADMPAA ILSAEQYVTILDEETLQQWIAKLKSAPLHAFDTETDS 360
tr |FOJWS51|FOJW51 ESCFE GAKPAARPQETSVADEAPEVTAT| VISYDNYVTILDEEILKAWIAKLEKAPVHAFDTETDS 360
tr|VOY9R8 |VOYIR8 ECOLX GAKPAARPQETSVADEAPEVTAT VISYDNYVTILDEETLKTWIAKLEKAPVHAFDTETDS 360
tr|I6DHG2 | I6DHG2 SHIBO GAKPAAKPQETSVADEAPEVTAT VISYDNYVTILDEETLKAWIAKLEKAPVHAEDTETDS 360
sp|P00582|DPO1_ECOLI GAKPAAKPQETSVADEAPEVTAT| VISYDNYVTILDEETLKAWIAKLEKAPVFAFTETDS 360 EERY
tr |AOA3P6LP28 |AOA3P6LP28 SHIDY GAKPAAKPQETSVADEAPEVTAT VISYDNYVTILDEETLKAWIAKLEKAPVHAEDTETDS 360
sp|Q9F173|DPO1_SALTY GAKPAAKPQETVVIDESPSEPAA ALSYENYVTILDDVTLESWIEKLKKAPVHAEDTETDS 360
tr |AOA218SCZ7|AOA2I8SCZ7_9ENTR GTKPAAKPQETIAVDETPEGPAT VLSYDNYVTILDEATLEEWIAKLKKAPVHAFDTETDS 360
*.* :*:* * . *: :* ::******: * * k. **:.**: * ok ok kK ok ok ok
tr |AOA514EYQ8|AOA514EYQ8 9ENTR LDNISANMVGLSFAIEPGVAAYVPVAHDYLDAPDQI PRERVLTLLKPLLEDEKLLKVGQON 420
tr|AOALIVOLLDS |AOALVOLLDS 9ENTR LDNISANLVGLSFAIEPGVAAYVPVAHDYLDAPDQIARDRVLELLKPLLEDENARKVGON 420
tr |AOA1C4GIM7 |AOALCAGIM7 9ENTR LDNISANLVGLSFATIEPGIAAYVPVAHDYLDAPDQI TRDRVLELLKPLLEDENARKVGON 420
tr |FOJW51|FOJWS51 ESCFE LDNISANLVGLSFATIEPGVAAYIPVAHDYLDAPDQI SRERALELLKPLLEDEKALKVGON 420
tr|VOYIR8|VOYIRE ECOLX LDNISANLVGLSFAIEPGVAAYIPVAHDYLDAPDQISRERALELLKPLLENEKALKVGQON 420
tr|I6DHG2 | I6DHG2 SHIBO LDNISANLVGLSFAIEPGVAAYIPVAHDYLDAPDQISRERALELLKPLLEDEKALKVGQON 420
sp|P00582|DPOl_ECOLI LDNISANLVGLSFAIEPGVAAYIPVAHDYLDAPDQISRERALELLKPLLEDEKALKVGQON 420
tr |AOA3P6LP28|AOA3P6LP28 SHIDY LDNISANLVGLSFATIEPGVAAYIPVAHDYLDAPDQI SRERALELLKPLLEDEKALKVGON 420
sp|Q9F173|DPOL_SALTY LDNIAANLVGLSFAIEPGVAAYVPVAHDYLDAPDQISRQRALELLKPLLEDEKVRKVGON 420
tr|AOA2I8SCZ7|A0A2I8SCZ7 9ENTR LDNISANLVGLSFAIEPGVAAYVPVAHDYLDAPDQIARDRALALLKPLLEDENAHKVGON 420
0
tr |AOA514EYQ8 |AOAS514EYQ8 9ENTR LKEDRGILANYHIELRGIAFDTMLESYILDSVAGRHDMD LADRWLKHKT ITFEETAGKG 480
tr |[AOA1VOLLDS | AOA1VOLLD5 9ENTR LKFDRGVLENY(IELRGIAFDTMLESYTLDSVVGRHDMD$ LSERWLQHKT ITFEETAGKG 480
tr |AOA1CAGJIMT | AOA1CAGIMT 9ENTR LKFDRGVLENY(IELRGIVFDTMLESYTLDSVVGRHDMDS LSERWLQHKT ITFEETAGKG 480
tr|FOJW51|FOJW51 ESCFE LKFDRGILANY(IELRGIAFDTMLESYILNSVAGRHDMDS LAERWLKHKT ITFEETAGKG 480
tr|VOY9R8 |VOYIR8 ECOLX LKFDRGILANY(IELRGIAFDTMLESYILNSVAGRHDMDS LAERWLKHKT ITFEETAGKG 480
tr|I6DHG2| I6DHG2 SHIBO LKEDRGILANYQIELRGIAFDTMLESYILNSVAGRHDMD$ LAERWLKHKT ITFEETAGKG 480
sp|P00582|DPO1_ECOLI LKYJJRGILANYGIELRGIAFDTMLESYILNSVAGRHDMDS LAERWLKHKT ITFEEIAGKG 480 YU
tr |AOA3P6LP28 |AOA3P6LP28 SHIDY LKEDRGILANYJTELRGIAFDTMLESYI LNSVAGRHDMDS LAERWLKHKT ITFEETAGKG 480
sp|Q9F173|DPOL_SALTY LKEDRGVLONYJIELRGIAFDTMLESYILNSVAGRHDMD$ LSDRWLKHKT ITFEDIAGKG 480
tr |AOA2I8SCZ7|AOA2I8SCZ7 9ENTR LKEDRGILANYQTELRGI TFDTMLESYILNSVAGRHDMDE LSDRWLKHKT ITFEETAGKG 480
B e s
L 4_
tr|AOA514EYQ8 |AOA514EYQ8 9ENTR KNQLTFNQIALERAGRYAAEPADYTLY LHLKMWPKLQQHEGPRNIFTHIEMPLVPVLSRV 540
tr |AOA1VOLLDS |AOA1VOLLDS5 9ENTR KNQLTFNQIDLEQGAGRYAAEPADYTLY LHLKMWPELOKNAGPLNVFQNIEMPLVPVLSRI 540
tr |AOA1C4GIM7 |AOA1CAGIM7 9ENTR KNQLTFNQIDLEQAGRYAAEPADYTLY LHLKMWPELOKNAGPLNVFQNIEMPLVPVLSRV 540
tr |FOJW51|FOJWS51 ESCFE KNQLTFNQIALEHAGRYAAEPADYTLY LHLKMWPDLOKNKGPLNVFENIEMPLVPVLSRI 540
tr|VOY9R8|VOYIR8 ECOLX KNQLTFNQIALEHAGRYAAEPADYTLY LHLKMWPDLOKHKGPLNVFENIEMPLVPVLSRI 540
tr|I6DHG2 | I6DHG2 SHIBO KNPLTFNQIALERAGRYAAEPAD)TLY LHLKMWPDLQKHKGPLNVFENIEMPLVPVLSRI 540
sp|P00582|DPOL_ECOLI KNQLTFNQIALEEAGRYAAEJADVTLY LHLKMWPDLQKHKGPLNVFENIEMPLVPVLSRI 540 YU
tr|AOA3P6LP28 | AOA3P6LP28 SHIDY KNQLTFNQIALERAGRYAAEPAD|TLY LHLKMWPDLQKHKGPLNVFENIEMPLVPVLSRI 540
sp|Q9F173|DPOl_ SALTY KNQLTFNQIALEBAGRYAAEPADYTLY LHLKMWPELQQHKGPLNVFENIEMPLVPVLSRV 540
tr|AOA2I8SCZ7|AOA2I85CZ7 9ENTR KNQLTFNQIALEBAGRYAAEPADYTLY LHLKMWPELQQHKGPLNVFENIDMPLVPVLSRV 540
kk  kokkkok ok kk Kk ok oklk Nk kpkk ok k k% A *******.**:: * % *:* :*:*********:
/I Polymerase | active site region — —
tr |AOA514EYQ8 |AOA514EYQ8 9ENTR KGLLTAFAEGKDIHRATAAEVFGLPLESVSGEQRRSAKAINFGLYY(MSAFGLARQLNIP 780
tr |AOALVOLLDS5 | AOAIVOLLD5 9ENTR KGLLSAFAEGKDIHRATAAEVFGLPLESVSNEQRRSAKAINFGL}Y(JMSAFGLSRQLNIP 780
tr |AOA1C4GIM7 |AOA1CAGIM7 9ENTR KGLLSAFAEGKDIHRATAAEVFGLPLESVSSEQRRSAKAINFGL}Y(JMSAFGLSRQLNIP 780
tr |FOJW51 | FOJW51 ESCFE KGLLTAFAEGKDIHRATAAEVFGLPLETVT SEQRRSAKAINFGL}YqMSAFGLARQLNIP 780
tr|VOY9R8 |VOYIRE_ECOLX KGLLTAFAEGKDIHRATAAEVFGLPLETVTSEQRRSAKAINFGL}YqMSAFGLARQLNIP 780
tr|I6DHG2 | I6DHG2 SHIBO KGLLTAFAEGKDIHRATAAEVFGLPLETVT SEQRRSAKAINFGL}Y(MSAFGLARQLNIP 780
sp|P00582|DPOL ECOLI KGLLTAFAEGKDIHRATAAEVFGLPLETVTSEQRRSAKAINFGLIYGMSAFGLARQLNIP 780
tr |AOA3P6LP28 | AOA3P6LP28 SHIDY KGLLTAFAEGKDIHRATAAEVFGLPLETVTSEQRRSAKAINFGL}Y(MSAFGLARQLNIP 780
sp|Q9F173|DPOL_SALTY KGLLTAFAEGKDIHRATAAEVFGLPLDSVTGEQRRSAKATINFGL}Y(MSAFGLSRQLNIP 780
tr |AOA2I8SCZ7|AOA2I8SCZ7 9ENTR KGLLTAFAEGKDIHRATAAEVFGLPLDSVTGERRSAKAINFGL}YqMSAFGLARQLNIP 780
****:*********************::*:.* kk FhkH Kk ok k ok x *s\******:******
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/I End of the polymerase |
tr|AOA514EYQ8|AOA514EYQ8_9ENTR
tr|AOALIVOLLDS5 | AOALVOLLD5_9ENTR
tr|AOALC4GJIMT | AOALC4GIMT_9ENTR
tr|FOJWS51|FOJW51 ESCFE
tr|VOY9R8|VOYIRS ECOLX
tr|I6DHG2 | I6DHG2 SHIBO
sp|P00582|DPO1_ECOLI
tr|AOA3P6LP28|AOA3P6LP28_SHIDY
sp|Q9F173|DPO1_SALTY
tr|AOA2I8SCZ7|AOA2I8SCZ7_9ENTR

KakkKk Kk

HELMENSTTLAVPLLVEVGSGENWDQAH
HELMESSTTLDVPLLVEVGSGQNWDQAH
HELMENSTTLDVPLLVEVGSGQNWDQAH
HQLMENCTRLDVPLLVEVGSGENWDQAH
HQLMENCTRLDVPLLVEVGSGENWDQAH
HQLMENCTRLDVPLLVEVGSGENWDQAH
HOLMENCTRLDVPLLVEVGSGENWDQAH
HQLMENCTRLDVPLLVEVGSGENWDQAH
HQLMENCTRIDVPLLVEVGSGENWDQAH
HQLMENETQIDVPLLVEVGSGENWDQAH

KKK Kk Kk Kk Ky kK kK

Fig. 2. MSA of the PR 3’-5’ Exonucleases of bacterial DNA polymerases |

AOA514EYQ8_9ENTR, Raoultella electrica
AOA1C4GIM7_9ENTR, Kosakonia oryziphila
VOY9R8_ECOLX, Escherichia coli
P00582|DPO1_ECOLI, Escherichia coli (strain K12)
QI9F173|DPO1_SALTY, Salmonella typhimurium

AOA1VOLLDS5 9ENTR, Kosakonia radicincitans
FOJW51_ESCFE, Escherichia fergusonii ECD227
I16DHG2_SHIBO, Shigella boydii
AOA3P6LP28_SHIDY, Shigella dysenteriae
AOA2I8SCZ7_9ENTR, Citrobacter freundii

Asp*?

3A
Tyr497
H,
3B (™,

I
S01AgD 0-H Asp’?*
BTG ‘ Asp™®® P/\i

Fig. 3. A Schematic diagram showing the subsites-A and -B of the PR exonuclease of
E. coli DNA polymerase l. (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 4™ 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 |

The PR exonuclease activity of the DNA
polymerase | 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 | 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
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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., Asp355, GIu®*®" and Asp501 and the
dNMP-phosphate provides the fourth ligand.
Usually a Zn*"is associated to the subsite-A. The
second metal—binding site, subsite-B, is mainly
coordinated by Asp*** and to the divalent metal
ion Mg"“. The subsite-B is located between
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dNMP-phosphate and the carboxylate of Asp***
(Fig. 3A). The Zn* binding subsite-A was found
to be very close to the 3' O-of the susceptible
bond to be cleaved, and the Mg®* 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 A 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®**>Ala and
Glu* - Ala, both the dNMP binding site and
the metal-binding site A (Zn”") 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].

In the second SDM experiment, the Asp424

was replaced by Ala (Asp***—Ala). In this

mutant enzyme, the metal-binding site B
(Mg**) was abolished and exhibited no
exonuclease activity (the mutant protein,
D**—A, 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].

b)

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
Zn* binding site possibly involves in catalysis
and the Mg-binding site, bind to dNMP-
phosphate and link the dNMP site. The Zn*
ligands, viz. D355, E357, D' with a water
molecule were found within ~ 2.0 A distances JS].
Furtehrmore, substitution of Asp355 and GI** in
the E. coli polymerase | yielded an enzyme
devoid (<0.01% remaining) of exonuclease
activity, while retaining its overall structure [6].
The Tyr497 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 His'® of the PR exonuclease of the DNA
polymerase Il e-subunit (dnaQ-H family).
Furthermore, the PR exonuclease of DNA
polymerase | belongs to dnaQ-Y family where an
invariant 'Y is proposed to involve in
deg)rotonation of water molecule similar to the
H' 2, an invariant amino acid in the dnaQ-H
family performing the same function.
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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 A away from the first
metal ion [9]. Of particular importance is the
mutant protein D424—>A, 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 Zn** [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 Zn" 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 Il
(DEDYD)

The second enzyme that shows an intrinsic PR
exonuclease function is the bacterial DNA
polymerases |l. The DNA polymerase Il 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 |, 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 Il 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 Il. As the D** 5N mutant lost its
exonuclease activity, it is implicated in the
catalysis. The MSA analysis shows that the

bacterial DNA polymerases Il (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

exonuclease domain is highly conserved in all

subfamily (Fig. 4).

CLUSTAL O (1.2.4) MSA of DNA Polymerases Il (only the PR exonuclease and polymerase active

site regions are shown)

tr|AOA381G280|AOA381G280 CITAM
tr |AOA482PULL | AOA482PULL_CITRO
tr |[AOA7G1PJIC3|AOATG1PIC3 CITKO
tr|AOA734HT46 | AOAT34HT46 SALER
tr |AOA379QFF6 | AOA379QFF6 SALER
tr |AOA2B7LUWS | AOA2B7LUWS 9ESCH
tr |AOA200LKG6 | AOA200LKG6 SHISO
tr |AOA2S8DDW7 | AOA2S8DDW7 SHIDY
sp|P21189|DPO2_ECOLI

tr |AOA6N3RGJI9|AOA6N3RGI9 SHIFL
tr|B2U266|B2U266 SHIB3

tr |AOATD6UTK4 | AOATD6UTKA 9ENTR
tr|AOA181WSPL |AOAI81WSP1 KLEOX
tr|B7LVT1|B7LVT1 ESCF3

tr |AOATL6S4D3|AOATL6S4D3 ESCFE

tr|AOA381G280|A0A381G280 CITAM
tr|AOA482PULL |AOA482PULL_CITRO
tr|AOA7G1PJIC3|AOATG1PIC3_CITKO
tr |AOA734HT46|AOAT34HT46 SALER
tr |AOA379QFF6|AOA379QFF6 SALER
tr |AOA2B7LUWS | AOA2BTLUWS 9ESCH
tr |AOA200LKG6 | AOA200LKG6 SHISO
tr |AOA2S8DDW7 | AOA2S8DDW7 SHIDY
sp|P21189|DPO2_ECOLI

tr |AOA6N3RGJY | AOA6N3RGJI9 SHIFL
tr|B2U266|B2U266 SHIB3

tr |AOATD6UTKA | AOATD6UTKA 9ENTR
tr |AOA181WSP1|AOALB1WSP1 KLEOX
tr|B7LVTL|B7LVT1 ESCF3
tr|AOATL6S4D3 |AOATL6S4D3 ESCFE

tr|AOA381G280|A0A381G280_CITAM
tr|AOA482PULL |AOA482PULL_CITRO
tr |[AOA7G1PJIC3|AOATG1IPJIC3_CITKO
tr |AOA734HT46|AOAT34HT46_SALER
tr |AOA379QFF6 | AOA379QFF6_SALER
tr |AOA2B7LUWS | AOA2B7LUWS_9ESCH
tr |AOA200LKG6 | AOA200LKG6_SHISO
tr |[AOA2S8DDW7 | AOA2S8DDW7_SHIDY
sp|P21189|DPO2_ECOLI

tr |AOA6GN3RGJIO | AOAGN3RGJI9_SHIFL
tr|B2U266|B2U266_SHIB3

tr |AOATD6UTK4 | AOA7D6UTK4A_9ENTR
tr|AOAL181WSP1|AOA181WSP1l_KLEOX
tr|B7LVT1|B7LVT1_ESCF3

tr |[AOA7L6S4D3 |AOATL6S4D3_ESCFE

tr|AOA381G280|A0A381G280 CITAM
tr |AOA482PULL|AOA482PULL_CITRO
tr |AOATGLPJIC3 | AOATG1PJIC3 CITKO
tr|AOA734HT46 | AOAT34HT46 SALER
tr |AOA379QFF6|AOA379QFF6 SALER
tr |AOA2B7LUWS | AOA2B7LUWS 9ESCH
tr |AOA200LKG6 | AOA200LKG6 SHISO
tr |AOA2S8DDW7 | AOA2S8DDW7 SHIDY
sp|P21189|DPO2_ECOLI

tr |AOA6N3RGJI9|AOA6N3RGI9 SHIFL
tr|B2U266|B2U266 SHIB3

tr |AOATD6UTK4 | AOATD6UTKA 9ENTR
tr |AOA181WSPL|AOALB1WSP1 KLEOX
tr|B7LVT1|B7LVT1 ESCF3
tr|AOATL6S4D3 |AOATL6S4D3 ESCFE

—p 3'-5’' Exo;
TSPVWVEGETRNGAIVNARLKPHPDYR PPLKWLSEDIHTTRHGELYCIGLEGCGQRIVYM 180
TAPVWVDGEARDGALVNARLKPHPDYR PPLRWLSEDIHTTRHGELYCIGLEGCGQRIVYM 180
TAPVWLEGDTKDGAIVNARLKPHPDYR PPLKWVSEDIHTTRHGELYC IGLQGCGQRVVEM 180
TSPVWIDGEMRNGVIRNARLKPHPDYR PPLKWVSEDIHTTRHGELYCIGLEGCGQRTVYM 180
TSPVWIDGEMRNGVIRNARLKPHPDYR PPLKWVSEDIHTTRHGELYCIGLEGCGQRTVYM 180
TAPVWVDGDFRDGAIVNARLKPNPDYR PPLKWVS[EDIHTTRHGELYCIGLEGCGQRIVYM 180
TSPVWVEGDMHNGT IVNARLKPHPDYR PPLKWVS[EDIHTTRHGELYCIGLEGCGQRIVYM 180
TSPVWVEGDMHNGT IVNARLKPHPDYR PPLKWVS[EDIHTTRHGELYCIGLEGCGQRIVYM 180
TSPVWVEGDMHNGT IVNARLKPHPDYR PPLKWVSIJIETTRHGELYCIGLEGCGQRIVYM 180 Y
TSPVWVEGDMHNGT IVNARLKPHPDYR PPLKWVS TRHGELYCIGLEGCGQRIVYM 180
TSPVWVEGDMHNGT IVNARLKPHPDYR PPLKWVS TRHGELYCIGLEGCGQRIVYM 180
TSPVWVEGDMRNGAIVNARLKPHPDYR PPLKWVS TRHGELYCIGLEGCGQRIVYM 180
TSPVWVEGDIRNDAIVNARLKPHPDYR PPLKWVS TRHGELYCIGLEGCGQRIVYM 180
TSPVWVEGDMHNGAIVNARLKPHPDYR PPLKWVS TRHGELYCIGLEGCGQRIVYM 180
TSPVWVEGDMRNGAIVNARLKPHPDYR PPLKWVS TRHGELYCIGLEGCGQRIVYM 180
KakA K ak: sa L2 KKKKEK KKK Kokk sk s KRR kK A Kk K KAk KKK K2k

v
LGPENGDSSALDFQLEYVNSRPQLLEKLNEWVARYDPDLI IGWNLV@FILRVLOKHAERY 240
LGPANGDASGLDFQLEYVTSRPQLLEKLNEWIARHDPDVI IGWNLVQFHLRMLOKHAERY 240
LGPANGDASALDFQLEYAASRPLLLEKLNDWFARHDPDVIIGWNVVQFHLRVLOKHAERY 240
LGPANGDDRQLDFELVYVASRPQLLEKLNAWFAEHDPDVIIGWNVVQ@FILRMLOKHAERY 240
LGPANGDDRQLDFELVYVASRPQLLEKLNAWFAEHDPDVIIGWNVVQ@EILRMLOKHAERY 240
LGPENGDASALNFDLEYVASRPQLLEKLNAWFATHDPDVI IGWNVVQFHLRMLOKHAERY 240
LGPENGDASSLDFELEYVASRPLLLEKLNAWFANHDPDVIIGWNVVQFHLRMLOKHAERY 240
LGPENGDASSLDFELEYVASRPQLLEKLNAWFANYDPDVIIGWNVVQEILRMLOKHAERY 240
LGPENGDASSLDFELEYVASRPQLLEKLNAWFANYDPDVIIGWNVVQFJLRMLOKHAERY 240 Y
LGPENGDASSLDFELEYVASRPQLLEKLNAWFANYDPDVIIGWNVVQFHLRMLOKHAERY 240
LGPENGDASSLDFELEYVASRPQLLEKLNAWFANYDPDVIIGWNVVQFHLRMLOKHAERY 240
LGPENGDASALDFELEYVASRPLLLEKLNAWFATHDPDVI IGWNVV(ENLRMLOKHAERY 240
LGPENGDASALDFELEYVASRPQLLEKLNAWFANYDPDVIIGWNVVQ@FILRMLOKHAERY 240
LGPENGDASALDFELEYVASRPQLLEKLNAWFANHDPDVI IGWNVVQENLRMLOKHAERY 240
LGPENGDASALDFELEYVASRPQLLEKLNAWFANHDPDVI IGWNVVQENLRMLOKHAERY 240
Xk kkk Xakak K kkk kkkkkk Kk sk kk kKK s kR ks ok Kk ok Ak
RIPLRFGRDNSELEWREHGFKNGVFFAQAKGRLIVDGIEALKSAFWNFSSFSLETVSQEL 300
RIPLRFGRDSSELEWREHGFKNGVYFAQAKGRLI IDGIEALKSAFWNFSSFSLEAVSQEL 300
RIPLRLGRDNTELEWREHGFKNGVFFAQAKGRLI IDGIEALKSAFWNFSSFSLETVAQEL 300
RIPLRLGRDNSELEWREHGFKNGVFFAQARGRVIIDGIDALKSAFWNFSSFSLEAVSQEL 300
RIPLRLGRDNSELEWREHGFKNGVFFAQARGRVIIDGIDALKSAFWNFSSFSLEAVSQEL 300
RIPLRLGRDNSELEWREHGFKNGVFFAQAKGRLI IDGIEALKSAFWNFSSFSLETVAQEL 300
RLPLRLGRDNSELEWREHGFKNGVFFAQAKGRLI IDGIEALKSAFWNFSSFSLETVAQEL 300
RLPLRLGLDNSELEWREHGFKNSVFFAQAKGRLI IDGIEALKSAFWNFSSFSLETVAQEL 300
RLPLRLGRDNSELEWREHGFKNGVFFAQAKGRLI IDGIEALKSAFWNFSSFSLETVAQEL 300
RLPLRLGRDNSELEWREHGFKNGVFFAQAKGRLI IDGIEALKSAFWNFSSFSLETVAQEL 300
RLPLRLGRDNSELEWREHGFKNGVFFAQAKGRLI IDGIEALKSAFWNFSSFSLETVAQEL 300
RIPLRLGRDNSELEWREHGLKNGVFFAQAKGRLI IDGIEALKSAFWNFSSFSLETVAQEL 300
RIPLRLGRDNSELEWREHGFKNGVFFAQVKGRLI IDGIEALKSAFWNFSSFSLETVAQEL 300
RIPLRLGRDNSELEWREHGFKNGVFFAQAKGRLI IDGIEALKSAFWNFSSFSLETVAQEL 300
RIPLRLGRDNSELEWREHGFKNGVFFAQAKGRLI IDGIEALKSAFWNFSSFSLETVAQEL 300
e
LGEGKS IDNPWDRMDE I DRRFAHDKPALATYNLKDCELVIRVFHKTEIVPFLLERSTVNG 360
LGEGKS IDNPWDRMDE I DRRFAHDKPALATYNLKDCELVTKIFHKTEIMPFLLERATVNG 360
LGEGKS IDNPWDRMDEIDRRFAHDKPALAFYNLKDCELVTQIFHKTEIMPFLLERATVNG 360
LGEGKS IDNPWDRMDEIDRRFA(JDKPALAFYNLKDCELVTRIFHKTEIMPFLLERATING 360
LGEGKS IDNPWDRMDEIDRRFA(QDKPALAFYNLKDCELVIRIFHKTEIMPFLLERATING 360
LGEGKS IDNPWDRMDE I DRRFTHDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360
LGEGKS IDNPWDRMDE IDRRFAHDKPALAFYNLKDCELVTQIFHKTEIMPFLLERATVNG 360
LGEGKS IDNPWDRMDE I DRRFAHDKPALAEYNLRKNCELVQIFHKTEIMPFLLERATVNG 360
LGEGKSIDNPWDRMDEIDRRFAEDKPALATYNLKJJCELVTQIFHKTEIMPFLLERATVNG 360 Y
LGEGKS IDNPWDRMDE I DRRFAHDKPALALYNLKDCELVfQIFHKTEIMPFLLERATVNG 360
LGEGKSIDNPWDRMDEIDRRFAHDKPALAFYNLKDCELVTQIFHKTEIMPFLLERATVNG 360
LGEGKS IDNPWDRMDEIDRRFAHDKPALAFYNLKDCELVTQIFHKTEIMPFLLERATVNG 360
LGEGKS IDNPWDRMDE I DRRFAHDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360
LGEGKS IDNPWDRMDE I DRRFAHDKPALATYNLKDCELVTQIFHKTEIMPFLLERATVNG 360
LGEGKS IDNPWDRMDEIDRRFAHDKPALAFYNLKDCELVTQIFHKTEIMPFLLERATVNG 360
e R T
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<4——4—>» Polymerase region
tr |AOA381G280|A0A381G280_CITAM LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
tr |AOA482PUL1|A0A482PULL_CITRO LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
tr |[AOAT7G1PJC3|AOATG1PJIC3_CITKO LPADRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
tr|AOA734HT46|A0A734HT46_SALER LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPLASPGGYVMDSQPGLYDSVLVLDY 420
tr |AOA379QFF6|AOA379QFF6_SALER LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPLASPGGYVMDSQPGLYDSVLVLDY 420
tr |AOA2B7LUWS |AOA2B7LUWS 9ESCH LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
tr |AOA200LKG6 |AOA200LKG6_SHISO LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
tr |AOA2S8DDW7 | AOA2S8DDW7 _SHIDY LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
sp|P21189|DPO2_ECOLI LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
tr |[AOA6N3RGJI|AOAGN3RGJI9_SHIFL LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
tr|B2U266|B2U266_SHIB3 LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
tr |AOATD6UTK4 |AOA7D6UTKA_9ENTR LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
tr |AOA181WSP1|AOAI81WSP1l_ KLEOX LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
tr|B7LVT1|B7LVT1_ESCF3 LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
tr|AOAT7L6S4D3|AOATL6S4D3_ESCFE LPVDRHG | GSVAAFGHLYFPRMHRAGYVAPNLGEVPPHASPGGYVMDSRPGLYDSVLVLDY 420
v

DNA polymerase Il active site region (by sequence similarity)

tr |AOA381G280|A0A381G280_CITAM KRHGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHAI DTKALIEAQGYD 540
tr|AOA482PUL1|AOA482PULL_CITRO KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHAT TKALIEAQGYD 540
tr |AOA7G1PJIC3|AOA7G1PJIC3_CITKO KRHGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHAT TKTLIEAQGYD 540
tr|AOA734HT46|A0A734HT46_SALER KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHAT TKALIEAQGYD 540
tr |AOA379QFF6|AOA379QFF6_SALER KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHAT TKALIEAQGYD 540
tr |AOA2B7LUWS |AOA2B7LUWS_ 9ESCH KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQT TKALIEAQGYD 540
tr |AOA200LKG6 |AOA200LKG6_SHISO KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQT TKALIEAQGYD 540
tr |AOA2S8DDW7|AOA2S8DDW7_SHIDY KROGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQI DPTKALIEAQGYD 540
sp|P21189|DPO2_ECOLI KROGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQI DPTKALIEAQGYD 540
tr |[AOA6N3RGJI|AOAGN3RGJI9_SHIFL KROGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQI DTKALIEAQGYD 540
tr|B2U266|B2U266_SHIB3 KROGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQI DPTKALIEAQGYD 540
tr |AOATD6UTK4 |AOA7D6UTKA_9ENTR KROGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQI DPTKALIEAQGYD 540
tr|AOA181WSP1|AOA181WSP1_KLEOX KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQT TKALIEAQGYD 540
tr|B7LVT1|B7LVT1_ESCF3 KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQT TKALIEAQGYD 540
tr |AOAT7L6S4D3|AO0ATL6S4D3_ESCFE KRQGNKPLSQALKIIMNAFYGVLGTTACRFFDPRLASSITMRGHQT TKALIEAQGYD 540
R R TR R Y 8 2 s e e
tr|AOA381G280|A0A381G280_CITAM VIYGPTDSTFVWLKRAHTEEEAAKIGRALVAHVNAWWTQSLQEKNLTSALELEYETHFCR 600
tr|AOA482PULL|AOA482PULL_CITRO VIYGPTDS[TEFVWLKRARSEEEAAQIGRSLVAHVNAWWQQELQRONLTSALELEYETHFCR 600
tr |AOA7G1PJIC3|AOA7G1PJIC3_CITKO VIYGPTDS[TEFVWLKGAHSEDEAARIGRELVRHVNDWWTQSLQOQKLTSALELEFETHFRR 600
tr|AOA734HT46|A0A734HT46_SALER VIYGPTDS[TFVWLRRAHSEADAAKIGHMLVRHVNEWWAQT LQOONLTSALELEFETHFCR 600
tr |AOA379QFF6|AOA379QFF6_SALER VIYGPTDS[TFVWLRRAHSEADAAKIGHMLVRHVNEWWAQT LQQONLTSALELEFETHFCR 600
tr |[AOA2B7LUWS | AOA2B7LUWS_9ESCH VIYGPTDSTFVWLKGAHCEEEAAKIGRALVQHVNAWWAET LOKQRLTSALELEYETHFCR 600
tr |AOA200LKG6|AOA200LKG6_SHISO IJYGPTDSITEVWLKGAHSEEEAAKIGRALVQHVNAWWAET LOKQRLTSALELEYETHFCR 600
tr |AOA2S8DDW7|AOA2S8DDW7_SHIDY VIYGPTDSTFVWLKGAHSEEEAAKIGRALVQHVNAWWAET LOKQRLTSALELEYETHFCR 600
sp|P21189|DPO2_ECOLI VIYGPTDSTFVWLKGAHSEEEAAKIGRALVQHVNAWWAET LOKQRLTSALELEYETHFCR 600
tr |[AOA6N3RGJI|AOAGN3RGJI9_SHIFL VIYGPTDSITFVWLKGAHSEEEAAKIGRALVQHVNAWWAET LQKQRLTSALELEYETHFCR 600
tr|B2U266|B2U266_SHIB3 VIYGPTDSTFVWLKGAHSEEEAAKIGRALVQHVNAWWAET LQKQRLTSALELEYETHFCR 600
tr |AOA7D6UTK4 | AOA7D6UTK4_9ENTR VIYGPTDS[TFVWLKGAHSEEEAAKIGRALVQHVNAWWAET LQKQRLTSALELEYETHFCR 600
tr|AOA181WSP1|AOA181WSP1_KLEOX VIYGPTDS[TFVWLKGAHSEEEAAKIGRALVQHVNAWWAET LQKQRLTSALELEYETHFCR 600
tr|B7LVT1|B7LVT1_ESCF3 VIYGPTDS[TEFVWLKGAHSEEEAAKIGRALVQHVNAWWAETLQOQORLTSALELEYETHFCR 600
tr|AOATL6S4D3|AO0ATL6S4D3_ESCFE VIYGPTDSTEVWLKGAHSEEEAAKIGRALVQHVNAWWAET LOQORLTSALELEYETHFCR 600
B T R R R R T A R P P

// End of DNA polymerases Il
tr|AOA381G280|AOA381G280_CITAM GLF 783

tr |AOA482PULL1|A0A482PULL_CITRO GLF 783
tr |AOA7G1PJIC3|AOA7G1PJIC3_CITKO GLF 783
tr|AOA734HT46|A0A734HT46_SALER GLF 783
tr |AOA379QFF6|AOA379QFF6_SALER GLF 783
tr |AOA2B7LUWS |AOA2B7LUWS 9ESCH GLF 783
tr |AOA200LKG6 |AOA200LKG6_SHISO GLF 783
tr |AOA2S8DDW7|AOA2S8DDW7_SHIDY GLF 783
sp|P21189|DPO2_ECOLI GLF 783
tr |[AOA6N3RGJ9|AOAGN3RGJI9_SHIFL GLF 783
tr|B2U266|B2U266_SHIB3 GLF 783
tr |AOATD6UTK4 |AOA7D6UTK4A_9ENTR GLF 783
tr|AOA181WSP1|AOA181WSP1_KLEOX GLF 783
tr|B7LVT1|B7LVT1_ESCF3 GLF 783
tr|AOA7L6S4D3|AO0ATL6S4D3_ESCFE GLF 783

*k k

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

A0A381G280_CITAMCitrobacter amalonaticus A0A482PUL1_CITRO, Citrobacter rodentium

AOA7G1PJC3_CITKO, Citrobacter koseri AOA734HT46_SALER, Salmonella enterica subsp. Salamae
AOA379QFF6_SALER, Salmonella enterica AO0A2B7LUWS_9ESCH, Escherichia marmotae

AOA200LKG6_SHISO, Shigella sonnei AOA2S8DDW?7_SHIDY, Shigella dysenteriae
P21189|DPO2_ECOLI, Escherichia coli AOA6N3RGJ9_SHIFL, Shigella flexneri
B2U266_SHIB3, Shigella boydii AOA7D6UTK4_9ENTR, Enterobacter hormaechei
AOA181WSP1_KLEOX, Klebsiella oxytoca B7LVT1_ESCF3, Escherichia fergusonii
AOA7L6S4D3_ESCFE, Escherichia fergusonii
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3.2.1 Active Site Analyses of the PR
Exonuclease of DNA polymerase I

The probable active site amino acids in the
bacterial DNA polymerases |l are shown in Fig.
5. The exonuclease amino acids are very similar
to the E. coli DNA polymerase | 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 (D'®°—N, D*-N and D**-N are the
exo mutants) [10]. The Tyr™®' 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 His'®? of the PR
exonuclease of the DNA polymerase € subunits.
Furthermore, this PR function in DNA
polymerase Il could also belong to the dnaQ-Y
family like DNA polymerase | where an invariant
Y could involve in deprotonation of water
molecule similar to the H'®?, 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.), | and Il, 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 | and Il (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 |
and Il

Tyr331
W
H
335As . /Ol'H A p229
158G|u/v Asp156 j

Fig. 5 Proposed amino acids at the active site of the PR Exonuclease of DNA polymerases Il of
E. coli

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

sp |A6V8R6 | RND_PSEA7
tr|AOA6I7I490|A0A6I7I490 KLEPN
tr|B7LPP7|B7LPP7_ESCF3

tr |AOATHI9K3L2 |AOATHOK3L2_ 9ESCH
tr |AOATD6UZ56|A0ATD6UZ56_9ENTR
tr |AOA659ZP75|A0A659ZP75 SHISO
sp |P09155|RND_ECOLI

tr |AOA380AWJS5|AOA380AWI5_ SHIFL
tr |AOA6I1JITO|AOA6I1JOTO_9ENTR
tr |AOASQ3TIV6|AOASQ3TIV6 9ENTR
tr|E7SVN6|E7SVN6_O9ENTR

x ok kK

MEVTAPEIQWIRDDASLAQQCREWRTQPYLAL
—-MTAPEIQWIRDDASLAQQCREWRTQPYLAL
77777 MNYQLITTDDALASLCEAVRAFPAIAL
777777777 MITTDDALASLCEAVRAFPAIAL
————————— MITTDDALASLCEAVRAFPAIAL
————————— MITTDDALASLCEAVRAFPAIAL
————— MNYOMITTDDALASLCEAVRAFPATIALDTEFVRTRTYYPQLGLIQLFDGEHLALI
777777777 MITTDDALASLCEAVRAFPAIAL
777777777 MITTDDALASLCEAVRAFPAIAL
777777777 MITTDDALASLCEAVRAFPAIAL

————————— MITTDDALASLCEAVRAFPAIAL
*
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sp |A6V8R6 |RND_PSEAT DPLLVRDWGPFAELLEDPRVVKVLHAC$EDLEVFLRLTGSLPVPLFDTQLAAAY LGMAHS 120
tr|AOA6I7I490|A0A6I7I490 KLEPN DPLLIQDWSPFAELLEDERVVKVLHAC$EDLEVFLRLTGSLPVPLFDTQLAAAYLGMAHS 118
tr|B7LPP7|BT7LPP7_ESCF3 DPLTIRDWSPLKSVLRDPAITKFLHAG$EDLEVFLNKFGEMPQPLIDTQVLAAFCGRPMS 115
tr |AOATHIK3L2 | AOATHIK3L2_ 9ESCH DPLGITDWSPLKAILRDPSITKFLHAG$EDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 111
tr |A0ATD6UZ56 | A0ATD6UZ56_9ENTR DPLGISDWSPLKAILRDPSITKFLHAG$EDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 111
tr|AOA659Z2P75|A0A659ZPT75 SHISO DPLGITDWSPLKAILRDPSITKFLHAG$EDLEVFLNVFGELPQPLIDTQILAAFCGRPIS 111
sp|P09155|RND_ECOLT DPLGITDWSPLKAILRDPSITKFLHAGSEDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 115
tr|AOA380AWJS5 |AOA380AWJS5 SHIFL DPLGITDWSPLKAILRDPSITKFLHAG$EDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 111
tr |AO0A6I1J9TO|AOAGTI1JITO_9ENTR DPLGITDWSPLKAILRDPSITKFLHAG$EDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 111
tr |[A0A5Q3TIV6|AOASQ3TIV6 9ENTR DPLGITDWSPLKAILRDPSITKFLHAG$EDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 111
tr|E7SVN6|ET7SVN6_9ENTR DPLGITDWSPLKSILRDPSITKFLHAG$EDLEVFLNVFGELPQPLIDTQILAAFCGRPMS 111
KKk KK Ky kK ok kkk fkkRkkkk ok kKK gkkk, Kk, K *
sp |A6V8R6 |RND_PSEAT MGYSKLVKEVLDIDLPKDETRSDWLQRPLTEMQMRYRAPDYQHLAQVYLALDARLSEEKR 180
tr|AOA6I7I490|A0A6I7I490 KLEPN MGYSKLVKEVLDIDLPKDETRSDWLQRPLTEMQOMRYAADDYQHLAQVY LALDARLSEEKR 178
tr|B7LPP7|B7LPP7_ESCF3 WGFASMVEEYSGVILDKSESRTDWLARPLTERQCEYAARDYWYLLPITAKLMA--ETEAS 173
tr|AOATHIK3L2 |AOATHIK3L2 9ESCH WGFASMVEEYSGVTLDKSESRTDWLARPLTERQCEYRARDYWYLLPIAAKLMV--ETEAS 169
tr |AOATD6UZ56 | A0ATD6UZ56_9ENTR WGFASMVEEY SGVTLDKSESRTDWLARPLTERQCEYRARDYWYLLPITAKLMV--ETEAS 169
tr[AOA659ZP75|A0A659ZP75 SHISO WGFASMVEEY SGVTLDKSESRTDWLARPLTERQCEYPARDYWYLLPITAKLMV--ETEAS 169
sp|P09155|RND_ECOLT WGFASMVEEYSGVTLDKSESRTDWLARPLTERQCEYAAADVWYLLPITAKLMV--ETEAS 173
tr|AOA380AWJS5 |AOA380AWJ5 SHIFL WGFASMVEEYSGVTLDKSESRTDWLARPLTERQCEYAARDYWYLLPITAKLMV--ETEAS 169
tr|AOA6I1J9TO|AOA6I1IJOTO 9ENTR WGFASMVEEYSGVTLDKSESRTDWLARPLTERQCEYRARDYWYLLPITAKLMV--ETEAS 169
tr |[A0A5Q3TIV6|AOASQ3TIV6 9ENTR WGFASMVEEY SGVTLDKSESRTDWLARPLTERQCEYAARDYWYLLPITAKLMV--ETEAS 169
tr |[E7SVNG|E7SVN6_9ENTR WGFASMVEEY SGVTLDKSESRTDWLARPLTERQCEYAARDYWYLLPITAKLMV--ETEAS 169
Koa o akk Kok kgkgkkk kkkkk ok |okkex ]k Lk x o *

/I End of RNase D

sp |A6V8R6 |RND_PSEAT SLRGWRRERMGQALLNALESA-- 376
tr |AOA6IT7I490|A0A6IT7I490_KLEPN SLRGWRRERMGQALLDALESA-- 374
tr|B7LPP7|BT7LPP7_ESCF3 MISGWRGDLMAERLNALLQEYPQ 375
tr|AOATHIK3L2 |AOATHIK3L2 9ESCH LISGWRGALMAEALHNLLQEYPQ 371
tr |A0ATD6UZ56 | A0ATD6UZ56_9ENTR LISGWRGELMAEALHNLLQEYPQ 371
tr[AOA659ZP75|A0A659ZP75 SHISO LISGWRGELMAEALHNLLQEYPQ 371
sp|P09155|RND_ECOLI LISGWRGELMAEALHNLLQEYPQ 375
tr|AOA380AWJS5 |AOA380AWJ5 SHIFL LISGWRGELMAEALHNLLQEYPQ 371
tr|AOA6I1J9TO|AOA6I1IJOTO 9ENTR LISGWRGELMAEALHNLLQEYPQ 371
tr |[A0A5Q3TIV6|AOASQ3TIV6 9ENTR LISGWRGELMAEALHNLLQEYPQ 371
tr |[E7SVNG|E7SVN6_9ENTR LISGWRGELMAEALHNLLQEYPQ 371

* Kk * .ok * .

Fig. 6. MSA of RNase D exonucleases from different bacteria

A6V8R6|RND_PSEA7, Pseudomonas aeruginosa

AO0AG6171490_KLEPN, Klebsiella pneumonia

B7LPP7_ESCF3, Escherichia fergusonii
AOA7D6UZ56_9ENTREnterobacter hormaechei
P09155|RND_ECOLI, Escherichia coli (K12)
AO0AG611J9T0_9ENTR, Enterobacteriaceae bacterium

AOA7HI9K3L2_9ESCH, Escherichia marmotae
AOA659ZP75 SHISO, Shigella sonnei
AOA380AWJ5_SHIFL, Shigella flexneri
AOA5Q3TIV6_9ENTR, Salmonella

E7SVN6_9ENTR, Shigella boydii
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Fig. 7. Proposed amino acids at the active site of the exonuclease of RNase D of E. coli
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CLUSTAL O (1.2.4) MSA of the e-subunits of DNA polymerases llI

MTAMSTAITRQIV. DTEITGMNQIGAHYEGHKIIEIGAVEVVNRRLTGNNFHVYLKPDRL

tr |AOAOF6RDNY | AOAOF6RDNY_CITAM 60
sp|P03007|DPO3E_ECOLI —-—-MSTAITRQIVLDTETTGMNQIGAHYEGHKIIEIGAVEVVNRRLTGNNFHVYLKPDRL 57
tr [AOALIQ8NNQIL |AOAIQ8NNQL SHIDY [TTGMNQIGAHYEGHKIIEIGAVEVVNRRLTGNNFHVYLKPDRL 57
tr |[F3WES0|F3WE50_9ENTR [TTGMNQIGAHYEGHKIIEIGAVEVVNRRLTGNNFHVYLKPDRL 57
tr|E7SZS7|E7SZS7_9ENTR [TTGMNQIGAHYEGHKIIEIGAVEVVNRRLTGNNFHVYLKPDRL 60
tr |AOASF1HT22 | AOASF1IHT22 9ESCH T TGMNQIGAHYEGHKIIEIGAVEVVNRRLTGNNFHVYLKPDRL 57
sp|POA1GY9 | DPO3E_SALTY T TGMNQIGAHYEGHKITIEIGAVEVINRRLTGNNFHVYLKPDRL 57
tr |[AOA6CTI1V1|AOA6CTI1IV1_SALPK [TTGMNQIGAHYEGHKIIEIGAVEVINRRLTGNNFHVYLKPDRL 57
tr |AOAOF6AX64 | AOAOF6AX64_SALTL [TTGMNQIGAHYEGHKIIEIGAVEVINRRLTGNNFHVYLKPDRL 57
tr [AOA3VIONPWI | AOA3VINPWI_SALGL [TTGMNQIGAHYEGHKIIEIGAVEVINRRLTGNNFHVYLKPDRL 57
i k4 o ok ek K kK ok Kk Kk ok kK K K g ok K Kk K ok Kk K K kK Kk K
—>
tr |[AOAOF6RDNY | AOAOF6RDNY_CITAM VDPEAFGVHGIADEFLLDKPTFAEVADEFLDY IRGAELVIHNASHD{GFMDYEFGKLNRD 120
sp|P03007 | DPO3E_ECOLI VDPEAFGVHGIADEFLLDKPTFAEVADEFMDY IRGAELVIHNAAFDIGFMDYEFSLLKRD 117
tr |AOA1Q8NNQIL |AOAIQ8NNQL SHIDY VDPEAFGVHGIADEFLLDKPTFAEVADEFMDY IRGAELVIHNAAFDIGFMDYEFSLLKRD 117
tr |[F3WES0|F3WE50_9ENTR VDPEAFGVHGIADEFLLDKPTFAEVADEFMDY IRGAELVIHNAAFDIGFMDYEFSLLKRD 117
tr|E7SZS7|E7SZ2S7_9ENTR VDPEAFGVHGIADEFLLDKPTFAEVADEFMDY IRGAELVIHNAARFDIGFMDYEFSLLKRD 120
tr |[AOASF1HT22 | AOASF1HT22 9ESCH VDPEAFGVHGIADEFLLDKPTFAEVADEFMDY IRGAELVIHNAAFDIGFMDYEFSLLKRD 117
sp |POAL1GY9 | DPO3E_SALTY VDPEAFGVHGIADEFLLDKPVFADVVDEFLDY IRGAELVIHNASHDIGFMDYEFGLLKRD 117
tr|AOAGCTI1V1|AOAGCTILIV]_SALPK VDPEAFGVHGIADEFLLDKPVFADVVDEFLDY IRGAELVIHNASHFDIGFMDYEFGLLKRD 117
tr |[AOAQOF6AX64 | AOAOF6AX64 SALTL VDPEAFGVHGIADEFLLDKPVFADVVDEFLDY IRGAELVIHNASHDIGFMDYEFGLLKRD 117
tr |AOA3VINPWI | AOA3VINPWY_ SALGL VDPEAFGVHGIADEFLLDKPVFADVVDEFLDY IRGAELVIHNASHFDIGFMDYEFGLLKRD 117
R N P I S PR TR R R £ R I P
tr |AOAOF6RDNY | AOAOF6RDN9 CITAM IPKTNTFCKVTDSLALARKMFPGKRNSLDALCSRYEIDNSKRT J;AL DAJILADVYLM 180
sp|P03007 | DPO3E_ECOLI IPKTNTFCKVTDSLAVARKMFPGKRNSLDALCARYEIDNSKRTLHGALLDAQILAEVYLA 177
tr |[AOA1Q8NNQIL|AOAIQ8NNQLl SHIDY IPKTNTFCKVTDSLAVARKMFPGKRNSLDALCARYEIDNSKRT ALLDAQILAEVYLA 177
tr|F3WES0|F3WES50_ 9ENTR IPKTNTFCKVTDSLAVARKMFPGKRNSLDALCARYEIDNSKRT LEDAQILAEVYLA 177
tr|E7SZS7|E7SZS7_9ENTR IPKTNTFCKVTDSLAVARKMFPGKRNSLDALCARYEIDNSKRT ALLDAQILAEVYLA 180
tr |[AOASF1HT22 | AOASF1HT22 9ESCH IPKTNTFCKVTDSLAVARKMFPGKRNSLDALCARYEIDNSKRT ALLDAQILAEVYLA 177
sp |POAL1GY | DPO3E_SALTY IPKTNTFCKVTDSLALARKMFPGKRNSLDALCSRYEIDNSKRT LEDAQILAEVYLA 177
tr |AOA6CTI1V1|AOA6CTI1IV1_SALPK IPKTNTFCKVTDSLALARKMFPGKRNSLDALCSRYEIDNSKRT ALLDAQILAEVYLA 177
tr|AOAOF6AX64 |AOAOF6AX64_SALTL IPKTNTFCKVTDSLALARKMFPGKRNSLDALCSRYEIDNSKRT LEDAQILAEVYLA 177
tr |AOA3VINPWI | AOA3VINPWY_SALGL IPKTNTFCKVTDSLALARKMFPGKRNSLDALCSRYEIDNSKRT ALLDAQILAEVYLA 177
Kk K Kk K KK Kk Kk K s kK kR Kk Kk Rk kR ok R Kk s ok kK ok Kk ok ok ok ek Rk ok ko x
tr |[AOAOF6RDNY | AOAOF6RDNY_CITAM MTGGQTTMAFSMEGETQQ-QGNTGIQRLVRQASKLRVVFATDEEVAAHESRLDLVEKKGG 239
sp|P03007 | DPO3E_ECOLI MTGGQTSMAFAMEGETQQQQGEATIQRIVRQASKLRVVFATDEE IAAHEARLDLVQKKGG 237
tr |[AOA1Q8NNQIL |AOAIQ8NNQLl SHIDY MTGGQTSMAFAMEGETQQQQGEATIQRIVRQASKLRVVFATDEELAAHEARLDLVEKKGG 237
tr|F3WES0 | F3WES50_ 9ENTR MTGGQTSMAFAMEGETQQQQGEATIQRIVRQASKLRVVFATDEELAAHEARLDLVEKKGG 237
tr|E7SZS7|E7SZS7_9ENTR MTGGQTSMAFAMEGETQQQQGEATIQRIVRQASKLRVVFATDEELAAHEARLDLVEKKGG 240
tr |[AOASF1HT22 | AOASF1HT22 9ESCH MTGGQTSMAFAMEGETQQQQGEATIQRIVRQASKLRVVFATDEELAAHEARLDLVQEKGG 237
sp |POAL1GY | DPO3E_SALTY MTGGQTSMTFAMEGETQRQQGEATIQRIVRQASRLRVVFASEEELAAHESRLDLVQKKGG 237
tr |[AOA6CTI1V1|AOA6CTI1IV1_SALPK MTGGQTSMTFAMEGETQRQQGEATIQRIVRQASRLRVVFASEEELAAHESRLDLVQKKGG 237
tr |AOAQOF6AX64 | AOAOF6AX64 SALTIL MTGGQTSMTFAMEGETQRQQGEATIQRIVRQASRLRVVFASEEELAAHESRLDLVQKKGG 237
tr |AOA3VINPWI | AOA3VINPWI_SALGL MTGGQTSMTFAMEGETQRQQGEATIQRIVRQASRLRVVFASEEELAAHESRLDLVQKKGG 237
Kk Kk gk ok sk kkkkk s kkgs Kkk o kk Ak Ko kKA Kk s o kK Kk K KKK Kk, kKK
tr |AOAOF6RDNY |AOAOF6RDNYS CITAM SCLWRA 245
sp|P03007|DPO3E_ECOLI SCLWRA 243
tr|AOAIQ8NNQL |AOA1Q8NNQl SHIDY SCLWRA 243
tr |[F3WES0|F3WE50_9ENTR SCLWRA 243
tr|E7SZS7|E7SZS7_9ENTR SCLWRA 246
tr|AOASF1HT22 |AOASF1HT22 9ESCH SCLWRA 243
sp |POA1GY | DPO3E_SALTY SCLWRA 243
tr|AOAGCTI1V1|AOAGCTIIV1_SALPK SCLWRA 243
tr |[AOAQOF6AX64 | AOAOF6AX64 SALTL SCLWRA 243
tr |[AOA3VIONPWI | AOA3VINPWY_SALGL SCLWRA 243

Fig. 8. MSA of PR g-subunits of DNA polymerases lll from different organisms

AOAOF6RDNY_CITAM, Citrobacter amalonaticus P03007|DPO3E_ECOLI, Escherichia coli (strain K12)

AOAT1Q8NNQ1_SHIDY, Shigella dysenteriae

Kk ok ok kK

F3WES0_9ENTR, Shigella boydii

E7SZS7_9ENTR, Shigella boydii
POA1GY9|DPO3E_SALTY, Salmonella typhimurium
AOAOF6AX64_SALT1, Salmonella typhimurium

AOAS5F1HT22_9ESCH, Escherichia, sp. E4385
AOA6C711V1_SALPK, Salmonella paratyphi
AOA3VINPWSY_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 llI
(DEDHD)

Bacterial DNA polymerases lll are the third type
of polymerases where PR function is reported.
The PR function is essential for these types of
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enzymes, as they are the replicative enzymes.
Unlike the other two polymerases, viz. the
polymerases | and Il, the polymerases Il always
exist as MECs with about 10 different subunits.
For example, the DNA polymerase |l
holoenzyme from E. coli the most well
characterized in this category, is composed of 10
subunits (a, B, €, 6, 8, ', v, T, X, W), 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 ¢-
subunit of the MEC. The ¢-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
a-subunit of the polymerase. The e-subunit
encoded by dnaQ and contains the 3-5' PR
exonuclease catalytic site to edit any misinserted
nucleotides by the a-subunit during the
synthesis. Fig. 6 shows the MSA of the e-subunit
from different bacteria. The e-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).

3.41 Active Site Analyses of the PR
Exonuclease of DNA polymerase Il

Fijalkowska and Schaaper [11] found that
modification of the two conserved amino acid
residues, viz. Asp12—>AIa and Glu14—>AIa, 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. Initiall¥, they observed a direct proton
transfer to H'®2. In a two metal mechanism, the
catalytic metal (Me1) is proposed to form an
attacking metal-hydroxide which performs a
nucleophilic attack on the a-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 €186 by
Hamdan et al [13]. Their results showed that the
active site was composed of three residues, D12,
E" and D167, and bind to two divalent metals. In
addition, H'® 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 e-subunits of E. coli DNA polymerase llI

The ¢- exonuclease belongs to the DnaQ-H family with the four active site carboxylates (Asp’z, Glu™, Aspm, and

Asp167) with the invariant His'®. The H'®? 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 1) as the His'® 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

tr |AOA564UR04 | AOA564UR04_ESCFE
sp|P30014|RNT_ECOLI
sp|P66683| RNT_SHIFL
sp|Q3Z208 | RNT_SHISS
sp|Q32FB8|RNT_ SHIDS
tr|AOA181WQU7 |AOAL81WQU7_KLEOX
tr|AOA2I8S6X4 | AOA2I8S6X4_9ENTR
tr|AOA482PCL8 | AOA482PCL8_CITRO

tr|AOA564UR04 |AOA564UR04 ESCFE
sp|P30014|RNT_ECOLT

Sp|P66683| RNT_. 3

sp|Q3%208 | RNT_.
sp|Q32FB8 | RNT_. s
tr|AOA181WQU7 [AOAL81WQU7 KLEOX
tr|AOA2I8S6X4 |AOA2IBS6X4_9ENTR
tr|AOA482PCL8 |AOA482PCL8_CITRO

tr |AOA564UR04 | AOA564UR04_ESCFE
sp|P30014|RNT_ECOLI
sp|P66683| RNT_SHIFL
splQ37208| RNT_SHISS
Sp|Q32FB8| RNT_SHIDS
tr|AOA181WQU7 |AOA181WQU7_KLEOX
tr|AOA2I8S6X4 |AOA2I8S6X4_9ENTR
tr|AOA482PCL8 | AOA482PCL8_CITRO

tr|AOA564UR04 | AOA564UR04 ESCFE
sp|P30014|RNT_ECOLT
sp|P66683| RNT_SH
sp|Q37208 | RNT_SHISS
Sp|Q32FB8|RNT_SHIDS
tr|AOA181WQU7 [AOAL81WQU7_KLEOX
tr|AOA2I8S6X4 |AOA2IBS6X4 9ENTR
tr|AOA482PCLS | AOA482PCLE_CITRO

MSDNAQLTGLCDRFRGFY PVVIPVEFAGFNAKTDALLE IAATTLKMDEQGWLMPDT TLHF 60
MSDNAQLTGLCDRFRGFY PVVIfVITAGFNAKTDALLE IAAI TLKMDEQGWLMPDTTLHF 60
MSDNAQLTGLCDRFRGFY PVVIPVEFAGFNAKTDALLE TAAT TLKMDEQGWLMPDTTLHF 60
MSDNAQLTGLCDRFRGFY PVVIPVERAGFNAKTDALLE IAAITLKMDEQGWLMPDT TLHE 60
MS DNAQLT DRFRGFYPVVIPVEYAGFNAKTDALLEIAAI TLKMDEQGWLMPDTTLHF 60
EJAGFNAKTDALLEIAAITLKMDE QGWLMPDTTLHE 60
BETAGFNAKTDALLEIAAITLKMDEQGWL 60
PVEYAGFNARTDALLE IAAITLKI 60
B
HVEPFVGANLQPEALAFNGI DPNDPDRGAVSEYEALHEIFKVVRKG IKASGCNRAIMVAH 120
HVEPFVGANLQPEALAFNGI DPNDPDRGAVSEYEALHE I FKVVRKG IKASGCNRAIMVAH 120
HVEPFVGANLQPEALAFNGI DPNDPDRGAVSEYEALHEIFKVVRKG IKASGCNRAIMVAH 120
. 120
120
120
120
120
NANFDHSkMMAAAERASLKRNPFHEkATJE}AALAGLALGQTVLSKACQTAGMDFDSTQA 180
NANFDHSFMMAAAERASLKRNPFHPFATFDTAALAGLALGQTVLSKACQTAGMDEDSTQA 180
NANFDHSFMMAAAERASLKRNPFHPFATHDFAALAGLALGOTVLSKACQTAGMDFDSTQA 180
NANFDHSFMMAAAERASLKRNPFHPFATHDAAALAGLALGOTVLSKACQTAGMDFDSTQA 180
NANED! IMAAAERASLKRNPFHPFATHDRAALAGLALGQTVLSKACQTAGMDFDSTQA 180
NANED! IMAAAERASLKRNPFHPFATHD! 180
NATED! MAAAERASLKRNPFHPEVTHD! 180
NAT MAAAERASLKRNPFHPEVTHD! 180
N o

F‘SAP DTERTAVLFCE IVNRWKRLGGWPLPTAEEV 215
Bs2LYllTERTAVLFCE IVNRWKRLGGWPLSAAEEV 215 R
IDTERTAVLEFCE IVNRWKRLGGWPLPAAEEV 215
IDPTERTAVLFCE IVNRWKRLGGWPLPAAEEV 215
IDPTERTAVLEFCE IVNRWKRLGGWPLPAAEEV 215
IDTERTAVLEFCE IVNRWKRLGGWPLPAAEEV 215
IDTERTAVLEFCE IVNRWKRLGGWPLPVPEEA 215
IDTERTAVLFCE IVNRWKRLGGWPLATPEA - 214

Fig. 10. MSA of RNase T from different bacteria

AO0A564UR04_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
AOA181WQU7_KLEOX Ribonuclease T, Klebsiella oxytoca

A0A2I856X4_9ENTR Ribonuclease T, Citrobacter freundii

AO0A482PCL8_CITRO Ribonuclease T, Citrobacter rodentium

H

186
A

BGlu

His181

A

Asp125

(Mg

-H

Asp®

Fig. 11. The proposed amino acids at the active site of RNase T (E. coli)
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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 GIu®, 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
His'®" by an SDM experiment also abolished the
exonuclease activity, suggesting that His'®" also
play an important role in catalysis. Thus, in E.
coli RNase T, at least five amino acid residues,
viz. Asp23, GIu25, Asp125, His'®" and Asp186 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®"). In fact, a
water molecule (Water-164) occupying the A site
in P. aeruginosa RNase T might mimic a non-
magnesium metal ion (Zn*") 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

N_Il

1 Polymerase domain

PHP superfamily of exonucleases and include
DNA polymerases X, DNA polymerases Il (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 B, A, and p [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 | 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 | and Il, 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 | 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].

Linker

c
|

570

HNH 315 336 PR domain

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 |AOA3P4ARX8 |AOA3P4ARX8_THETH
PCQ20452.1

COE05251.1

tr |AOAOD6HTCL | AOAOD6HTC1_STAAU
AAW38032.1

tr |AOA4VOAQOWL | AOA4VOAOWL_STAHY
tr |AOA348BADY | AOA348BADI_9STAP
tr|AOAO77UIAL |AOAO77UIAL_9STAP
tr |AOA2K4ADG4 | AOA2KAADGA_9STAP
AAP11460.1

tr |AOAS5M8S3G5 | AOASM8S3G5_BACAT
tr |[AOA6H2JTGY | AOA6H2JTG9_BACMO
tr |AOA7THICCWS | AOATHICCWS 9BACT
tr |AOA6M4JIMH3 | AOA6M4IMH3_BACSU

PGVERAELCGSARRYKDTVG
EDINQYQVAGSFRRMKEMSK
DDIDQYASAGSFRRYKEQSK
NYIDQYSSAGSFRRFKEMSK
NYIDQYSSAGSFRRFKEMSK
NYIDQYSSAGSFRRFKEMSK
EGIDQYSSAGSFRRYKEKSK
EGIDQYSSAGSFRRYKEMSK
EGIDQYSSAGSFRRYKEMSK
AEVIRFSRAGSLRRVRETVK
TDIIKFSRAGSLRRARETVK

LVASREGKAVVEGEFVRLPQVKEIYAKGKERATVFLN 237
IISTEEPTKVQQALLEFPDIKEQIAVGQTKVSLDLQ 233
IISTNHPEKVQQOQOLLDIPNKVKDVAIGSTKVSLELE 232
IISTDNPKAVQOQOLLNIPNKVKEVAVGNTKVSLELA 232
IISTDNPKAVQQQLLNIPNKVKEVAVGNTKVSLELA 232
IISTDNPKAVQOQOLLNIPNKVKEVAVGNTKVSLELA 232
IISTNKPKEVQQQLLEIPNKVKEVAVGNTKVSLELS 232
IISTNNPKEVQQOQOLLDIPNKVKEVAVGNTKVSLELS 232
IISTNNPKEVQQQLLDIPNKVKEVAVGNTKVSLELS 232
ITATTEPAAVREHLLQFDNMIEVIASGDTKVSVRLQ 235
IIATDNPAEVREQLLKLPTIKSVISSGDTKVSVILS 232
TDIIKYSRAGSLRRARETVK IIATDHPAEVREQLLALPNIKSVIASGDTKVSVILS 232
TDIIKYSRAGSLRRARETVK IIATDHPAEVREQLLALPNIKSVIASGDTKVSVILS 232
THIIKFSRAGSLRRARETVKLEYIIATDHPAEVREQLLELPNIKSVIASGDTKVSVILS 2312

tr |D4FZT5|D4FZT5_BACNB THITIKFSRAGSLRRARETVKPLDY ITATDHPAEVREQLLELPNIKSVIASGDTKVSVILS 232
tr |AOAGHOWNPY | AOAGHOWNPY_9BACI TDITIKFSRAGSLRRARETVKPLDNY ITATDHPAEVREQLLALPNIKSVIASGDTKVSVILS 232
tr |AOA410WE37 | AOA410WE37_BACVA TDITIKFSRAGSLRRARETVKPLDY ITATDHPAEVREQLLALPNIKSVIASGDTKVSVILS 232
tr |AOA1Q9FQD6 | AOALIQI9FQD6_BACLI TDITIKFSRAGSLRRARETVKPLDY ITATDHPAEVREQLLALPNIKSVIASGDTKVSVILS 232

[ wk kx e * . . sk il o
tr | AOA3P4ARXS8 | AOA3P4ARXS_THETH TLEELWEAAKALGYQYL AVRVAGGPSPEEALKRIEAIRRFNETHGPPYLLAGA 412 B8
PCQ20452.1 KLEEMIEAAIERQYQFT SLAVANGLSIERLLEQNEKIKKLNESYKEIDIYSGT 408
COE05251.1 SIRDMVEANIAKGYEF) SLRVANGLOVERLLRONEEIKQLNKEYDEIDIYSGI 407
t£r |AOAODG6HTC1 | AOAOD6HTC1 _STAAU SIRDMVEANIAKGYKEM SLRVANGLQVERLLRONEEIKALDKEYSEIDIYSGT 407
AAW38032.1 SIRDMVEANIAKGYKEM SLRVANGLQVERLLRONEEIKALDKEYSEIDIYSGT 407
tr |AOA4AVOAOWL | AOA4AVOAOWL _STAHY SIRDMVEANIAKGYKEM SLRVANGLQVERLLRONEEIKALDKEYSEIDIYSGT 407
tr |AOA348BADY | AOA348BAD9_9STAP SIRDMVEANIAKGYDYM SLRVANGLQVERLLRONEEIKALNKEYKEIDIYSGT 407
tr |AOAO77UIAL |AOAO77UIAL_9STAP SIRDMIEANIAKGYDYM SLRVANGLQVERLLRONEEIKALNKEYKEIDIYSGT 407
tr |AOA2KAADG4 | AOA2KAADGA_9STAP SIRDMVEANIAKGY DY] SLRVANGLOVERLLRQNEEIKALNKEYKEIDIYSGT 407
AAP11460.1 SIEEMVQACRARGYKFM. YLKVANGLTKERLREQAKEIERMNEKYPDITILRGT 412
tr |AOA5M8S3G5| AOASM8S3G5_BACAT SIREMAKACMEKGYEYM, YLKVANGLTAERLRLQAKEIDALNAEFENFHIFKGV 409
tr |AOAG6H2JTGY | AOA6H2ITGY_BACMO SIREMAEACIKKGYQYM. YLKVANGLTAERLKQQAKEIDALNAEFENFRIFKGV 409
tr | AOA7HICCWS | AOA7HICCWS 9BACT SIREMAEACMKKGYQYM. YLKVANGLTAERLKQQAKEIDALNAEFESFRIFKGV 409
tr |AOA6MAJIMH3 | AOAG6MAJMH3_BACSU SIREMAEACIKKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409
tr |D4FZTS | DAFZTS5_BACNB SIREMAEACIKKGYQYM. YLKVANGLTAERLKQQOAKEIDALNAEFENFRILKGV 409
tr |AOAGHOWNPO | AOAGHOWNPO 9BACT SIREMAEACMEKGYQYM. YLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409
tr |AOA410WE37 | AOA410WE37_BACVA SIREMAEACMNKGYQYM. YLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409
tr |AOALQ9FQD6 | AOA1IQIFQD6_BACLI SIREMAEACMKKGYQYM. YLKVANGLTAERLKQOAKEIDALNAEFENFRILKGV 409

sz 1w . Dok % * Tz % oz I
tr | AOA3P4ARXS8 | AOA3P4ARXS_THETH BV 1HPDGTLDY PDWVLRELDLVLVSVHSRFNLPKAEQTKRLLKALEN PEVHEVEANRTAR 472
PCQ20452.1 EMI}TKPDGSLDY PDDVLKELDYVIAATHQSFNQSEEEIMNRLRTACENQY VRHIAHRTGR 468
COE05251.1 EMITLPDGSLDYDDEILAQLDYVIAATIHQSFNQSEAEIMORLENACHNPYVRHIAHRTGR 467
tr |AOAOD6HTCL | AOAOD6HTCL _STAAU EMITLPDGSLDYDDEILAQLDYVIGAIHQSFNQSEEQIMERLANACRNPYVRHIAHRTGR 467
AAW38032.1 EMITLPDGSLDYDDEILAQLDYVIGATIHQSFNQSEEQIMERLANACRNPYVRHIAHRTGR 467
tr |AOA4VOAOWL | AOA4AVOAOWL _STAHY EMI}I LPDGSLDYDDEILAQLDYVIGAIHQOSFNQSEEQIMERLANACRNPYVRHIAHRTGR 467
tr |AOA348BADY | AOA348BAD9_9STAP EMII LPDGSLDYDDEILAQLDYVIAATIHOSFNOSEEQIMERLANACRNPYVRHIAHRTGR 467
tr |AOAO77UIAL |AOAO77UIAL_9STAP EMI}I LPDGSLDYDDEILAQLDYVIAATIHOSFNOSEEQIMERLANACRNPYVRHIAHRTGR 467
tr |AOA2KAADG4 | AOA2ZKAADG4_9STAP EMI}T LPDGTLDYDDETI LAQLDYVIAATHOSFNOQSEEQTIMERLANACRNPYVRHIAHBTGR 467
AAP11460.1 EMI}I LPDASLDFDDEVLAELDYVIGAIHSSFSQODRETIMKRLRTAFENKHVTMIAHLTGR 472
tr | AOA5M8S3G5| AOASM8S3G5_BACAT EMITLPDGTLDYDDDMLSEMDLVIASIHSSFNQPEHVIMKRLEQALTSKHVDI JAHRTGR 469
tr |AOAG6H2JTGY | AOA6H2ITGY9_BACMO EMITLPDGTLDYDDDVLAEMDLVIASIHSSFNQPEHVIMKRLETALTNKHVDI JAHRTGR 469
tr |AOA7HICCWS | AOA7HICCWS 9BACT EMI)T LPDGTLDYDDDVLAEMDLVIASIHSSFNQPEHVIMKRLETALTNKHVDI {AHRTGR 469
tr |AOA6MA4JIMH3 | AOA6MAIMH3_BACSU BMDILPDGTLDYDDDVLAEMDIVIAS IHSS FNQPEHVIMKRLETALTNKHVDIIANPTGR 46 9FIY
tr |DAFZTS | DAFZT5_BACNB EMI I LPDGTLDYDDDMLAEMDIVIASIHSSFNQPEHVIMKRLETALTNKHVDI JAHRTGR 469
tr | AOAGHOWNPO | AOAGHOWNPO 9BACI EMI}I LPDGTLDYDDDVLAEMDIVIASIHSSFNQPEHVIMKRLETALTSKHVDI JAHRTGR 469
tr |AOA410WE37 | AOA410WE37_BACVA EMITLPDGTLDYDDDVLADMDIVIASIHSSFNQPEHVIMKRLETALANKHVDI JAHRTGR 469
tr |AOALQOFQD6 | AOALQOFQD6_BACLT EMI}TLPDGTLDY DDDVLAEMDIVIAS IHSSFNQPEHVIMKRLETALANKHVDI JAHFTGR 469

B i PR - P
tr | AOA3P4ARX8 | AOA3P4ARX8 THETH ———NGLQVDLRVVPPESYGAGLQYLTGSK&%SIRE;kLAQEKGLKLSE;&VFRGEK——RL 292
H N H =
AOA097J243_9CAUD HNH Endo 9DANGPIPKDSDGRTDEIHHKDGNRENNDLDNLMCLSIQEHYDIHLAQKDYQACHAT 64
PCQ20452.1 IEDDVIGVDFRLIQPEAFYHTLONFTGSKPEN IKERPLAKOKNERVSEY IEEA-NGNIT 292
COE05251.1 YDDETIGVDFRLIEPVAFYHTLONFTGSKPHN IRIRPLAKAQDERVSEY( IEKA-NGELL 291
tr |AOAOD6HTCL | AOAOD6HTC1 _STAAU YDDETIGVDFRLIEPSAFYHTLONFTGSKE IRIRPLAKARDEKVSEY¢TIEQA-DGTLIT 291
AAW38032.1 YDDETIGVDFRLIEPSAFYHTLONFTGSKE IRIRPLAKARDEKVSEY¢TIEQA-DGTLT 291
tr |AOA4VOAOWL | AOA4VOAOWL STAHY YDDETIGVDFRLIEPSAFYHTLONFTGSKE IRIRPLAKARDEKVSEY¢TIEQA-DGTLI 291
tr |AOA348BAD9 | AOA348BAD9_9STAP FDDETIGVDFRLIEPSAFYHTLONFTGSKENN IRIRPLAKAONEKVSEY¢ IEQA-DGTLI 291
tr |A0OA077UIAL |AOA077ULIALl_9STAP FDDETIGVDFRLIEPSAFYHTLOBFTGSKENN IRIRPLAKARNEKVSEY¢ IEQA-DGTLI 291
tr |AOA2K4ADG4 | AOA2K4ADG4 _9STAP FDDETIGVDFRLIEPSAFYHTLONFTGSKE IRIRPLAKARNEKVSEY¢TIEQA-DGTLI 291
AAP11460.1 YEYD-ISIDFRLVKPEEFITTLHEFTGSKPENVKMRPIAKDKGEKISEY$VENLETGEVK 294
tr |AOAS5M8S3G5 | AOASM8S3G5_ BACAT FEYE-TSVDFRLVTEEQFPTTLHYFTGSK IKMRDIAKERGERISEY¢VETVETGEVK 291
tr |AOA6H2JTGY | AOA6GH2JTG9_BACMO FEYE-TSVDFRLVTEEQFPTTLHNFTGSK IKMRDIAKERGERISEYG¢VETVETGE IK 291
tr |AOA7TH1CCWS | AOATHICCWS 9BACIL FEYE-TSVDFRLVTEEQFPTTLHJFTGSKPHN IKMRPIAKERGERISEY¢VETVETGE IK 291
tr |AOA6M4JMH3 | AOA6M4JIMH3_BACSU FEYE-TSVDFRLVTEEQFPTTLHHFTGSKDHNIKMROIAKERGERISEYGVETVETGEIK 291
tr |D4FZT5|D4FZT5_ BACNB FEYE-TSVDFRLVTEEQFPTTLHJFTGSKPIN IKMRPIAKERGERISEY¢VETVETGEIK 291
tr |AOAGHOWNPY | AOA6HOWNPY 9BACI FEYE-TSVDFRLVTEEQFPTTLHNFTGSK IKMRDIAKERGERISEY¢VETVETGDIK 291
tr |AOA410WE37 | AOA410WE37_BACVA FEYE-TSVDFRLVTEEQFPTTLHNFTGSK IKMRDIAKERGERISEYG¢VETVETGDIK 291
tr |A0OALQ9FQD6 | AOALQIFQD6_BACLIL FEYE-TSVDFRLVTEEQFPTTLHJFTGSKPHEN IKMRPIAKERGER[ISEY¢VETIETGAIK 291
< HEaE I B B Hialahalel B * o x: . H Bl il I
Polymerase 4 Linker — 3’ -5’ Exonuclease
tr |AOA3P4ARX8 | AOA3P4ARX8_ THETH AGETEEGVYAALGLPFIPPPLRED HGEIEAALAGRLPRLLEISE14 STYSDGON 352Eazm
PCQ20452.1 TYQSEKEIYDHFNVSYIPPTMRED| GTEFD----KDIQDIIQLEDI TTYSDGAF 348
COE05251.1 QFNSEAEIYEHFGVSWIEPSMRED| GSEFD—---KDLSQIIQLDDIH TTYSDGAF 347
tr |AOAODGHTCL | AOAOD6HTCL_STAAU QYDSEAKIYEHFNVNFIPPAMRED| GSEFD—---KDLSNIITIDDI TTYSDGAF 347
AAW38032.1 QYDSEAKIYEHFNVNFIPPAMRED| GSEFD-—-——-KDLSNIITIDDI TTYSDGAF 347
tr |AOA4VOAOWL | AOA4VOAOWL STAHY QYDSEAKIYEHFNVNFIPPAMRED| GSEFD-—-—-KDLSNIITLDDI TTYSDGAF 347
tr |AOA348BAD9 | AOA348BAD9_9STAP QYDSEAKIYEHFNVNFIPPAMRED| GSEFD——--KDLNNIITLDDI TTYSDGAF 347
tr |A0OA077UIAL|AOA077ULIALl_9STAP QYDSEAKIYEHFNVNFIPPAMRED| GSEFD—---KDLSNIITLDDI TTYSDGAF 347
tr |AOA2K4ADG4 | AOA2K4ADG4_9STAP QYDSETKIYEHFNVNFIPPAMRED| GSEFD—---KDLSNIITLDDI TTYSDGAF 347
AAP11460.1 TFETEEDFFAHFGLPFIPPEVRED| GKEIEL——IKEYPNLLQFSDIQ TTWSDGAF 352
tr |AOAS5M8S3G5 | AOASM8S3G5_ BACAT TEFPSEQAFYAHFGLPLIPPEIRES| GQEVDT——-YHDGIELIETHDIK] SAWSDGAF 349
tr |AOA6H2JTGY | AOAGH2JTG9_BACMO TFPSEREFYAHFGLPLIPPELRES| GOQEVET—-YNDSIELIEHEQIK] STWSDGAF 349
tr |AOA7H1CCWS | AOA7HICCWS 9BACIT TFPSEREFYAHFGLPLIPPELRES| GQEVET—-YNDSIELIEHDQIK] STWSDGAF 349
tr |AOA6M4JMH3 | AOA6M4JIMH3_BACSU TFPSEREFYAHFGLPLIPPEIRES| GQEVET—YSDSIELIELGQIK GDL.MISTWSDGAF 34 9
tr |D4FZT5|D4FZT5_BACNB TFPSEREFYAHFGLPLIPPEIRES| GQEVET—-YSDSIELIEPGQIK| STWSDGAF 349
tr |AOAGHOWNPY | AOA6HOWNPY 9BACI TEFPSEREFYAHFGLPLIPPELRES| GQEVET--YSDSIELIEPGQIK| STWSDGAF 349
tr |AOA410WE37 | AOA410WE37_BACVA TEFPSEREFYAHFGLPLIPPELRES| GQEVET—-YSDSIELIEPGHIK] STWSDGAF 349
tr |AOALIQI9FQD6 | AOALQI9FQD6 BACLI TFPSEREFYAHFGLPLIPPELRE%VGQEVETf*YSDSIELIEPGQIK STWSDGAF 349
- e : R
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tr | AOA3P4ARX8 |AOA3P4ARX8 THETH TLEELWEAAKALGYQYLLLM)i AVRVAGGPSPEEALKRIEATRRFNETHGPPYLLAGA 412 m
PCQ20452.1 KLEEMIEAATERQYQF IQITDH LAVANGLSIERLLEQNEKIKKLNESYKEIDIYSGT 408
COE05251.1 SIRDMVEANIAKGYEFMWITDHS®SLRVANGLQVERLLRQNEETIKQLNKEYDEIDIYSGI 407
tr |AOAOD6HTC1 |AOAOD6HTC1 STAAU SIRDMVEANIAKGYKFMWITDHS®SLRVANGLOVERLLRQNEEIKALDKEYSEIDIYSGT 407
ARAW38032.1 SIRDMVEANIAKGYKFMWITDHS®SLRVANGLOVERLLRQNEEIKALDKEYSEIDIYSGT 407
tr |AOA4VOAOWL |AOA4VOAOWL STAHY SIRDMVEANIAKGYKFMWITDHS®SLRVANGLOVERLLRQNEEIKALDKEYSEIDIYSGT 407
tr|AOA348BADY|AOA348BADY_9STAP SIRDMVEANIAKGYDYMWETDHS® SLRVANGLQVERLLRQNEEIKALNKEYKEIDIYSGT 407
tr|AOA077UIAL|AOA077UIAL_9STAP SIRDMIEANIAKGYDYMWITDHS®SLRVANGLQVERLLRQNEEIKALNKEYKEIDIYSGT 407
tr|AOA2K4ADG4 | AOA2K4ADG4_9STAP SIRDMVEANIAKGYDYMWETDHS® SLRVANGLQVERLLRQNEEIKALNKEYKEIDIYSGT 407
AAP11460.1 SIEEMVQACRARGYKFMAITDHS) Y LKVANGLTKERLREQAKEIERMNEKYPDITILRGI 412
tr |AOASM8S3G5 | AOASM8S3G5_ BACAT SIREMAKACMEKGYEYMAITDHS®YLKVANGLTAERLRLQAKEIDALNAEFENFHIFKGV 409
tr|AOAGH2JTGY|AOAGH2JITGI_BACMO SIREMAEACIKKGYQYMATTDHS®YLKVANGLTAERLKQQAKEIDALNAEFENFRIFKGV 409
tr | AOATHICCWS | AOATHICCWS 9BACI SIREMAEACMKKGYQYMATTDHS) Y LKVANGLTAERLKQQOAKEIDALNAEFESFRIFKGV 409
tr|AOA6MAJMH3 | AOA6MAJMH3 BACSU SIREMAEACIKKGYQYMAITDHSQYLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409
tr|D4FZT5|D4FZT5_BACNB SIREMAEACIKKGYQYMAITDHS®YLKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409
tr | AOA6HOWNPO | AOA6HOWNPY_9BACI SIREMAEACMEKGYQYMAITDHS® Y LKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409
tr|AOA410WE37|AOA410WE37_BACVA SIREMAEACMNKGYQYMAITDHSY Y LKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409
tr|AOAIQ9FQD6 | AOALQ9FQD6_BACLI SIREMAEACMKKGYQYMARTDHS® Y LKVANGLTAERLKQQAKEIDALNAEFENFRILKGV 409
coiroa* TR * P o

lV IHPDGTLDYPDWVLRELDLVLVSVHSRFNLPKAEQTKRLLKALENPFVHV.

tr | AOA3P4ARX8 |AOA3P4ARX8_THETH AI TAR
PCQ20452.1 EMBTKPDGSLDYPDDVLKELDYVIAATHOSFNQSEEEIMNRLRTACENQYVRHJAHETGR
COE05251.1 EMBTIL.PDGSLDYDDEILAQLDYVIAATHQSFNQSEAEIMQRLENACHNPYVRHJAHETGR
tr|AOAODGHTCL|AOAODEHTCL_STAAU EMBTIL.PDGSLDYDDEILAQLDYVIGATHQSFNQSEEQIMERLANACRNPYVRHJAHETGR
AAW38032.1 EMBTL.PDGSLDYDDEILAQLDYVIGATHQSFNQSEEQIMERLANACRNPYVRHJAHETGR
tr |AOA4VOAOW1 |AOA4VOAOWL_STAHY EMBTLPDGSLDYDDEILAQLDYVIGATHQOSFNQSEEQIMERLANACRNPYVRHJAHETGR
tr |AOA348BADY|AOA348BADY_9STAP EMBTLPDGSLDYDDEILAQLDYVIAATHOSFNQSEEQIMERLANACRNPYVRHJAHETGR
tr |AOA077UIAL |AOAO77UIAL_9STAP EMBTTLPDGSLDYDDEILAQLDYVIAATHOSFNQSEEQIMERLANACRNPYVRHJAHETGR
tr|AOA2KAADG4 | AOA2K4ADG4_9STAP EMBTLPDGTLDYDDEILAQLDYVIAATHQSFNQSEEQIMERLANACRNPYVRHJAHRTGR
AAP11460.1 EMBTILPDASLDFDDEVLAELDYVIGATIHSSFSQDRETIMKRLRTAFENKHVTM AR TGR
tr | AOASM8S3G5|AOASM8S3G5_BACAT EMBTTLPDGTLDYDDDMLSEMDLVIASTIHSSFNQPEHVIMKRLEQALTSKHVDI JAHETGR
tr |AOA6H2JTGY | AOA6H2JTGY_BACMO EMBTTLPDGTLDYDDDVLAEMDLVIASTIHSSFNQPEHVIMKRLETALTNKHVDI JAHETGR
tr |AOATHICCWS |AOATHICCWS_9BACI EMBILPDGTLDYDDDVLAEMDLVIASIHSSFNQPEHVIMKRLETALTNKHVDI JAHETGR
tr|AOA6MAJMH3 | AOA6MAJMH3_ BACSU IMDILPDGTLDYDDDVLAEMDIVIASIHSSFNQPEHVIMKRLETALTNKHVDI IA.PTGR
tr|D4FZT5|D4FZT5_BACNB EMBTLPDGTLDYDDDMLAEMDIVIASIHSSFNQPEHVIMKRLETALTNKHVDI JAHRTGR
tr|AOAGHOWNPY|AOAGHOWNPI_9BACI EMBTLPDGTLDYDDDVLAEMDIVIASIHSSFNQPEHVIMKRLETALTSKHVDI JAHRTGR
tr|AOA410WE37|AOA410WE3T_BACVA EMBTLPDGTLDYDDDVLADMDIVIASIHSSFNQPEHVIMKRLETALANKHVDI JAHRTGR
tr |AOA1Q9FQOD6 | AOALQ9FQD6_BACLI EMBILPDGTLDYDDDVLAEMDIVIASIHSSFNQPEHVIMKRLETALANKHVDI JAHETGR

P T T TR . cEx o x ko L |x
tr|AOA3P4ARXS | AOA3P4ARXS_THETH 1LGRRAPIEADWEAVFKKAKEKGVAVETDGYYDRMDLPDDLARMAYGMGLWI STLsHlzllo 53 2B
PCQ20452.1 ITGRRKGYRPNIDELIKMARETNTLLELNANPORLDLNADVLKNN-—-PDLMITINFBAKH 526
COE05251. ITGRRPGYEPNTEKLAQLAEETNTILETNANPKRLDLNAQTVRQY--PNVKLTINTBAKH 525
tr|AOAODGHTC1 | AOAODGHTC1_STAAU TIGRRDGYKPNTEQLMALAEETNTVLEINANPHRLDLSADIVRKY - ~PNVKLTINTDAKH 525
AAW38032.1 ITGRRDGYKPNIEQLMALAEETNTVLEINANPHRLDLSADIVRKY--PNVKLTINTDAKH 525
tr|AOA4VOAOWL | AOA4VOAOWL_STAHY TIGRRDGYKPNTEQLMALSEETNTVLEINANPHRLDLNADIVRKY - ~PNVKLTINTDAKH 525
tr|AOA348BADY|AOA348BADY_9STAP TIGRREGYKPNTEQLVSLAEETNT ILEINANPHRLDLNADIVRKY - ~PNVKLTINTDAKH 525
tr|AOAO7T7UIAL|AOAOTTUIAL_9STAP ITGRREGYKPNIEQLVSLAEETNTILETINANPHRLDLNADIVRKY--PNVKLTINTDAKH 525
tr|AOA2KAADG4 | AOA2KAADG4_9STAP IIGRREGYKPNIEQLVSLAVETNT ILEINANPHRLDLNADIVRKY - -PNVKLTINTDAKH 525
AAP11460.1 LLGRREGYDVDTDLLIELAKETNTVLELNANPNRLDLSAKLLKQAQDAGVKVATNEDAKT 532
£r |AOA5MBS3G5 | AOA5MBS3G5_BACAT LIGRRAGYQIDIDOLIELAKKTNTALELNANPARLDLRTEHLTKANDNGVTLY I NEDAKN 529
tr|AOAGH2JTGY| AOAGH2JITGY_BACMO LIGRRAGYEIDIDKLIELAKKTNTALELNSNPARLDLRTEHLTKANEQGVTLVINEDAKN 529
tr|AOATH1CCWS | AOATH1CCWS_9BACI LIGRRAGYEIDIDKLIELAKKTNTALELNSNPARLDLRTEHLIKANEQGVTLVINEDAKN 529
tr |AOA6M4JIMH3 | AOA6MA JMH3_BACSU LIGRRAGYEIDIDQLIELARKTNTALELNANPARLDLRTEHLMKANEQGVTLVINTJARN 52 90
tr|D4FZT5|DAFZT5_BACNB LIGRRAGYEIDIDOLIELARKTNTALELNANPARLDLRTEHLMKANEQGVTLVINEDARN 529
tr |AOAGHOWNPY | AOAGHOWNP9_9BACT LIGRRAGYEIDIDKLIELAKKTNTALELNANPARLDLRTEHVMKANEQGVTLVINFDAKN 529
tr|AOA410WE37|AOA410WE37_BACVA LIGRRAGYEIDIDKLIELAKKTNTALELNANPARLDLRTEHLIKANEQGVTLVINEDAKN 529
tr|AOALQOFQOD6 | AOALQIFOD6_BACLI LIGRRAGYEIDIDKLIELAKKTNTALELNANPARLDLRTEHLIKANEQGVTLVINEDAKN 529

LiRnx . A . P : Y
tr|AOA3P4ARXS | AOA3P4ARXS_THETH TDHLRFMELAVGTAQRAWIGPERVLNTLDYEDLLSWLKARRGV- 575
PCQ20452.1 IDHFDFMKYGVGTAQKGWVKKSQVINAKSREAFKKWIQLTK- -~ 567
COE05251.1 VDHLEFMKYGVATAQKGFVTKDRV INTMSREAFKSF INDNKKLKK 570
tr|AOAODGHTC1 | AOAODGHTC1_STAAU TNHLDFMNYGVATAQKGFVTKDRVINALSREAFKDF TENNTKLKK 570
AAW38032.1 TNHLDFMNYGVATAQKGFVTKDRV INALSREAFKDF IENNTKLKK 570
tr|AOA4VOAOWL | AOA4VOAOWL_STAHY TNHLDFMNYGVATAQKGFVTKDRV INALSREAFKDF IENNTKLKK 570
tr|AOA348BADY|AOA348BADY_9STAP INHLEFMAYGVATAQKGFVTKDRV INTLSRDAFKEF IENNKKLKK 570
tr|AOAO77UIAL|AOAOTTUIAL_9STAP INHLEFMAYGVATAQKGFVTKDRV INTLSRDAFKEF IENNKKLKK 570
tr|AOA2KAADG4 | AOA2K4ADG4_9STAP INHLEFMAYGVATAQKGFVTKDRV INTLSRDAFKEF IENNKKLKK 570
AAP11460.1 LEMLEDMETGVAAARKGWIQKDNVINTWDIERLLDY TKRNK— 573
£r |AOA5MBS3G5 | AOA5MBS3G5_BACAT IDMLNDMKTGVTAARKGWTEKKHVLNARSLKEVKAFLKRND— 570
tr|AOAGH2JTGY| AOAGH2JITGY_BACMO TEMLNDMKTGVTAARKGWTETKNVLNARSLEDVOAFLKRND— 570
tr|AOATH1CCWS | AOATHLCCWS 9BACT TEMLNDMKTGVTAARKGWTETKNVLNARSLEDVOAFLKRND— 570
tr |AOA6M4JIMH3 | AOA6M4 JMH3_BACSU IEMLDDMKTGVTAARKGWTE TKNVLNARSLKDVEAFLKRND— 570
tr|D4FZT5|D4FZT5_BACNB TEMLDDMKTGVTAARKGWTETKNVLNARSLKDVEVFLKRND— 570
tr |AOAGHOWNPO | AOAGHOWNP9_9BACT IEMLDDMKTGVTAARKGWTEMKNVLNARSLEDVEAFLKRND— 570
tr|AOA410WE37 |AOA410WE3T_BACVA KNVLNARSLEDVEAFLKRND— 570
tr|AOALQ9FOD6 | AOALIQ9FQD6_BACLI KNVLNARSLEDVEAFLKRND— 570

IDMLDDMKTGVTARRKGWTE

Fig. 13. MSA of the DNA polymerases X from different organisms

AOA3P4ARX8_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]
AOAOD6HTC1_STAAU DNA polymerase beta,Staphylococcus aureus

AAW38032.1 DNA-dependent DNA polymerase family X, Staphylococcus aureus subsp. aureus
AO0A4VOAOW1_STAHY DNA polymerase beta,Staphylococcus hyicus

AOA348BAD9 9STAP DNA polymerase beta, Staphylococcus argenteus
AOA077UIA1_9STAP DNA polymerase beta, Staphylococcus schweitzeri
AOA2K4ADG4_9STAP DNA polymerase beta, Staphylococcus schweitzeri
AAP11460.1 DNA polymerase X family, Bacillus cereus

AOA5M8S3G5_BACAT DNA-directed DNA polymerase, Bacillus atrophaeus
AOA6H2JTG9_BACMO DNA-directed DNA polymerase, Bacillus mojavensis
AOA7TH1CCWS5_9BACI DNA polymerase/3'-5' exonuclease PolX, Bacillus halotolerans
AOA6M4IMH3_BACSU DNA-directed DNA polymerase, Bacillus subtilis
D4FZT5_BACNB DNA-directed DNA polymerase, Bacillus subtilis subsp. Natto
AOA6HOWNPY_9BACI DNA-directed DNA polymerase, Bacillus tequilensis
AO0A410WE37_BACVA DNA-directed DNA polymerase, Bacillus vallismortis
AOATQI9FQD6_BACLI DNA-directed DNA polymerase, Bacillus licheniformis
A0A097J243 _9CAUD Homing endonuclease, Enterobacteria phage RB5
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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 | and Il, 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 xxxxRQ'IAKERGERISEY"®GV-  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 | family,
the polymerase catalytic region is slightly
different from the X polymerases and is —SEQ
R“*xxxKAINFGLIY"*®GI/L/M-). However, the RQ
and YG pairs are followed by I//V as in DNA
polymerases |. 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
("®*DLD—ALA), abolished the polymerase
activity [18] whereas in a similar experiment
where both the Hs are replaced by As
(***HMH—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 APHP), the exonuclease activity was
completely abolished [18].

DNA polymerases X of Thermus thermophilus
was extensively studied by Nakane et al [19]. It
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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 Mg**-
dependent DNA polymerase activity but no 3’-5’
exonuclease activity. They could hardly detect
any 3'-5’exonuclease activity of the mutant
enzg/mes with H344—>A, H374—>A, H*® A and
D% A mutations. Therefore, the7y concluded
that His** (-QVH344-2, His®™* (-DH*"*SP-), His*®
(-AH*®P-) and Asp®® (-D°*°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 Mn2+-dependent 3-5
exonuclease activity. Imgortantly, the DNA
polymerase exhibited Mg“*-dependent activity
and the PHP domain exhibited no exonuclease
activity in the presence of Mg® or Mn®" but
exhibited exonuclease activity only with zn*,
further corroborating the involvement of Zn* in
the PR functions.

The Zn*" 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** the Q**7A, D**"A, E**”A and H®'"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** and H*
(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.

Hi s465

339Hi

341 Hi

']|+

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

tr|BlEL68|B1EL68_ESCAT MYPVDRHMHTVASTHAYSTLSDY IAQAKQKGIKLFA DME DAPHYWHF INMRI WP 60
tr|AOA2B7MKIS|AOA2BTMKI8_9ESCH MYPVDHMHTVASTHAYSTLSDY T AQAKQKGIKLFA DMEDAPHNWHF INMRT WP 60
sp|QOT606|YCDX_SHIFS MYPVDHMHTVASTHAYSTLSDY T AQAKQKGIKLFA DMEDAPHNWHF INMRI WP 60
tr |AOA6I1J2J7|AOA6I1JI2J7_9ENTR MYPVDRHMHTVASTHAYSTLSDY IAQAKQKGIKLFA DMEDAPHNWHF INMRI WP 60
tr|AOAOA6Z083|A0AOAGZO83 SHIDY MYPVDHMHTVASTHAYSTLSDY T AQAKQKGIKLFA DMEDAPHEWHF INMRI WP 60
sp|P75914|YCDX_ECOLI MYPVDLHMHTVASTHAYSTLSDYIAQAKQKGIKLFAITDHGPDMEDAPHHWHF INMRIWP 60
tr |AOASQ3TING|AOASQ3TING_9ENTR  TVASTHAYSTLSDYIAQAKQKGIKLFA DMEDAPHEWHF INMRIWP 60
sp|Q31290| YCDX_SHIBS TVASTHAYSTLSDYTAQAKQKGIKLFA DMEDAPHNWHF INMRI WP 60
sp|Q32392|YCDX_SHISS TVASTHAYSTLSDYTAQAKQKGIKLFA DMEDAPHNWHF INMRIWE 60
tr |E7T3G3|E7T3G3_9ENTR TVASTHAYSTLSDYTIAQAKQKGIKLFA DMEDAPHNWHF INMRI WP 60
tr |AOATD6YTS2|AOATDEYTS2 9ENTR TVASTHAYSTLSDYIAQAKQKGIKLFA DME DAPHNWHF INMRI WP 60
tr|AOAL63VYN4|AOAL63VYN4_KLEOX TVASTHAYSTLSDYIAQAKQKGIKLFA DME DAPHEWHF INMRI WP 60
tr|BlEL68|B1EL68_ESCAT RVVDGVGSLR| KNVDGEIDCSGKMFESLDLIIAGFHE PVFAPHDKATNTRAMIAA 120
tr |AOA2B7MK98 | AOA2ZB7MK98_9ESCH RVVDGVGILR| KNVDGEIDCSGKMFESLDLI IAGEHE PVFAPHDKATNTQAMIAT 120
sp|QOT606|YCDX_SHIFS RVVDGVGILR] KMFDSLDLI IAGFHE PVFAPHDKATNTQAMIST 120
tr|AOA6I1J2J7|AOA6I1J2J7_9ENTR RVVDGVGILR| KMFDSLDLI IAGFHE PVFAPHDKATNTQAMIAT 120
tr |AOAOA6Z0O83|AOAOA6Z083 SHIDY RVVDGVGILR| KNVDGEIDCSGKMFDSLDLI IAGEHE PVFAPHDKATNTQAMIAT 120
sp|P75914|YCDX_ECOLI RVVDGVGILRGIEANIKNVDGEIDCSGKMFDSLDLI IAGFHE PVFAPHDKATNTQAMIAT 120
tr|AOA5Q3TING|AOASQ3TING_ 9ENTR RVVDGVGILR| KNVDGEIDC PVFAPHDKATNTQAMIAT 120
sp|Q31290| YCDX_SHIBS RVVDGVGILR] KNVDGE ID! PVFAPHDKATNTQAMIAT 120
sp|032392|YCDX_SHISS RVVDGVGILR| KNVDGEIDCSGKMFDSLDLIIA PVFAPHDKATNTQAMIAT 120
tr|E7T3G3|E7T3G3_9ENTR RVVDGVGILR| KNVDGEIDCSGKMFDSLDLI LA PVFAPHDKATNTQAMIAT 120
tr|AOATD6YTS2|AOATDEYTS2_ 9ENTR RVVDGVGILR| KNVDGEIDCSGKMFDSLDLIIA PVFAPHDKATNTQAMIAT 120
tr |AOAL63VYN4|AOAL63VYN4_KLEOX RVVDGVGILR| KNVDGEIDCSGKMEFDSLDLI LA PVFAPHDKATNTQAMIAT 120
tr|BlEL68|B1EL68_ESCAT MASGHVHMVBHPGNPKYPVDFKATAEAAAEYQVALEINNSSFLHSRKGSEDNCRALAAAY 180
tr|AOA2B7MKI8|AOA2BTMKI8_9ESCH IASGNVHI IBHPGNPKYS IDFNAVAEAARKYQVALEINNS SFLHSRKGSEENCRAVAARY 180
sp|QO0T606|YCDX_SHIFS IASGNVHI IBHPGNPKYEIDVKAVAEAAAKHQOVALEINNSSFLHSRKGSEDNCRAVAAAY 180
tr|AOA6I1J2J7|AOA6I1J2J7_9ENTR IASGNVHI IBHPGNPKYE IDVKAVAEAARKYQVALEINNS SFLHSRKGSEDNCRAVAARY 180
tr|AOAOA6Z0O83|AOAOAGZO83 SHIDY IASGNVHI IBHPGNPKYE IDVKAVAEAARKHQVALE INNS SFLHSRKGSEDNCRAVAARY 180
sp|P75914|YCDX_ECOLI IASGNVHI ISHPGNPKYE IDVKAVAEAAARKHQVALE INNS SFLHSRKGSEDNCREVAAAV 180
tr|AOA5Q3TING|AOASQ3TING_ 9ENTR IASGNVHI IFHPGNPKYE IDVKAVAEAARKHQVALE INNS SFLHSRKGSEDNCREVAARY 180
sp|031290|YCDX_SHIBS IASGNVHI IBHPGNPKYEIDVKAVAEAAAKHQOVALEINNSSFLHSRKGSEDNCRAVAAAY 180
sp|Q32392|YCDX_SHISS IASGNVHI IBHPGNPKYE IDVKAVAEAARKHQVALE INNS SFLHSRKGSEDNCRAVAARY 180
tr|E7T3G3|E7T3G3_9ENTR IASGNVHI IBHPGNPKYE IDVKAVAEAARKHQVALE INNS SFLHSRKGSEDNCRAVAARY 180
tr |AOA7D6YTS2|AOATDEYTS2 9ENTR IASGNVHI IBHPGNPKYEIDVKAVAEAAAKHQOVALEINNSSFLHSRKGSEDNCRAVAAAY 180
tr|AOAL63VYN4|AOAL63VYN4 KLEOX IASGNVHI IBHPGNPKYE IDVKAVAEAARKHQVALE INNS SFLHSRKGSEDNCRAVAARY 180

tr|BlEL68|B1EL68_ESCAT RDAGGWVALG $DSH TAFTMGEFEECRKI LDAVDF POERI LNVSPRRLLSFLESRGMSPIA 240
tr |AOA2BTMK98 | AOA2ZB7MK98_9ESCH RDAGGWVALG $DSH TAFTMGDFAECRKILDAVDF POERI LNVSPRRLLNFLESRGMAP IA 240
sp|QOT606|YCDX SHIFS RDAGGWVALG $DSH TAFTMGEFEECLKILDAVDF PLERILNVSPRRLLNFLESRGMAP TA 240
tr|AOA6I1J2J7|AOA6I1J2J7 9ENTR RDAGGWVALG $DSH TAFTMGEFEECLKILDAVDF PPERTLNVSPRRLLNFLESRGMAP TA 240
tr|AOAOA6Z0O83|A0AOAGZO83 SHIDY RDAGGWVALG $DSH TAFSMGEFEECLKILDAVDF PPERILNVSPRRLLNFLESRGMAP TA 240
sp|P75914|YCDX_ECOLI RDAGGWVALGSDSHTAFTMGEFEECLKILDAVDF PPERILNVSPRRLLNFLESRGMAPIA 240
tr|AOA5Q3TING|AOASQ3TING 9ENTR RDAGGWVALG TAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPTA 240
sp|Q31290|YCDX_SHIBS RDAGGWVALG TAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPIA 240
sp 032392 |YCDX_SHISS RDAGGWVALG TAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPIA 240
tr|E7T3G3|E7T3G3_9ENTR RDAGGWVALG TAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPTA 240
tr|AOATD6YTS2|AOATDEYTS2 9ENTR RDAGGWVALG TAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPTA 240
tr|AOAL63VYN4|AOAL63VYN4_KLEOX RDAGGWVALG TAFTMGEFEECLKILDAVDFPPERILNVSPRRLLNFLESRGMAPIA 240

tr|BlEL68|B1EL68_ESCAT EFADF 245
tr|AOA2B7MKIS |AOA2BTMKI8 9ESCH EFADL 245
sp|QOT606|YCDX SHIFS EFADL 245
tr |AOA6I1J2J7|AOA6I1J2J7_9ENTR EFADL 245
tr|AOAOA6Z0O83|A0AOAGZO83 SHIDY EFADL 245
sp|P75914|YCDX_ ECOLI EFADL 245
tr |AOA5Q3TING|AOASQ3TING 9ENTR EFADL 245
sp|Q31290|YCDX_SHIBS EFADL 245
sp|Q32392|YCDX_SHISS EFADL 245
tr|E7T3G3|E7T3G3_9ENTR EFADL 245
tr|AOATD6YTS2|AOATDEYTS2 9ENTR EFADL 245
tr |AOAL63VYN4|AOAL63VYN4_KLEOX EFADL 245

Fig. 15 MSA of YcdX phosphoesterases belonging to PHP superfamily

B1EL68_ESCAT, Escherichia albertii AOA2B7MK98_9ESCH, Escherichia marmotae
QO0T606|YCDX_SHIF8, Shigella flexneri A0A611J2J7_9ENTR, Enterobacteriaceae bacterium
AOAOA6ZQ83_SHIDY, Shigella dysenteria P75914|YCDX_ECOLI, Escherichia coli (strain K12)
AOASQ3TIN6_9ENTR, Salmonella sp. Q31290 YCDX_SHIBS, Shigella boydii
Q32392|YCDX_SHISS, Shigella sonnei E7T3G3_9ENTR, Shigella boydii ATCC 9905
AOA7D6YTS2_9ENTR, Enterobacter hormaechei AOA163VYN4_KLEOX, Klebsiella oxytoca
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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 B-asbarrel 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
His7, His® and His'® from motif l; His*® from motif
II; His"" from motif Ill, His"' and His" from
motif 1V; as well as to the carboxylate group of
Glu73, Glu'® and Asp192, 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 H7, Hg, E” and D' 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 H15, H4°, H'* and
H,0 (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. H"' of the motif —
SH™'P- and E'* of the motif -E'*°IN- are based
on the sequence similarity to DNA polymerases
X.
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4.3. Intrinsic PR  Activity in the

Replicative DNA Polymerases lll

As shown in the earlier section, in the bacterial
DNA polymerases Il the PR function is
performed by an independent subunit of the
enzyme, (i.e.), by the e-subunit which is a part of
the MEC. In the MEC, the catalytic a-subunit of
the polymerase Il performs the polymerase
function, whereas the e-subunit performs the PR
function. However, a novel PHP type PR
exonuclease activity was reported in the DNA
polymerase Il a-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*" dependent enzyme, as the Zn** chelator O-
phenanthroline inhibited the enzyme activity
drastically even in the presence of 10 mM Mgz+.
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
g-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 | has a dyad of histidines, which are
separated by a single amino acid as HxH, which
apparently coordinating the metal ion zinc. Motif
Il has an Asp/Glu, motif lll has a His and motif IV
has an Asp residue. It was proposed that the
motifs Il 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)
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suggests that this PR function
dependent activity.

is template-

Mix and Match analysis of the a-subunit of DNA
polymerases lll 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 a-subunits of the
mesophilic DNA polymerases lll, 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 a-subunits of the DNA
polymerases lll in both the groups of organisms.

CLUSTAL O (1.2.4) Mix and Match analysis of the a-subunit of DNA polymerases |

tr|Q72GP2|Q72GP2_THET2 MGRKLRFAHLHOHTQFSLLDGAAKLS DLLKWVKETT PEDPALAMTDHGNLFGAVHE YHKA 60
tr |AOAO71LXES |AOAO71LXES 9ENTR -MAEPRFYHLHTHSDY SMIDGLAKVGPLVKKA--ASLNMPAMATDFTNLCGLVKEY(GA 57
sp|P10443|DPO3A_ECOLI -MSEPRFVHLRVHSDYSMIDGLAKTAPLVKKA--AALGMPALAI TDFTNLCGLVKFYGAG 57
tr |AOATH8SQPT|AOATH8SQPT_SHISO -MSEPRFVHLHVHS DY SMIDGLAKTAPLVKKA--AALGMPALAYTDFTNLCGLY G 57
tr |AOAOMTN2MO | AOAOM7N2MO_9BURK -MSEPRFVHLHVHSDY SMIDGLAKTAPLVKKA--AALGMPALAYTDFTNLCGLY 2G 57
tr |AOAGBSXLK6 | AOA6BSXLK6 SHIBO -MSEPRFVHLHVHSDY SMIDGLAKTAPLVKKA--AALGMPALAYTDFTNLCGLY 2G 57
tr|AOA3COH056 | AOA3COH056_9ENTR -MAEPRFVHLHVHS DY SMIDGLAKTGPLVKKA--ASLGMPALATDFTNLCGLY GA 57
tr|AOA447ML45 | AOA44TMLAS_KLUIN -MAEPRFVHLHVHS DY SMIDGLAKTGPLVKKA--AALGMPALA]TDFTNLCGLY AG 57
tr|AOA2P5GMLA | AOA2P5GMLA_9ENTR -MAEPRFVHLHVHSDYSMIDGLAKTGPLVKTA--ASLGMPALA]TDFMNLCGLY TA 57
tr |AOASROING3 | AOASRIING3_9ENTR -MAEPRFVHLHVHS DY SMIDGLAKTGPLVKKA--AALGMPALATDFTNLCGLY TA 57
tr|AOA5B7XQ40|AOASB7XQ40 9ENTR -MAEPRFVHLHVHSDY SMIDGLAKTGPLVKKA--AALGMPALAYTDFTNLCGLY A 57
tr |AOA2NOCMK4 | AOA2NOCMK4 9ENTR -MAEPRFVHLHVHSDY SMIDGLAKTGPLVKKA--ASLGMPALAYTDFTNLCGLY A 57
tr|AOASDAYAD4 |AOASD4YAD4 9ENTR -MAEPRFVHLHVHSDY SMIDGLAKTGPLVKKA--ASLGMPALAYTDFTNLCGLY A 57
tr|AOA3S5XXT2 | AOA3S5XXT2 LELAM -MAEPRFVHLHVHSDY SMIDGLAKTGPLVKKA--AALGMPALAYTDFTNLCGLY an 57
I R ] R
tr|Q72GP2|Q72GP2_THET2 ﬂEgGIKPILGYEAYVAAESRFDRKRGKGLD FHLTLLAKDFfGYONIJVRLASRAY[LEG 120
tr |AOAO71LXES |AOAO71LXES 9ENTR HGVGMKPIVGADLQMTSEISG--—----—-- EgiTQLTVLAVNN GYONI|TLL}SHAYPRG 108
sp|P10443|DPO3A_ECOLI HGAGIKPIVGADFNVQCDLLG-——---=--~= DELTHLTVLAANNTGYQNLTLLISKAYQRG 108
tr |AOATH8SQPT|AOATH8SQPT_SHISO HGAGIKPIVGADFNVQCDLLG-—----—--- bE}THLTVIAANN}GYONITLIL f SKAYDRG 108
tr |AOAOM7N2MO | AOAOM7N2MO_9BURK HGAGIKPIVGADFNVQCDLLG--- --PELTHLTVLAANNEGYONITLLfSKAYDRG 108
tr|AOA6BSXLK6 | AOA6BEXLK6_SHIBO HGAGIKPIVGADFNVQCDLLG-—-----—--- PELTHLTVLAANNFGYONITLL [ SKAYDRG 108
tr|AOA3COH056 | AOA3COH056_9ENTR HGAGMKPI IGADFNVHNPIMG-—-------- PE{NELTVLAADNFGYQNITLL [ SRAYDRG 108
tr|AOA447ML45 | AOA44TMLAS_KLUIN HGAGIKPIVGADFHVQSELFG-—-------- PELTOLTVLAANNYGYONITLL [ SKAYDRG 108
tr|AOA2P5GML4 | AOA2PSGML4 9ENTR HGAGIKPIVGADFHVONDLLA--—------ PEYTOLTVLAMNNYGYQONYTLL [ SRAYDRG 108
tr |AOASROING3|AOASRIING3 9ENTR HGAGMKPVIGADFHVQSELLA--- --PENTQI TVLAMNNEGYONI|TLL SRAYDRG 108
tr |AOA5B7XQ40|AOASB7XQ40 9ENTR HGAGMKPVIGADFHLQSELLA--—------ PENTOI TVLAMNNFGYQNYTLL [ SRAYDRG 108
tr |AOA2NOCMK4 | AOA2NOCMK4 9ENTR HGSGLKPIVGADFHVQCDLIG------~--- PELTOI SVLAMNNFGYQNYTLL [ SRAYDRG 108
tr|AOASDAYADA |AOASD4YAD4 9ENTR HGSGLKPIVGADFHVQCDLIG--- --PELTQISVLAMNNEGYONITLL SRAYDRG 108
tr|AOA3S5XXT2 | AOA3S5XXT2_LELAM HGAGLKPIIGADFHVQSELLG--------- PENTOI SVLAMNNFGYQONITLL [ SRAYDRG 108
*:**::* . : A .:::** . *****. * *:** .*
tr|Q72GP2|Q72GP2_THET2 FYE-KPRIDREILREHAEGLIALSGCLGAEIPQFILQDRLDLAEARLNEYLSIFKDRFFI 179
tr |AOAO71LXES | AOAO71LXES_9ENTR YGDAGPWIDREWLVELSEGLI I LSGGRMGEVGKAILRGNDVQVEQSLAFWKQHFPDRFYL 168
sp|P10443|DPO3A_ECOLI YGAAGPIIDRDWLIELNEGLILLSGGRMGDVGRSLLRGNSALVDECVAFYEEHFPDRYFL 168
tr |AOATH8SQPT | AOATH8SQP7_SHISO YGAAGPIIDRDWLIELNEGLILLSGGRMGDVGRSLLRGNSALVDECVAFYEEHFPDRYFL 168
tr|AOAOM7N2MO | AOAOMTN2MO_9BURK YGAAGPIIDRDWLIELNEGLILLSGGRMGDVGRSLLRGNSALVDECVAFYEEHFPDRYFL 168
tr |AOAGBSXLK6 | AOA6BSXLK6 SHIBO YGAAGPIIDRDWLIELNEGLILLSGGRMGDVGRSLLRGNSALVDECVAFYEEHFPDRYFL 168
tr |AOA3COHO56 | AOA3COHO56 OENTR YGAAGPFIDLDWLAEHRDGLILLSGARKGDVGKS LLRGNMALVDQCLSFYQQHFADRFYL 168
tr|AOA44TML4S |AOA447ML45 KLUIN YGAAGPIIDRDWLVELKEGLILLSGARMGDVGRALLRGNMALVEQCAEFYETHFPNAYFL 168
tr|AOA2P5GML4 | AOA2PSGML4 9ENTR YGALGPWIDRDWLAELGEGLILLSGGRLGDVGRSVMRGNNTLVDQCLSFYETHFPDRFYL 168
tr |AOASROING3|AOASRIING3 9ENTR YGPQGPWIDREWLAELNEGLLLISGGRMGDIGRCLLRGNTALVEQCVDEFYKEYFPDREFYL 168
tr|AOASB7XQ40 | AOA5B7XQ40_9ENTR YGPQGPWIDREWLAELNEGLLLISGGRMGDIGRCLLRGNTALVEQCVDFYKEYFPDRFYL 168
tr|AOA2NOCMKA | AOA2NOCMK4_9ENTR YGAAGPWIDREWLAELNEGLLLISGGRLGDVGKSLLRGNSALVDQCVAFYEEHFADRFYL 168
tr|AOASD4YADA | AOA5D4YAD4_9ENTR YGAAGPWIDREWLAELNEGLLLISGGRLGDVGKSLLRGNSALVDQCVAFYEEHFADRFYL 168
tr|AOA3S5XXT2 | AOA3S5XXT2_LELAM 168
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trQ72GP2|Q72GP2_THET2

tr |AOAO071LXE8 |AOAO71LXE8 9ENTR
sp|P10443|DPO3A_ECOLI

tr |AOA7H8SQP7 |AOATH8SQP7_SHISO
tr [AOAOMT7N2MO | AOAOMTN2MO_9BURK
tr |[AOA6B8XLK6 | AOA6B8XLK6_SHIBO
tr |AOA3COHO056 | A0A3COH056_9ENTR
tr |[AOA447ML45|A0A44T7ML45 _KLUIN
tr |[AOA2P5GML4 | AOA2P5GML4_9ENTR
tr [AOASRIING3|AOASRIING3_9ENTR
tr |[AOA5B7XQ40|A0ASB7XQ40_9ENTR
tr |AOA2NOCMK4 | AOA2NOCMK4_9ENTR
tr |AOA5D4YAD4 | AOASD4YAD4 9ENTR
tr |[AOA3S5XXT2|AOA3S5XXT2_LELAM

/I Probable polymerase active site region

tr |[AOAQ071LXE8|AOAO071LXE8_9ENTR
sp|P10443|DPO3A_ECOLI

tr |[AOATH8SQP7|AOATH8SQP7_SHISO
tr |AOAOM7N2MO | AOAOM7N2MO_9BURK
tr |AOA6B8XLK6 | AOA6B8XLK6 SHIBO
tr |AOA3COH056 | AOA3COHO56_9ENTR
tr|AOA447MLA5 |AORA44TML4A5_ KLUIN
tr |AOA2P5GML4 | AOA2P5GML4_9ENTR
tr [AOASRIING3|AOASRIING3_9ENTR
tr |[AOA5B7XQ40|A0OASB7XQ40_9ENTR
tr |AOA2NOCMK4 | AOA2NOCMK4 _9ENTR
tr |AOASDAYAD4 | AOAS5D4YAD4_9ENTR
tr |AOA3S5XXT2 |AOA3S5XXT2_LELAM

// End of polymerase a-subunit
tr|Q72GP2|Q72GP2_THET2

tr |[AOAQO71LXE8|AOAO071LXE8_9ENTR
sp|P10443|DPO3A_ECOLI

tr |AOATH8SQP7|AOATH8SQP7_SHISO
tr [AOAOMT7N2MO | AOAOMTN2MO_9BURK
tr |AOA6B8XLK6 | AOA6B8XLK6 SHIBO
tr |AOA3COH056 | AOA3COHO56_ 9ENTR
tr|AOA447MLAS5 |AORA44TML4A5_ KLUIN
tr |AOA2P5GML4 | AOA2P5GML4_9ENTR
tr |AOASRIING3 |AOASRIING3_9ENTR
tr |[AOA5B7XQ40|A0OASB7XQ40_9ENTR
tr |AOA2NOCMK4 | AOA2NOCMK4 _9ENTR
tr |AOA5D4YAD4 | AOASD4YAD4 9ENTR
tr |AOA3S5XXT2 |AOA3S5XXT2_LELAM

Fig. 17 Mix and Match analysis of the a-subunit of the thermophilic DNA polymerase Il with
mesophilic DNA polymerase lll a-subunits

AOA071LXE8_9ENTR, Mangrovibacter sp.

AOA7H8SQP7_SHISO, Shigella sonnei
AOA6BSXLK6_SHIBO, Shigella boydii

Q72GP2_THET2, Thermus thermophilus
P10443|DPO3A_ECOLI, Escherichia coli (K12)
AOAOM7N2MO_9BURK, Achromobacter sp.
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EIQN LPEQKKVNEVLKEFARKYGLGMVATNDGHYVRK AHEVLLAIQSKSYTLDDP 239
ELIRTGRPDEESYEEHAVKLAEQHGLPVVATNDVRFLEASD DAJEIRVAIHDGETLDDP 228
ELIRTGRPDEESYLHAAVELAEARGLPVVATNDVRFIDSSDFDAHEIRVAIHDGFTLDDP 228
ELIRTGRPDEESYLHAAVELAEARGLPVVATNDVRFIDSSDFDANEIRVAIHDGETLDDP 228
ELIRTGRPDEESYLHAAVELAEARGLPVVATNDVRFIDSSDFDANEIRVAIHDGETLDDP 228
ELIRTGRPDEESYLHAAVELAEARGLPVVATNDVRFIDSSDFDANEIRVAIHDGETLDDP 228
ELIRTGRTDEERYLHAAVALAEEKGLPVVATNDVRFINTDDFDANEIRVAIHDGETLDDP 228
ELIRTGRQDEEAYLHAAVRLAETRGLPVVATNDVRFLEPGDFDAREIRVAIHDGETLDDP 228
ELIRTGRQDEESYLHAATIKLAEERGLPVVATNDVRFISADDFDAREIRVAIHDGETLDDP 228
ELIRTGRPDEENYLHAAVALAEEQGLPVVASNDVRFINADDFDAREIRVATIHDGETLDDP 228
ELIRTGRPDEENYLHAAVALAEEQGLPVVASNDVRFINADDFDAREIRVAIHDGETLDDP 228
ELIRTGRPDEESYLHAAVALAEERGLPVVATNDVRFLEPDDFDANEIRVAIHDGETLDDP 228
ELIRTGRPDEESYLHAAVALAEERGLPVVATNDVRFLEPGDFDANEIRVAIHDGETLDDP 228
ELIRTGRPDEENYLHAAVALAEQRGLPVVATNDVRFINAEDFDANEIRVAIHDGETLDDP 228
LT PP kL KK kK kx oo w| EkAx. skx. | perkxx
EFMAAVMTADMDNTDKIVGLVDEC LPPDINSGLYHFHVNNDGET 840
EFMAAVMTADMDNTEKVVGLVDEC LPPDINSGLYHFHVNDDGET 840
EFMAAVMTADMDNTEKVVGLVDEC LPPDINSGLYHFHVNDDGET 840
EFMAAVMTADMDNTEKVVGLVDEC LPPDINSGLYHFHVNDDGE I 840
EFMAAVMTADMDNTEKVVGLVDEC LPPDINSGLYHFHVNDDGE I 840
EFMAAVMTADMDNTDKVVGLVDEC LPPDINSGLYHFHVNDDGE I 840
EFMAAVMTADMDNTEKVVGLVDEC LPPDINSGLYHFHVNQDGEI 840
EFMAAVMTADMDNTEKVVGLVDEC LPPDINSGLYHFHVNDDGET 840
EFMAAVMTADMDNTEKVVGLVDEC LPPDINSGQYHFHVNDDGET 840
EFMAAVMTADMDNTEKVVGLVDEC LPPDINSGQYHFHVNDDGET 840
EFMAAVMTADMDNTEKVVGLVDEC LPPDINAGMYHFHVNDDGET 840
EFMAAVMTADMDNTEKVVGLVDEC LPPDINAGMYHFHVNDDGE I 840
EFMAAVMTADMDNTEKVVGLVDEC LPPDINAGMYHFHVNDDGE I 840
KA KKK KA K KA KK KK sk s kKKK KA KKK KKKk KKKKAK KKK K

1160

AOA3COH056_9ENTR, Enterobacteriaceae bacterium AOA447ML45_KLUIN, Kluyvera intermedia

AOA2P5GML4_9ENTR, Superficieibacter electus
AOA5B7XQ40_9ENTR, Leclercia adecarboxylata
AOASBD4YAD4 9ENTR, Lelliottia nimipressurali;

AOA5RI9ING3_9ENTR, Enterobacter sp.
AOA2NOCMK4_9ENTR, Cedecea lapagei
AOA3SSXXT2_LELAM, Lelliottia amnigena

to the ---**HMH------*"°DHS--**EMD---->**DAH-

Therefore, it is intriguing to know how E. coli and
other mesophilic organisms have lost this activity
or not detectable in their a-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 a-subunit of the DNA

polymerase Ill and B. subtilis X polymerase
shows — very similar active site patterns. For
example, the *HLH-----**DHG---*'"EMG----*DAR
pattern at the very N-terminal region of the o-
subunit of the DNA polymerase lll is very similar

53

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
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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)

—> clease —
HCoV-NL63 NSP14 SSQVCGLFKNCTRTPLNLPPTHAHTFLSLSDQFKTTGDLAVQIGSN-NVCTYEHVISFMG 59
HCoV-229E NSP14 SESSCQLFKDCARNPIDLPPSHATTYLSLSDRFKTSGDLAVQIGNN-NVCTYEHVISKMG 59
YP 460021.1 --CTTNLFKDCSKISCLGYHPAHAPSFLAVDDKYKVNENLAVNLNICEPVLTY SRLISLMG 58
YP 009555255.1 --CSTNLFKDCSK[SYSGYHPAHAPSFLAVDDKYKATGDLAVCLGIGDSAVTY SRLISLMG 58
MERS-CoV_NSP14 SQIVIQLFKDCSRETSGLSPAYAPTYVSVDDKYKTSDELCVNLNLP-ANVPY SRVISRMG 59
SARS-CoV-1 AENVTQGLFKDCSKIITGLHPTQAPTHLSVDIKFKTEGLCVDIPGIP-KDMTYRRLISMMG 59
Civet-CoV_NSP14 AENVTGLFKDCSKIIITGLHPTQAPTHLSVDIKFKTEGLCVDIPGIP-KDMTYRRLISMMG 59
Pangolin-CoV NSP14 AENVTGLFKDCSKVITGLHPTQAPTYLSVDTKFKTEGLCVDIPGIP-KDMTYRRLISMMG 59
SARS-CoV-2 AENVTGLFKDCSKVITGLHPTQAPTHLSVDTKFKTEGLCVDIPGIP-KDMTYRRLISMMG 59
Bat-CoV RaTG13 AENVT LFKDCSTFITGLHPTQAPTHLSVDTKFKTEGLCVDIPGIP—KDMTYRtLISPMG 59

A 4 rEExx ke ok oa e, sk, * kK| KK
HCoV-NL63 NSP14 FREDISIPGSHSLFECTRDFAIRNVRGWLGMPVE$AHVCGDN] LOVGESNGVNE 119
HCoV-229E NSP14 FRFDVSMPGSH--FCTRDFAMRHVRGWLGMPVEGAHVTGDNY LOVGESNQVDEV. 117
YP 460021.1 FKLDLTLDGYSKLFITKDEAIKRVRGVGEPVEGAHATRENT] LOIGEFSTQVDEV 118
YP 009555255.1 FKLDVTLDGYCKLFITKEEAVKRVRAWVGEPAEGAHATRDS JGTNEF PLOLGESTGIDEV 118
MERS-CoV_NSP14 FKLDATVPGYPKLFITREEAVRQVRSWIGEPVEGAHASRNAJGTNVPLOLGE STGVNEV 119
SARS-CoV-1 FKMNYQVNGYPNMFITREEAIRHVRAWIGE] VI(ECHATRDA GTNLPLOLGESTGVNLV. ll9m
Civet-CoV_NSP14 FKMNYQVNGYPHMFITREEAIRHVRAWIGFPVEGCHATRDAYGTNL PLOLGE ST GVNLV. 119
Pangolin-CoV_NSP14 FKMNYQVNGYPNMFITREEAIKHVRAWVGEPVEGCHATREAYGTNL PLOLGE ST GVNLV. 119
SARS-CoV-2 FKMNYQVNGYPNMFITREEAIRHVRAWIGFDVEGCHATREAVGTNLPLQLGFSTGVNLVA 119
Bat-CoV_RaTGl13 FKMNYQVNGYPNMFITREEAVRHVRANIGFFVE:CHATREAIGTN LQLGFSr VNLVT 119

Koo ook X okee koo kk exobe x| %, Kk k| gxk kx| Aok
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HCoV-NL63_NSP14 QTEGCVSTNFGDVIKPVCAKS[PPGEQERHLVPLIRKGQPWLIVR LSNLSD 179
HCoV-229E NSP14 QPEGCVLTNTGSVVKPVRARAPPGEQHTHIVPLIRKGQPWSVLRK] LAGSSD 177
YP 460021.1 EATGLFAERDCYTFKKTVAKAPPGEKEKHLIPLMSKGQKWDIVRI LLDLSD 178
YP 009555255.1 EATGLFADRDGYSFKKAVAKAPPGEQHKHLIPLMTRGHRWDVVRP) LIDLSD 178
MERS-CoV_NSP14 QPVGVVDTEWGNMLTGIAARPPPGEQHKHLVPLMHKGAAWP IVR LDKLSD 179
SARS-CoV-1 VPTGYVDTENNTEFTRVNAKPPPGDQFKHLIPLMYKGLPWNVVRI LKGLSD 179
Civet-CoV NSP14 VPTGYVDTENNTEFTRVNAKPPPGDOFKHLIPLMYKGLPWNVVRI] LKGLSD 179
Pangolin-CoV_NSP14 VPTGYVDTPNATEFSRVSAKPPPGDQFKHLIPLMYKGLPWNIVRI LKNLSD 179
SARS-CoV-2 VPTGYVDTPNNTDFSRVSAKPPPGDQFKHLIPLMYKGLPWNVVRIKIVOMLSDTLKNLSD 179
Bat-CoV_RaTG13 VPTGYVDTPNNTDFSRVSAKPFPGDQjKFLIPLjYKGLPWNVVRIrIVQMLSDrLKNLSD 179
* . .. ‘k: **::* ::**: :‘k * ::‘k :****::* * * *
HCoV-NL63 NSP14 ILVFVLWAGSI|ELT[TMRYF NFATCYNSVSNEYCEHKHALGIDYVYNP 238
HCOV-229E_NSP14 VLVFVLWAGGIELT[TMR Y F'{ TVATCYNSVSNDYCEHKHALG(DYVYNP 236
YP 460021.1 SVVFITWSASHELTICLRYFA NRATCYNSRTGYYGEWRH$ YTGDYVYNP 238
YP_009555255.1 CVVLVTWAANHELTICLRYFA KRATVYNSRTGYYGEWRH$VTJDYLYNP 238
MERS-CoV_NSP14 YCTFVCWAHGHELT|SAS YF( RRAAAYSSPLOSYARWTH$CGYDYVYNP 239
SARS-CoV-1 RVVFVLWAHGHELT|SMKYF KRATCFSTSSDTYACHNH$VGHDYVYNP 23 9P 1gNn
Civet-CoV NSP14 RVVFVLWAHGHELT|SMKYFY KRATCFSTSSDTYAEWNH$VGHDYVYNP 239
Pangolin-CoV_NSP14 RVVEVLWAHGHELT|SMKYF KRATCFCTASDTYALWHH$VGHDYVYNP 239
SARS-CoV-2 RVVFVLWAHGFELTSMKYFVKIGPERTCCLCDRRATCFSTASDTYACWHHSIGFDYVYNP 239
Bat-CoV_RaTG13 RVVFVLWAHGEfijMKYFVKIGFERTfTLETKRATCFSTASDT iEi H$1GHDYVYNP 239
Lot *: . * kK * * *:* [* *: : . A * **:***

— — N-7 MTase
HCOV-NL63 NSP14 YAH VGSLSQ TFC}{;%N KNVDWTVTYPFI 298
HCOV-229E_NSP14 YV VGSLSTNHEAICNYHRN KNVDWSITYPMI 296
YP 460021.1 LIV TGSLTSNHDI IENTHKG KSVNWNLEYPII 298
YP_009555255.1 LIV IGSLSSNHDLY[ESVHKG NNINWNVEYPII 298
MERS-CoV_NSP14 FEY VGNLATNHDRY[C$VHDG ERVDWDIEYPYI 299
SARS-CoV-1 FM TGNLQSNHDOHEO VG KRVDWSVEYPII 299F%%
Civet-CoV NSP14 FM TGNLQSNHDOHCGTHEN KRVDWSVEYPII 299
Pangolin-CoV_NSP14 FM TGNLQSNHDQY[CGVHEN. KRVDWTIEYPII 299
SARS-CoV-2 FMIDVQOWGETGNLQSNHDLYCQVHGNAHVASCDAIMTRCLAVHECF V| RRVDNE I BV 299
Bat-CoV_RaTG13 FM]DVQQWGTTGNLQSNﬁTLYC(TerthAS‘F?IMTRFiAVHECFV KRVDWTIEYPII 299
*:**** *.* ** [*x * . * *x :*** *::_** ‘L: ::* : Kk Kk
HCoV-NL63 NSP14 ANEKFINGCGRNVQGHVVRAALKLYKPSVIHDIGNPKGVRCAVT-DAKWYCYDKQPVNSN 357
HCOV-229E_NSP14 ANENATNKGGRTVQSHIMRAATIKLYNPKATHDIGNPKGIRCAVT-DAKWYCYDKNPINSN 355
YP 460021.1 SNEVSINTSCRLLQRVMLKAAMLCNRYNLCYDIGNPKGLACVKD--YEFKFYDAFPVAKS 356
YP_009555255.1 SNELSINTSCRVLQRVILKAAMLCNRYTLCYDIGNPKAIACVKD--FDFKFYDAQPIVKS 356
MERS-CoV_NSP14 SHEKKLNSCCRIVERNVVRAALLAGSFDKVYDIGNPKGIPIVDDPVVDWHYFDAQPLTRK 359
SARS-CoV-1 GDELRVNSACRKVQHMVVKSALLADKFPVLHDIGNPKATIKCVPQAEVEWKFYDAQPCSDK 359
Civet-CoV NSP14 GDELRVNSACRKVQHMVVKSALLADKFPVLHDIGNPKAIKCVPQAEVEWKFYDAQPCSDK 359
Pangolin-CoV NSP14 GDELKINAACRKVQHMVVKAALLADKFPVLHDIGNPKAIKCVPQADTDWKEFYDAQPCSDK 359
Bat-CoV_RaTG13 GDELKINAACRKVQHMVVKAALLADKFPVLHDIGNPKAIKCVPQADVEWKFYDAQPCSDK 359
LKk *or HEEE HE kR . .t HE .
HCoV-NL63 NSP14 V---KLLDYDYATH--GQLDGLELFWNENVDMY PEFSIVEHFPIRTRSVENLEGVNGGSL 412
HCOV-229E_NSP14 V---KTLEYDYMTH--GOMDGLELFWNCNVDMY PEFSIVEHFPTIRTRSTLNLEGVNGGSL 410
YP 460021.1 V---KQLFYVYDVHKDNFKDGLEMFWNCNVDKYPSNSIVEHFPIRVLNKLNLPGCNGGSL 413
YP 009555255.1 V---KTLLYSFEAHKDS FKDGLEMFWNCNVDKY PPNAVVEHFPIRVLNNLNLPGCNGGSL 413
MERS-CoV_NSP14 V---QQLFYT-EDMASRFADGLELFWNCNVPKYPNNAIVEHFPTIRVESEFNLPGCDGGSL 415
SARS-CoV-1 AYKIEELFYSYATHHDKETDGVELFWNCNVDRYPANATVEHFPIRVLSNLNLPGCDGGSL 419
Civet-CoV _NSP14 AYKIEELFYSYATHHDKETDGVELFWNCNVDRYPANATVEHFPIRVLSNLNLPGCDGGSL 419
Pangolin-CoV NSP14 AYKIEELFYSYATHSDKFKDGVELFWNCNVDRYPANATVEHFPIRVLSNLNLPGCDGGSL 419
Bat-CoV_RaTG13 AYKIEELFYSYATHSDKETDGVELFW VDRYPANSIV:FD |RVLSNLNLPGCDGGSL 419
. . * * **:l’:**** * * % ::*k*k *. . :** * :****
HCoV-NL63 NSP14 YVNKHAFHTPAYDKRAFVKLKPMPFFYFDDSDCDVV-~-—~~ QEQVNYVPLRASS|CYTRC 467
HCOV-229E_NSP14 YVNNHAFHTPAYDKRAMAKLKPAPFFYYDDGSCEVV-~-—~— HDQVNYVPLRATNCI THC 465
YP 460021.1 YVNKHAFHTNPFTRTVFENLKPMPFFYYSDTPCVYVDG-LESKQVDYVPLRSATIC THC 472
YP 009555255.1 YVNKHAFHTKPFARAAFEHLKPMPFFYYSDTPCVYMDG-MDAKQVDYVPLKSATC] THC 472
MERS-CoV_NSP14 YVNKHAFHTPAYDVSAFRDLKPLPFFYYSTTPCEVHGNGSMIEDIDYVPLKSAVICI TAC 475
SARS-CoV-1 YVNKHAFHTPAFDKSAFTNLKQLPFFYYSDSPCESHGKQ-VVSDIDYVPLKSATC] THC 478
Civet-CoV _NSP14 YVNKHAFHTPAFDKSAFTNLKQLPFFYYSDSPCESHGKQ-VVSDIDYVPLKSATICI THC 478
Pangolin-CoV NSP14 YVNKHAFHTPAFDKSAFVNLKQLPFFYYSDSPCESHGKQ-VVSDIDYVPLKSATC] THC 478
Bat-CoV_RaTGl13 YVNKHAFHTPAFDKSAFVNLKQLPFFYYSDSPCESHGKQ-VVSDIDYVPLKSA i 478
***:***** H .l ‘** ****:' * ‘:::****::: [* * | *
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HCoV-NL63_NSP14 IGGAVEYKHANLYQKYVEAYNTFTQAGEFNIWVPHSFDVYNLWQIFIETNLQ 518
HCoV-229E NSP14 IGGAVELYKHANLYRAYVESYNIFTQAGFNIWVPTTFDCYNLWQTFTEVNLQ 516
YP_460021.1 LGGAVELYKHAEEYCNYLESYNIVTTAGFTFWVYKNEFDFYNLWNTEFTTLO-— 521
YP_009555255.1 LGGAVELIKHAEEYREYLESYNTATTAGFTFWVYKTEFDFYNLWNTFTKLO—-— 521
MERS-CoV_NSP14 LGGAVCHRKHATEYREYMEAYNLVSASGFRLWCYKTFDIYNLWSTEFTKVQ-— 524
SARS-CoV-1 LGGAVICHHHANEYRQYLDAYNMMISAGFSLWIYKQFDTYNLWNTFTRLO- - 527
Civet-CoV_NSP14 LGGAVCHRHHANEYRQYLDAYNMMISAGFSLWIYKQFDTYNLWNTEFTRLO-- 527
Pangolin-CoV NSP14 LGGAVCHRHHANEYRLYLDAYNMMISAGEFSLWIYKQFDTYNLWNTFTRLO-— 527
SARS-CoV-2 LGGAVCRHHANEYRLYLDAYNMMISAGEFSLWVYKQFDTYNLWNTFTRLO-— 527
Bat-CoV_RaTG13 LGGAth HANEYRLYLDAYNMMISAGEFSLWVYKQFDTYNLWNTFTRLQ-- 527
:***** :* * *:::** :** :* * Kk ****. *

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)
YP_460021.1 HCoV-HKU1
NC_019843, MERS-CoV
AAU04645, Civet-CoV
NC_045512.2, SARS-CoV-2

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 bg SDM experiments and identified
the residues D”YE® (motif 1), D*** (motif Il), and
D*"® (motif IlIl) 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

56

NC_002645, HCoV-229E
YP_009555255.1 HCoV-OC43
NC_004718, SARS-CoV-1
QIQ54047, Pangolin-CoV
MN996532.2, Bat (RaTG13)-CoV

Cys®”, Cys*"®, Cys*®, and His*® constituted the
first zinc finger whereas the second zinc finger
was consisted of His?®’, Cys®', His*®* and
Cy3279. Simultaneously mutating Asp® and Glu*
to Ala, impaired the ExoN activity drastically,
whereas E191—>A, H268—>A, or D’ 5A mutants
severely affected their ability to degrade RNA,
confirming their importance in the exonuclease
function. Asp®* is the fifth highly conserved
amino acid identified in motif Il. The ExoN activity
of D**>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*"°>H in ZF1 and
C®5A and H™SR 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 (Dgo, Egz,
E™, D?”®, and H*®®) by replacing them with Ala
or with more conservative substitutions like D to
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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 D®—A/E®—-A (motif 1), 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: D**—A/Q/E; E**>A/D/Q;
E191—>A/Q; Dm—»A/E/Q; H268—>A, suggesting
their importance in the activity of the PR
exonuclease. Furthermore, the ZF mutations
(C*"5H in ZF1 and C*'SA and H*®* SR 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

261 Cys

the impact of ExoN inactivation (using a
D*—A/E” A ExoN motif | 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.

Hi s264

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 | -DxE-D-Y-D-  Tyr Zn* 1
DNA Pol 1l -DxE-D-Y-D-  Tyr Zn* 1
RNase D -DXE-D-Y-D-  Tyr Zn** 1
DNA Pol lll, e-subunit -DxE-D-H-D- His zZn?* 1
RNase T -DXE-D-H-D-  His zZn** 1
ASARS-CoV-1 ExoN/ACE2$  -DxE-D-H-D- His Zn 3
MERS-CoV ExoN/DPP4# -DxE-D-H-D-  His Zn 3
SARS-CoV-2 ExoN//ACE2 -DxE-D-H-D-  His Zn* 3
HCoV-NL63 ExoN/ACE2 -DxE-D-H-D-  His Zn* 3
PHP
DNA Pol X (B. Subtilis) -HxH-E-H-D-  His Zn* 1
YcdX (E. coli) -HxH-E-H-D-  His Zn* 3
DNA Pol llI (Tth) co-editing -HxH-E-H-D-  His Zn* 1

*As, Active site; Pol, polymerase

**oroposed catalytic metal ions, water bound Zn**
ASimilar active sites and structural features are found in SARS-related CoVs and HCoVs too
$ACE2, Angiotensin-Converting Enzyme 2; #DPP4, Dipeptidyl peptidase 4
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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-

NSP10

CoV-2 makes 1 genomic (1ab) and 9
subgenomic mRNAs (S, 3a, E, M, 6, 7a, 8, 7b
and N, 107?). 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.

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

Fig. 20 A proposed simplified model for the replication, transcription and translation
processes in SARS-CoVs
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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 Zn*", 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** is proposed as the primary
metal ion which initiates the catalysis and the
Mg®* 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** 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 B-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 Zn** 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
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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 Mg®*/Zn** 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’" as the primary metal ion, as other metal
ions could not fit into its place whereas the
DEDD superfamily of enzymes which use zn*
as the primary metal ion, but other divalent metal
ions like Mg®/Mn*" could also fit into the primary
Zn*" 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*-
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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