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Abstract

In eukaryotes, genome replication starts with the initiation of replication by the primases, followed by the synthesis of
the leading- and lagging-strands by two different replicative DNA polymerases (pols), viz. € and §, respectively. The
polymerase and proofreading (PR) active sites of the 6 pols are analyzed from various animal and plant sources by
multiple sequence alignment (MSA). The animal and plant & pols are found to possess almost identical polymerase and
PR domains. However, the BLASTp analysis has shown only 56.57% identity between the plant (Arabidopsis thaliana)
and animal (human) 6 pols. The template-binding pair (-YG-), the catalytic amino acid (K) and the nucleotide selection
amino acid (Q) are found to be the same in both plant and animal § pols. The § pols from plant and animal sources
contain a typical Mg?+-binding motif, (-YGDTD-) in the polymerase domain and 2 possible Zn2*-binding motifs (ZBMs)
in their carboxy terminal domain (CTD). One of the ZBMs binds to the 4Fe-4S cluster and is suggested to be involved in
the regulation of replication. Interestingly, the invariant -SLYPS- and -YGDTD- motifs which are found in the § pols are
not found in the other replicative pol €. Furthermore, both animal and plant 8 pols use the same PR exonuclease active
site amino acids, and thus, belong to the DEDD(Y)-superfamily of exonucleases, as found in other DNA pols. Besides,
many specialized, conserved sequence motifs are also identified and discussed.

Keywords: Eukaryotic genome replication; DNA polymerases 8; § DNA polymerase active site; Proofreading
exonucleases; Proofreading exonuclease active sites; Arabidopsis thaliana; Homo sapiens

1. Introduction

Duplication of genomes is an indispensable activity in the life-cycle of all living organisms to preserve and maintain the
blueprint of life in all living cells. Therefore, high-fidelity genome replication is fundamental to all life forms. The genome
of each organism encodes several DNA pols which are involved in genome replication as well as repair mechanisms. To
date, five different DNA pols have been characterized in Escherichia coli, eight in Saccharomyces cerevisiae, and as many
as 16 in humans [1]. However, only three DNA pols, viz. a, § and ¢, also known as replicative polymerases, are involved
in the duplication of the nuclear genome in all eukaryotes [2]. Whereas the pol « is involved in the synthesis of the
primers to initiate the genome replication process, the other two replicative pols, viz. pol § and pol € faithfully replicate
the whole genome and make an exact copy of the original genome. All three replicative polymerases belong to B-family
pols (B pols) which are involved not only in replication but also in repair of any error occurring during the replication
process [3]. The B-family DNA pols are reported from both prokaryotes and eukaryotes, e.g., pol I, pol B, pol a, pol ¢,
pol §, pol . The B-family DNA pols, in addition to polymerization, exhibit 3’5’ PR function [4]. The structural and
functional aspects of these pols from animals, yeasts and higher fungi have been extensively analyzed and reported by
Palanivelu [5, 6]. Even though more than a dozen different DNA pols are reported from plant cells to perform various
replicative and repair functions, detailed properties about them are still very limited. All the replicative pols have an
efficient PR function. However, mutations that escape during the replication process, but rarely, generate the most
important new genetic variants in animals and plants.
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Though the replication process is highly conserved in all domains of life, it is much more complex in eukaryotes [7].
Genome replication in eukaryotes is incredibly more sophisticated and is performed by a highly coordinated series of
molecular events. The replication process, apart from the replicative DNA pols, depends on the participation of many
enzymes and regulatory proteins, like primases, cell-cycle kinases, replicative helicases, single-strand binding proteins
(SSBs), additional repair enzymes, ligases, etc. Given the importance of accurate DNA replication, the proper function of
all these enzymes is critical to maintaining the genome stability.

Initiation, the very first-step in the replication process in both prokaryotes and eukaryotes, is accomplished by a multi-
structural enzyme-protein complex, known as a primosome. The primosome essentially consists of an origin-of-
replication initiator protein, a replicative helicase, a helicase loader, SSBs, a primase, etc. [5]. After successful priming
of replication, the replication process is taken over by the replisomes by the next multi-protein complex. The replisome
is mainly composed of two different replicative DNA pols in eukaryotes, viz. pol § and pol . In this step, the DNA primers
synthesized by DNA pol a (pol1) at the initiation step, are further extended to completion by these replicative pols. In
prokaryotes and eukaryotes, the crucial step of the initiation of replication is performed by an RNA primase, but an
additional DNA primase is required for eukaryotic replications which is synthesized by the DNA pol «. The leading-
strand is synthesized by DNA pol € (pol2), and the lagging-strand is synthesized by DNA pol § (pol3). In contrast to the
continuous leading strand synthesis, the lagging strand is synthesized discontinuously in ~200 nucleotides (nt)-long
Okazaki fragments, which are then ligated to form the contiguous lagging strand [8].

1.1. Various Activities of the DNA pol § during Genome Replication

The DNA pol & is a high-fidelity enzyme, catalyzing the nucleotidyl transfer reaction with an error frequency of 1/22,000
[9]. Replication is initiated by pol «, priming on both strands. On the lagging strand, the priming is repeated at multiple
points, whereas only once on the leading strand. During the synthesis of the lagging-strand, pol 6 synthesizes a large
number of Okazaki fragments (OFs) right up to the 5’-end of a preceding RNA primer, whereupon it is recycled to a new
primer terminus, leaving behind a nick or a short gap. Pol § is also responsible for maturation of the previously
synthesized OFs by gradually removing the RNA primers (one at a time from the 5’-end) by a proliferating cell nuclear
antigen (PCNA)-bound Flap endonuclease 1 (FEN1) which are gradually filled in the same order with dNTPs to produce
ligatabe links which are ligated by a ligase to make the continuous lagging strand. In addition to its function in DNA
replication, pol § has been shown to play important roles in DNA mismatch repair and recombination events also [10].
Thus, the multifunctional nature of DNA pol § appears to be a crucial determinant of the overall fidelity of the DNA
replication process in eukaryotes [11]. Even though the DNA pols § have been extensively studied from yeasts, higher
fungal and animal sources, not much information is available from plant sources.

1.2. Subunit Composition and Structural Features of human and plant 8 Pols

DNA pol 6 (pol3) has been extensively studied from the yeast, S. cerevisiae, and humans. In addition to its role in
chromosomal DNA replication (as mentioned earlier where it performs the lagging-strand synthesis), it is also involved
in DNA repair, DNA/RNA primer removal and recombination functions as mentioned above. Pol § is a multi-subunit
protein complex, composed of a catalytic subunit and 3 accessory subunits. The latter subunits play a critical role in the
regulation of pol § functions. The catalytic subunit of human pol § (polD1) is one of the most well-studied. It is composed
0of 1107 amino acid residues and harbours the polymerase and PR exonuclease domains. Both the domains are separated
by ~45 A [12]. The human DNA pol § is a heterotetramer, structurally very similar to the DNA pol ¢ (Fig. 1a). (In the
budding yeast S. cerevisiae, the enzyme is made up of only three subunits; the p12 kDa subunit was not found [13].

1a

Figure 1a Subunit structure of the DNA pol § from humans

Adapted from [6, 13].
The numbers in brackets denote the approximate molecular mass of the subunits.

Fig. 1b shows the organization of various domains of the pol § from humans.
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Figure 1b A schematic diagramme showing the domain organization of the DNA pol § of animals (The numberings are
from the human enzyme)

NTD, N-Terminal Domain; Exo, PR Exonuclease domain; PIP, PCNA Interacting Peptide (During elongation, the PCNA
(the replication clamp) increases the pol § catalytic rate by >30-fold. In fact, pol § shows little activity in the absence of
PCNA); A and B are CysA and CysB ZBMs.

Pol 6 from Arabidopsis, like animals and fission yeast, is composed of four subunits (POLD1-POLD4) [10]. The POLD1
catalytic subunit harbours both the polymerase and PR exonuclease domains and it is highly stimulated by the PCNA.
The other subunits in the complex are involved not only in the stabilization of the polymerase complex, but also in its
interactions with the PCNA. In Arabidopsis, as in other eukaryotes, the deletion of POLD1 and POLDZ genes is found to
be lethal. The subunit structure of the plant, A. thaliana, is shown in Fig. 2a. These data confirm that the subunit
composition of the replicative pol § is highly conserved in plants and is very similar to animal enzymes.
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Figure 2a Subunit structure of the DNA pol § from plants (A. thaliana). The numbers in brackets denote the approximate
molecular mass of the subunits. NB: Rice has two POLD4 genes.

Fig. 2b shows a tentative arrangement of various domains on the catalytic subunit, POLD1.
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Figure 2b A schematic diagramme showing the domain organization of DNA pol § from A. thaliana

PIP, PCNA Interacting Peptide (During elongation, the PCNA (the replication clamp) increases the pol § catalytic activity
several folds; A and B are CysA and CysB ZBMs.

1.3. Genome Replication in Plant Cells

Replication defects in plants may affect various functions like genome stability, plant growth, flowering, pollination,
yield, etc. Our knowledge of DNA replication in plant cells is mostly derived from yeasts and animals. As in animals, the
genome replication in plants is accomplished by a large multi-protein complex system known as the replisome. Some of
the equivalent replisome proteins and enzymes that have already been characterized from plant sources are the
minichromosome maintenance protein complex (MCM), replicative helicase, cell division cycle protein 45 (CDC45),
proliferating cell nuclear antigen (PCNA), replication factor C (RFC), replication protein A (RPA), flap endonuclease,
ligase, etc. [14]. It is interesting to note that in Arabidopsis, the knockout mutants of the main subunits of these two
replicative pols (pols € and &) are found to be lethal.
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The primase (DNA pol o) and the other replicative pols € and § from animal sources have been analyzed and reported
by this author [5, 6]. In this communication, the DNA replicative pol § from plant sources is analyzed and reported.

2. Material and methods

The protein sequence data of animal and plant DNA & pols 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 and from the data already available from biochemical, SDM, cryo-EM and X-ray
crystallographic analyses on the replicative polymerase are used to identify the possible amino acids at the active sites
of the plant replicative pol § and their polymerase and PR functions.

3. Results and discussion

3.1. MSA Analysis of DNA Polymerase 8 from Plant Sources

Figure 3 shows the MSA of DNA pols 6 from various plant sources. (Only the required regions for the discussions are
shown). The A. thaliana sequence is used as the standard and highlighted. The N-terminal region (~ 300 amino acids)
shows small and large gaps in the alignment (data not shown), which is followed by the highly conserved PR exonuclease
domain. The PR exonuclease domain contains the typical and completely conserved active site amino acids (highlighted
in light blue) as reported in other PR DNA pols. The PR exonuclease domain is followed by the pol domain which is also
highly conserved in all. The completely conserved pol active site amino acids are highlighted in yellow. The
characteristic -SLYPS- and -YGDTDS- motifs of § pol are found before and after the proposed pol active site,
respectively, and their possible functions are discussed elsewhere. A polybasic, highly conserved, hexapeptide
(highlighted in light violet) is found between them. DxD types of metal-binding motifs are also observed in the PR and
polymerase domains. The C-terminal region shows only a few gaps and consists of the three important regulatory
motifs, viz. a PCNA interacting peptide (PIP), a ZBM and a Fe-S-ZBM, which are found to be very similar to animal § pols
[6]. Interestingly, all the three eukaryotic replicative DNA pols (pol a, € and §) contain two such conserved Cys-rich
metal-binding motifs in their C-terminal domains of their catalytic subunits and are named CysA and CysB. The CysA is
the regular ZBM whereas in the CysB motif, a Zn2* binds to a 4Fe-4S cluster [15]. The PIP is highlighted in light magenta
and its role in replication is discussed elsewhere. It is interesting to note that all § pols invariably end in an aromatic
amino acid, F/W/Y (highlighted) as in animal 8 pol. The { pol, an error-prone polymerase specialized in translesion DNA
synthesis, which is also classified under B-family pols, possesses similar catalytic core amino acids (-271°RQ-
4LGLK'LIANVTF8GYT-) and the characteristic -2616SYLPS- and -2778YGDTS- motifs suggesting not only that the & pols
could also perform translesion synthesis, but also their common origin of evolution.

CLUSTAL O (1.2.4) MSA of the § polymerases from various plant sources.

A PRExo —p

tr|USH8M8 |USHE8M8 USTV1 RNDN---DDDKVNFESILKGLNEEVATDSSDQK| WNRPALPP--IDPDTDALIFQQIELEE 140
tr|ClE609|C1E609 MICCC HPSPDRIPDGVFPARAPPRRSQVNVANDAEREH| WKRKPAPT--LDASKDNLCFQQLDIDY 135
tr|Q33BV0|Q33BV0_AUXPY  —m———mmmm o EVDEGTLGEAGKN| WPRPPPPQ--LNPASTSLVFQQLEVDY 88
sp|QYLVN7|DPOD1 _ARATH —=——--————- LIL----- RDIEERE---SRSSA| WARPPLSPAYLS-NSQSIIFQQLEIDS 104
tr|AOA3P6BBX0|AOA3P6BBX0 BRAOL ~  —-————=--- LIL----- RDMEEREALSARSST| WARPPLSPAYLA-NSQSIIFQQLEIDY 99
tr|AOA397Z0B4 |A0A39720B4 BRACM --—————=—— LIL---—- RDMEEREALSARSST| WARPPLSPAYLA-NSQSIIFQQLEIDY 99
tr|AOAO78I2E2 |AOAQ78I2E2 BRANA --———————— LIL---—- RDMEEREALSARSST| WARPPLSPAYLA-NSQSIIFQQLEIDY 99
tr|AOA287NECO |AOA287NECO_HORVV ~  -———------LLL------—- DRDEALASRLSR| WKRPALPADLVSGCSRSVAFQQLDIDY 130
tr|AOA3B6JHKO |AOA3B6JHK9 WHEAT ~  —--—---——--LLL--—------ DRDEALASRLSR| WKRPALPADLVSGCSRSVAFQQLDIDY 110
tr|AOA453HJ27 | A0A453HI27 AEGTS ---DRDEALASRLSR| WKRPALPADLVSGCSRSVAFQQLDIDY 125
tr|AOA6G1C319|A0A6G1IC319 90RYZ ---DRDEALASRLSR| WKRPALPADLASGCSRTVAFQQLEIDY 114
sp|QI9LREG | DPOD1 ORYSJ ---DRDEALASRLSR| WRRPALPADLASGCSRNVAFQQLEIDY 112
tr|AOAOEOMDAS | AOAOEOMDAS ORYPU ---DRDEALASRLSR| WKRPALPADLASGCSRNVAFQQLEIDY 114
tr|AOASJOUSA3|AOASJIUSA3 9POAL ---QRDEALASRLSR| WKRPPLPADLVAGCSRAVAFQQLEIDY 107
tr|AOALD6QLTS |AOA1D6QLTS MAIZE -—-QRDEALASRLAR| WKRPATPTDLAAGCSRTVAFQQLEIDY 110
tr|AOA2S3ICY2|A0A2S3ICY2 9POAL -—-QRDEALASRLAR| WKRPALPADLATGCSRPVAFQQLEIDY 110
tr|K32Gz6|K32GZ6_SETIT =—=———————-IMI-———-——- QRDEALASRLAR| WKRPALPADLATGCSRTVAFQQLEIDY 112
tr|AOA2P2KVGY |AOA2P2KVGY RHIMU =~ ——————————————mmmm oo VRERQVLASRLAK| WRRPPLSGAYLS-QSQSITFQQLEMDY 98
tr|AOAOS3RFB6|AOAOS3RFB6 PHAAN ~  —-——————-—— TLR-—--- D-TIEQRHALAARLSK| WTRPPLSDDYVA-QSRGVVFQQLEIDY 93
tr|AOA7J7DZRA |AOATJITDZR4 TRIWF ~  ————————--— ILR-—--- D-IEEREAIVARLAR|WARPALSDDYLS-QAKNILFQQLEMDY 94
tr|AOA200Q8R4 |[A0A200Q8R4 9MAGN ~  --—————-—— ILQ-—--— DEEDRRQLLASRLSK | WKRPTSSPCN-=--—-——-—~ LITRIDY 60
tr|AOA2P6RSPY|AOA2P6RSPY ROSCH ~  —-—————=—— ILR-—--— D-SEQRQSLASRLTR | WARPPLSDAYKS-ASKSILFQQLEIDY 98
tr|AOA2I4F7Z3|A0A2I4F723 JUGRE —————====- ILR-—--- D-SEGRQALAARLSK|WSRPPLSDAYVS-QSRSILFQQLEIDY 94

tr|AOA6J5U1U4 |AOA6J5U1U4_PRUAR
tr|AOASE4GBB6 | AOASE4AGBB6_PRUDU
tr|AOA6P5SIM3|AOA6P5S1IM3_PRUAV

—————————— ILR-----D-IEERQSLASRLTK
—————————— ILR-----D-IEERQSLASRLTK
********** ILR-----D-IEERQALASRLTK

WARPSISHAYSS-ASRSIAFQQLEIDY
WARPSISHAYSS-ASRSIAFQQLEIDY

WARPSISHAYIS-ASRSIAFQQLEIDY

* ok .
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tr|USH8MS|USH8M8 USTV1

tr|C1E609|C1E609 MICCC

tr[Q33BV0|Q33BV0 AUXPY

sp|QILVN7 | DPOD1_ARATH

tr|AOA3P6BBX0 |AOA3P6BBX0 BRAOL
tr|A0A39770B4 |A0A39720B4 BRACM
tr|AOAO78I2E2 |AOA0T8I2E2 BRANA
tr|AOA287NECO |AOA287NECO HORVV
tr|AOA3B6JHKO |AOA3B6JHKY WHEAT
tr|AOA453HI27 |AOA453HT27 AEGTS
tr|AOA6GLC319|A0A6G1C319_90RYZ
sp|QILREG | DPOD1_ORYSJ

tr|AOAOEOMDAS |AOAOEOMDAS ORYPU
tr|AOASJ9USA3 |AOA5J9USA3 9POAL
tr|AOA1D6QLTS |AOA1D6QLTS MAIZE
tr|AOA2S3ICY2 |ADA2S3ICY2 9POAL
tr|K32GZ6|K33GZ6_ SETIT

tr|AOA2P2KVGY |AOA2P2KVGY RHIMU
tr|AOAOS3RFB6 |AOAOS3RFB6 PHAAN
tr|AOATITDZR4 | AOATJITDZRA TRIWF
tr|AOA20008R4 [AOA20008R4_9IMAGN
tr|AOA2P6RSPY |AOA2P6RSPY ROSCH
tr|AOA2I4F723|A0A2I4F723 JUGRE
tr|AOA6J5ULU4 |AOA6J5U1U4 PRUAR
tr|AOASE4GBB6 |AOASE4GBB6 PRUDU
tr|AOA6P5SIM3 |AOA6P5S1M3 PRUAV

tr | USHEMS | USHEME_USTV1

01 Q33BV0
sp | QLVNT | DFOD1l_RRATH
tr | ROASPEBEXNO | AORAZPEEBXEO_ERROL
tr|ADR 0B4 |A0A357Z0B4_BRACH

|BORZET. 0
tr|AOA3BGJHES | A0R3BeJHES WHEAT
tr|AOR4S3HI2T | ROR4S3HIZT_REGTS
tr|RORSGLC519 | RORSGIC31S_S0RYE
sp | 08LREG | DFOD1_ORYSJ

T | RORO RS | ROROEOMDRE CQRYEU
tr|ROASTAUSAS | RORSJSUSAS SFORL
tr|AORIDEQ0LTS |AORIDEeQLIE_MATZE
tr|RAOR2S3ICYZ | AOR2S3IICY2 SFOAL
tr|E3ZGEZ6 |E3ZGZ6_SETIT

tr | ROR2P2EVGY | AORZFAEVGES_RHIMU
tr|AOROS3RFEE | AOROS3RFBS_FHALN
tr|ADR ZR4 | ROAT R4_TRIWF
tr|A0A 8R4 | A0A20008R4_ SMLGN
trIADAEF€RSF?IADAEPERSP?:RZS:H
tr|RAOR2T4FTEZ3 |AOR2T4FTZ3_JUGRE
tr|AOREJ5ULUS | A0RGJSULU4_FRUAR
tr|ROASE4GERG | RORSE4GEBES_FRULDT
tr|RORSFS51M3 | A0RCPS51M3_FRUAV

tr|U5H8M8 | USH8M8 USTV1

tr|ClE609|C1E609 MICCC

tr[Q33BV0|Q33BV0_AUXPY

sp|Q9LVN7|DPOD1 ARATH

tr|AOA3P6BBX0|AOA3P6BBX0 BRAOL
tr|AOA39720B4 |A0A39720B4 BRACM
tr|AOA078I2E2 |AOA078I2E2 BRANA
tr|AOA287NECO |AOA287NECO HORVV
tr|AOA3B6JHKY | AOA3B6JHKO WHEAT
tr|AO0A453HJ27 |AOA453HJ27 AEGTS
tr|AOA6G1C319|A0A6GLC319 9ORYZ
sp|Q9LRE6 | DPOD1_ORYSJ

tr|AOAOEOMDAS | AOAOEOMDA8 ORYPU
tr|AOA5J9USA3 |AOAS5J9USA3 9POAL
tr|AOA1D6QLT8 |AOALD6QLT8 MAIZE
tr|AOA2S3ICY2|A0A2S3ICY2 9POAL
tr|K3ZGZ6|K32Gz6_ SETIT

tr|AOA2P2KVGY |AOA2P2KVGY RHIMU
tr|AOAOS3RFB6 | AOAOS3RFB6_PHAAN
tr|AO0A7J7DZR4 |AOA7JI7DZR4 TRIWF
tr|AO0A200Q8R4 |AOA200Q8R4_9IMAGN
tr|AOA2P6RSPY|AOA2P6RSPI ROSCH
tr|AOA2I4F723|A0A2I4F723_ JUGRE
tr|AO0A6J5U1U4 |AOA6J5UL1U4 PRUAR
tr|AOASE4GBB6 | AOASE4GBB6_PRUDU
tr|AOA6P5S1M3 |AOA6P5S1M3 PRUAV
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Pol <+— D —» 7BV
tr|U5H8M8|U5H8M87USTVl ‘&PLMRIFEPILGE——KASSLLTGDHTRIVSIVAPT—— GGLMKFANRTMTCYLGCKTPLKP
tr|ClE609|ClE609_MICCC PLLRIFEPIMGAEKAESELLKGDHTRTIAVPTPTAKAGGIMAFAKVRLYCYGCRSSITD
tr|Q33BV0|Q33BVO_AUXPY PLMRLFEPIMKN--P-RDLLTGAHTRSIMVATPSAAYGGIMKFADKRLTCYLGCKAPLGK
sp|Q9LVN7|DPOD1_ARATH PLLRIFEPVLKN--ASKELLHGSHTRSISITTPS--NSGIMKFAKKQLSCVGCKVPISN
tr|A0A3P6BBXO\AOA3P6BBX07BRAOL PLLRIFEPVLKN--ASSELLHGDHMRSISITTPS--NSGIMRFA] CKVPIST
trIAOA397ZOB4\AOA397ZOB47BRACM PLLRIFDPVLKN--ASSELLHGDHMRSISITTPS--NSGIMRFA] GCKVPIST
tr|AOAQ078I2E2 |AOAQ078I2E2_ BRANA PLLRIFDPVLKN--ASSELLHGDHMRSISITTPS--NSGIMRFA] CKVPIST
trlAOA287NECO\AOA287NECO_HORVV PLLRIFEPILKN--ASRELLHGSHTRAVSISTPS--NSGIMKFA] CKAVISG
tr|AOA3B6JHKY |AOA3B6JHK9 WHEAT PLLRIFEPILKN--ASRELLHGSHTRAVSISTPS--NSGIMKFA] GCKAVISG
trIAOA453HJ27\AOA453HJ277AEGTS PLLRIFEPILKN--ASRELLHGSHTRAVSISTPS--NSGIMKFA] CKAVISG
trIAOA6G1C3l9\AOA6G1C31979ORYZ PLLRIFEPILKN--ASKELLHGSHTRAVSISTPS--NSGIMKFA] GCKAVISG
sp|Q9LRE6|DPOD1_ORYSJ PLLRIFEPILKN--ASRELLHGSHTRAVSISTPS--NSGIMKFA] CKAVISG
trlAOAOEOMDAS\AOAOEOMDAB_ORYPU PLLRIFEPILKN--ASKELLHGSHTRAVSISTPS--NSGIMKFA] CKAVISG
tr|AOA5J9USA3 |AOAS5J9USA3_9POAL PLLRIFEPILKN--ASKELLHGSHTRAVSISTPS--NSGIMKFA] CKAVISG
trlAOA1D6QLT8\AOA1D6QLT8_MAIZE PLLRIFEPILKN--ASKELLHGSHTRSVSISTPS--NSGIMKFA] CKAVISG
tr|AOA2S3ICY2 |AOA2S3ICY2_ 9POAL PLLRIFEPILKN--ASKELLHGSHTRSVSISTPS--NSGIMKFA] CKAVISG
tr|K3ZGZ6|K3ZGZ67$ETIT PLLRIFEPILKN--ASKELLHGSHTRSVSISTPS--NSGIMKFA| GCKAVISG
trIAOAZPZKVG9\AOAZPZKVG97RHIMU PLLRIFEPILKN--ASKELLHGSHTRSISISTPT--NGGIMKFA] GCKALISK
tr|AOAOS3RFB6 |AOAOS3RFB6_PHAAN PILRIFEPILKN--ASRELLHGSHTRSISISTPS--NSGLWKFA] CKAVLGK
tr|AOA7J7DZR4 |AOA7JTDZR4_TRIWF PLLRIFEPILKN--ASKELLQGSHTRAISISTPT--T|GGIMRFA] GCRALLSN
tr|AOA200Q8R4 |AOA200Q8R4_9MAGN PLLRIFEPILKN--ASKELLHGSHTRAVSISTPS--NSGIMKFA] CKALISN
trIAOA2P6RSP9\AOA2P6R5P97ROSCH PLLRIFEPILKN--ASSELLHGSHTRSISMPTPS--NSGIMRFA] CKTPISN
trlAOAZI4F7Z3\AOA214F7Z37JUGRE PLLRIFEPILKN--ASRELLHGSHTRSISISTPS--NSGIMKFA] GCKALISN
trlAOA6J5U1U4\AOA6J5U1U4_PRUAR PLLRIFEPILKN--ASKELLHGSHTRSISISTPS--NSGIMKFA] CKALISN
tr|AOASE4AGBB6 |AOASE4GBB6_PRUDU PLLRIFEPILKN--ASKELLHGSHTRSISISTPS--NSGIMKFA] CYJCKALISN
trIAOA6P5SlM3\AOA6P5SIM37PRUAV PLLRIFEPILKN--ASKELLHGSHTRSISISTPS--NSGIMKFA] CKALISN

:*::‘k:*:*:: .** * Kk x : H :*: * . * ok E kS .

<«— 7B
tr|USH8M8 |USH8M8_USTV1 NRPNKAVCE! CXPRTAELYAKQLNITTAHETAYARLWT!E ‘!.G SKOCPT
tr|ClE609|C1E609_MICCC EKQSTAJCI'HCL.GKEPEHLQKALNSVNALERDEN] R SR I
tr|Q33BV0|Q33BVO_AUXPY G--EATYCKHCKAKEGEIYQRSLLGVNDLQAQFSALWTQJCD RSRIOCPT
Sp|Q9LVN7\DPODl_ARATH ————-GTLCASCKGREAELYCKNVSQVAELEEVFGRLWTQCQECQGSLHQDVLCTSRDCPI
tr\AOA3P6BBXO\AOA3P6BBXO_BRAOL ———-GTHCRHCKGREAELYCKNVSQVSDLEELFGRLWT( FCPGSLHODVIICTSROCPT
tr\AOA397ZOB4\AOA397ZOB4_BRACM —-——-GTHCRHCKGREAELYCKNVSQVSDLEELFGRLWT( FCPGSLHODVICTSROCPT
tr|AOA078I2E2 |AOA078I2E2_BRANA —-——-GTHCRHCKGREAELYCKNVSQVSDLEELFGRLWT( BCPGSLHODVIICTSROCPT
tr|AOA287NECO |AOA287NECO_HORVV P--NQTICBHCKGREAELYCKTVANVSDLEMLEFGKLWT( FCPGSLHODVICTSROCPT
tr|AOA3B6JHKO |AOA3B6JHKS WHEAT P--NQTICBHCKGREAELYCKTVANVSDLEMLFGKLWT( BCPGSLHODVICTSROCPT
tr|AOA453HJ27 |AOA453HT27_AEGTS P--NQTICBHCKGREAELYCKTVANVSDLEMLFGKLWT! BCPGSLHQDVICTSROCPT
tr|AOA6G1C319|A0A6G1C319_90RYZ S—--NQTICBHCKGREAELYCKTVANVSELEMLFGRLWT( BECPGSLHQDVICTSROCPT
sp|Q9LRE6 |DPOD1_ORYSJ S—--NQTICFHCKGREAELYCKTVGNVSELEMLFGRLWT( BECPGSLHODVICTSROCPT
tr\AOAOEOMDAS\AOAOEOMDASioRYPU S—--NQTICBHCKGREAELYCKTVGNVSELEMLEFGRLWT( BECPGSLHODVICTSROCPT
tr\AOA5J9USA3\AOA5J9USA379POAL A--NQTIYCBHCKGREAELYCKSVANVSELEMLEGRLWT( FCPGSLHODVICTSROCPT
tr\AOA1D6QLT8\AOA1D6QLT87MAIZE A--SQTIYCBHCKGREAELYCKTVANVSDLEMLEFGRLWT( FCPGSLHODVICTSROCPT
tr|AOA2S3ICY2 |AOA2S3ICY2_ 9POAL A--SQTICBHCKGREAELYCKTVANVSDLEMLEFGRLWT! HECPGSLHQDVICTSROCPT
tr|K372GZ6|K32GZ6_SETIT A--SQTIYCBHCKGREAELYCKTVANVSDLEVLEFGRLWT( BECPGSLHODVICTSROCPT
tr\AOAZPZKVGg\AOA2P2KVG97RHIMU S—--DQTIUCBHCKGREAELYCKTVSQVSELESLFGRLWT( BECPGSLHODVICTSROCPT
tr\AOAOS3RFB6\AOAOS3RFB67PHAAN D--HHTYCBHCKGREAELYCKTVSRVSELEMHFGKLWT( FCPGSLHODICTSROCPT
tr\AOA7J7DZR4\AOA7J7DZR47TRIWF S—--DHTICLHCKGREAELYCKTVSHVSELEELFGRLWT( FCPGSLHODVICTSROCPT
tr\AOA2OOQ8R4\AOA200Q8R4_9MAGN A--EQTICEHCKGREAELYCKTVANVADLEILFGKLWT( FECPGSLHODVICTSROCPT
tr\AOA2P6RSP9\AOA2P6RSP9_ROSCH S--DRTHCFHCKGREAELYCKTVAHVSELETLFARLWT( FCPGSLHODVIICTSROCPT
tr|AOA2T4F7Z3 |AOA2I4F7Z23_JUGRE N--DRIJCEHCKGREAELYCKTVAHVSELEMLFGRLWT( FCPGSLHODVIICTSROCPT
tr|AOA6J5U1U4 |AOA6J5ULU4_PRUAR T--DRTHCEHCKGREAELYCKTVAHVSELETLEGRLWT( ECPGSLHODVICTSKHPER
tr|AOASE4GBB6 |AOASE4GBB6_PRUDU A--DRTICBHCKGREAELYCKTVAHVSELETLFGRLWT( BCPGSLHODVICTSROCPT
tr|AOA6P5S1M3 |AOA6P5S1M3_PRUAV A--DRTICBHCKGREAELYCKTVAHVSELETLFGRLWT! BCPGSLHQDVICTSROCPT

| I 1 O | RN ) gk

tr|USH8MS8 |USH8M8 USTV1

tr|ClE609|ClE609 MICCC

tr|Q33BVO0|Q33BV0 AUXPY

sp|Q9LVN7 | DPOD1_ARATH

tr|AOA3P6BBX0 |AOA3P6BBX0 BRAOL
tr|AOA397Z0B4 |AOA397Z20B4 BRACM
tr|AOA078I2E2 |AOA078I2E2 BRANA
tr |AOA287NECO | AOA287NECO_ HORVV
tr | AOA3B6JHKY |AOA3B6JHKY WHEAT
tr|AOA453HJ27 |AOA453HI27 AEGTS
tr|AOA6GLC319|A0A6GLC319 90RYZ
sp|Q9LRE6 | DPOD1 ORYSJ

tr|AOAOEOMDAS | AOAOEOMDAS ORYPU
tr|AOA5J9USA3 |AOASJOUSA3 9POAL
tr|AOA1D6QLTS |AOALID6QLT8 MAIZE
tr|AOA2S3ICY2|AOA2S3ICY2 9POAL
tr|K3ZGZ6|K32GZ6 SETIT

tr|AOA2P2KVGY |AOA2P2KVGY9 RHIMU
tr | AOAOS3RFB6 | AOAOS3RFB6 PHAAN
tr|AOA7J7DZR4 |AOA7J7DZR4 _TRIWF
tr|AOA20008R4 |AOA200Q8R4_9MAGN
tr|AOA2P6RSPY |AOA2P6RSPO_ROSCH
tr |AOA2I4F72Z3 |A0A2I4F723 JUGRE
tr|AOA6J5ULU4 |AOA6J5U1U4 PRUAR
tr|AOASE4GBB6 | AOASE4GBB6 PRUDU
tr | AOA6P5S1M3 |AOA6P5S1M3 PRUAV
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Figure 3 MSA of the § polymerase from various plant sources
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US5H8MS8_USTV1 DNA polymerase, Microbotryum lychnidis-dioicae (an obligate biotrophic plant parasite)
C1E609_MICCC DNA polymerase, Micromonas commode (a eukaryotic, photosynthetic microbe)
Q33BVO_AUXPY DNA polymerase, Auxenochlorella pyrenoidosa (Chlorella)
Q9LVN7|DPOD1_ARATH DNA polymerase, Arabidopsis thaliana
AOA3P6BBX0_BRAOL DNA polymerase, Brassica oleracea
A0A39770B4_BRACM DNA polymerase, Brassica campestris
AO0AO078I12E2_BRANA DNA polymerase, Brassica napus
AO0A287NECO_HORVYV DNA polymerase, Hordeum vulgare subsp. Vulgare
AOA3B6JHK9_WHEAT DNA polymerase, Triticum aestivum
AO0A453HJI27_AEGTS DNA polymerase, Aegilops tauschii subsp. Strangulate
AOA6G1C319 90RYZ DNA polymerase, Oryza meyeriana var. granulate
Q9LRE6|DPOD1_ORYSJ DNA polymerase, Oryza sativa subsp. Japonica
AOAOEOMDAS8_ORYPU DNA polymerase, Oryza punctate
AO0A5J9USA3_9POAL DNA polymerase, Eragrostis curvula
AOA1D6QLT8_MAIZE DNA polymerase, Zea mays

AOA2S3ICY2_9POAL DNA polymerase, Panicum hallii

K3ZGZz6_SETIT DNA polymerase, Setaria italic

AO0A2P2KVG9_RHIMU DNA polymerase, Rhizophora mucronata
AOAO0S3RFB6_PHAAN DNA polymerase, Vigna angularis var. angularis
AO0A7J7DZR4_TRIWF DNA polymerase, Tripterygium wilfordii
AO0A200Q8R4_9MAGN DNA polymerase, Macleaya cordata
AOA2P6RSP9_ROSCH DNA polymerase, Rosa chinensis
AO0A214F7Z23_JUGRE DNA polymerase, Juglans regia
AO0A6J5U1U4_PRUAR DNA polymerase, Prunus armeniaca
AOAS5E4GBB6_PRUDU DNA polymerase, Prunus dulcis
AOA6P5S1M3_PRUAYV DNA polymerase, Prunus avium

Figure 4 shows the ‘Mix and Match’ MSA of the plant and animal 8 pols (only the required regions for the discussions
are shown). The plant sequences are highlighted in green and the animal sequences in black. There are large and small
gaps in the N-terminal domains (data not shown). The PR exonuclease domain shows many conservations in both &
pols, but much higher conservations are observed at the end of the PR domain. It is interesting to note that the PR
exonuclease active site amino acids (highlighted in light blue) are completely conserved in both plant and animal & pols
(Fig. 4). However, the second domain, i.e., the pol domain is highly conserved throughout. The polymerase active site
amino acids are also completely conserved in both the § pols (highlighted in yellow). The -DxD- metal-binding motifs
are highly conserved in both and highlighted in dark green. The characteristic motifs found in the & pols, viz. -SYLPS-
and YGDTD- are completely conserved in both & pols and their significance is discussed elsewhere. The highly conserved
polybasic peptide is found in both pols and placed in between them (highlighted in light violet). However, the larger
conserved peptide carrying the -SYLPS- motif shows marked differences in four amino acids, -FYEKPIATLDFASLYPS-
(from plant sources, A. thaliana) and -YYDVPIATLDFSSLYPS- (from animal sources, humans). However, the BLASTp
analysis has shown only 56.57% identity between the plant (A. thaliana) and animal (human) & pols. The pl values of A.
thaliana and human & pols showed a marked difference, 8.00 and 6.64, respectively. Apart from the conserved Cs of the
ZBMs in the CTD, there are other completely conserved C residues in both pols (highlighted in orange) which could
possibly play a role in disulphide bond formation. The PIP heptapeptide is found in both the 6 pols in the CTD and is
highlighted in magenta. Even though the PIPs are conserved in both plants and animals, but small variations are
observed between them as shown: -S/GGIMKFA- (from plant sources) and -GGLLAFA- (from animal sources).
Interestingly, both plant and animal 8§ pol sequences almost end in an aromatic amino acid (F in plants and W in
animals). The significance of such similar endings in all § pol sequences is not clear now.

CLUSTAL O (1.2.4) MSA of 8 pols from animal and plant sources
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Sp | Q9LVN7 | DPOD1_ARATH
tr | AOA3P6BBXO0 | AOA3P6BBX0_BRAOL
tr | AOA397Z0B4 | AOA397Z0B4_BRACM
tr |AOAO78I2E2 |AOA078I2E2_ BRANA
£r | AOA3B6JHKO | AOA3ZB6JHKS_WHEAT
tr | AOA287NECO | AOA287NECO_HORVV
tr | AOA6GLC319 | AOA6G1C319_9ORYZ
sSp|Q9LREG6 | DPOD1_ORYSJ

tr | AOAOEOMDAS | AOAOEOMDAS_ ORYPU
tr | AOASJOUSA3 | AOA5J9USA3_9POAL
tr | AOALD6QLTS8 | AOA1D6QLTS8_MAIZE
tr | AOA2S3ICY2 |AOA2S3ICY2_ 9POAL
tr |K3ZGZ6 |K3ZGZ6_SETIT

tr | AOA2P2KVGY | AOA2P2KVGO_RHIMU
tr |AOA7J7DZR4 | AOA7JI7DZR4_TRIWF
tr | AOA200Q8R4 | AOA200Q8R4__OMAGN
tr | AOA2P6RSP9 | AOA2P6RSP9_ROSCH
tr |AOA2I4F723 |AOA2I4F7Z3_JUGRE
tr |AOA6J5U1U4 | AOA6JI5ULU4_PRUAR
tr | AOASE4GBB6 | AOASE4GBB6__PRUDU
tr | AOA6P5S1M3 | AOA6P5S1M3_PRUAV
tr | AOAG6P5IZ96 | AOAG6P5I1Z296_ PHACT
sp|P52431 | DPOD1_MOUSE

sp 1054747 | DPOD1_RAT

tr | G3V8M1 |G3V8ML_RAT

tr | AOA1S3A927 |AOALS3A927_ERIEU
tr |HOV251 |HOV251_CAVPO

tr | AOA6I9JZ04 |AOA6I9JZ04_CHRAS
tr | AOA7JI7SK29 |AOA7JI7SK29 RHIFE
sp | P28340 | DPOD1_HUMAN

tr | AOA2K6D6GS | AOA2ZK6D6GS_MACNE
tr | AOAOAOMW23 | AOAOAOMW23_PAPAN
tr | AOA452F6S3 | AOA452F6S3_CAPHI
tr | AOA6P7EPGL | AOAG6P7EPG1_SHEEP
sp|P28339|DPOD1_BOVIN

tr |E1BNZ6|E1BNZ6_BOVIN

tr | AOA3832Y66 | AOA3832Y66_BALAS
tr | AOA2YOP989 | AOA2YOP989 DELLE
tr|F7DXU3 | F7DXU3_HORSE

tr | AOASG2QETO | AOASG2QET9_PIG
tr | AOA6J1XKA2 | AOAG6JT1IXKA2_ ACIJIB
tr |M3VUJ4 |M3VUJ4_FELCA

tr | E2R5WS | E2ZR5WS__CANLF
tr|GIM3J7|G1lM3J7_AILME

tr | AOA2U3ZREL | AOA2U3ZREL_ODORO
tr | AOA6I2WZWE | AOAE6T2WZWE_CHACN
tr | Q2KNEO | Q2KNEO_ DANRE

tr | AOA6P6JVNG | AOA6P6JVNG_CARAU
tr | AOA6P6JG77 | AOA6P6JG77_CARAU
tr | AOA673JFI3|AOA673JFI3_9TELE
tr | AOA498LX53 | A0OA498LX53_LABRO
tr | COHA77|COHA77_SALSA

tr | AOA6P7IUM6E | AOAGP7IUM6_STELE
tr | AOA3Q3E049|AOA3Q3E049_HIPCM
tr | AOA4AW3IBL4 |AOA4W3ISLA_CALMI
tr | DOVEW7 | DOVEW7_XENLA

tr | AOA6J1U352 | AOA6J1U352_ 9SAUR
tr | AOAGIOXX64 | AOAGIOXX64_9SAUR
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tr|K3ZGZ6 |K3ZGZ6_SETIT

tr | AOA2P2KVGY | AOA2P2KVGY_RHIMU
tr|AOA7JI7DZR4 | AOA7I7DZRA_TRIWF
tr | AOA200Q8R4 | AOA200Q8R4__9MAGN
tr | AOA2P6RSPO | AOA2P6RSP9_ROSCH
tr | AOA2I4F72Z3 |AOA2I4F723_JUGRE
tr | AOA6J5ULU4 | AOA6I5ULU4_PRUAR
tr | AOASE4GBB6 | AOASE4GBB6_PRUDU
tr | AOA6P5S1M3 | AOA6P5S1M3_PRUAV
tr|AOAGPS5IZ96|AOAGP5IZ96_ PHACT
sp|P52431 | DPOD1_MOUSE
sp1054747 | DPOD1_RAT

tr|G3V8M1 |G3V8ML_RAT
tr|AOA1S3A927 |AOAL1S3A927_ ERIEU
tr|HOV251 |HOV251_ CAVPO
tr|AOA6I9JZ04 | AOA6I9JTZ04_CHRAS
tr|AOA7J7SK29 | AOA7I7SK29_ RHIFE
sp|P28340 | DPOD1_HUMAN

tr| AOA2K6D6G8 | AOA2K6D6G8_MACNE
tr | AOAOAOMW23 | AOAOAOMW23_PAPAN
tr|AOA452F6S3 | AOA452F6S3_CAPHI
tr|AOAG6P7EPGL | AOAG6P7EPG]_SHEEP
sp|P28339|DPOD1_BOVIN
tr|E1BNZ6|E1BNZ6_BOVIN
tr|AOA383ZY66|AOA383ZY66_ BALAS
tr|AOA2Y9P989|AOA2YOP989_ DELLE
tr|F7DXU3|F7DXU3_ HORSE

tr | AOASG2QETO | AOASG2QET9_PIG
tr|AOAG6J1XK42 | AOA6J1XK42_ ACIJB
tr|M3VUJ4 |M3VUJ4_FELCA
tr|E2R5WS | E2RSWS_CANLF
tr|G1lM3J7 |G1M3J7 AILME
tr|AOA2U3ZREL | AOA2U3ZREL_ODORO
tr | AOA6JI2WZW6E | AOA6I2WZW6_CHACN
tr | Q2KNEO | Q2KNEO_ DANRE

tr | AOA6P6JVNG | AOA6P6JTVNG_CARAU
tr | AOA6P6JG77 | AOA6P6JG77_CARAU
tr|AOA673JFI3|AOA673JFI3_9TELE
tr|AOA498LX53 | A0OA498LX53_LABRO
tr|COHA77|COHA77_SALSA
tr|AOA6P7IUMGE | AOAG6P7IUM6 9TELE
tr|AOA3Q3E049|AOA3Q3E049_HIPCM
tr|AOA4W3I8L4 | AOA4AW3I8L4_CALMI
tr|DOVEW7 | DOVEW7_XENLA
tr|AOA6J1U352 | AOA6J1U352_ 9SAUR
tr|AOAG6IOXX64 | AOAGIOXX64_9SAUR

sp|Q9LVN7 | DPOD1_ARATH

tr | AOA3P6BBXO0 | AOA3P6BBX0_BRAOL
tr | AOA397Z0B4 | AOA397Z0B4_BRACM
tr | AOAO78I2E2 | AOA0O78I2E2_ BRANA
tr | AOA3BB6JHKO | AOA3SB6JHKO_WHEAT
tr | AOA287NECO | AOA287NECO_HORVV
tr | AOA6G1C319|AOA6GLC319_9ORYZ
sp | Q9LRE6 | DPOD1_ORYSJ

tr | AOAOEOMDAS | AOAOEOMDAS_ORYPU
tr | AOA5J9USA3 | AOA5JI9USA3_9POAL
tr | AOA1D6QLTS | AOALD6QLTS_MAIZE
tr | AOA2S3ICY2 |AOA2S3ICY2_ 9POAL
tr |K3ZGZ6 |K3ZGZ6_SETIT

tr | AOA2P2KVGY | AOA2P2KVGY_RHIMU
tr | AOA7J7DZR4 | AOA7JI7DZR4_TRIWE
tr | AOA200Q8R4 | AOA200Q8R4__ 9MAGN
tr | AOA2P6RSP9 | AOA2P6RSP9_ROSCH
tr | AOA2I4F72Z3|AOA2I4F7Z3_JUGRE
tr | AOA6J5U1U4 | AOA6JI5U1U4_PRUAR
tr | AOASE4GBB6 | AOASE4GBB6_ PRUDU
tr | AOA6P5S1M3 | AOA6P5S1M3_PRUAV
tr | AOA6P5IZ96 | AOA6P5IZ96_PHACT
sp|P52431 | DPOD1_MOUSE
sp|054747 | DPOD1_RAT

tr|G3V8M1 |G3V8M1_RAT
tr|AOA1S3A927 |AOALS3A927_ERIEU
tr|HOV251 | HOV251_CAVPO
tr|AOA6I9JZ04 |AOA6I9JZ04_CHRAS
tr | AOA7J7SK29 |AOA7JI7SK29 RHIFE
sp|P28340 | DPOD1_HUMAN

tr | AOA2K6D6G8 | AOA2ZK6D6G8_MACNE
tr | AOAOAOMW23 | AOAOAOMW23_PAPAN
tr|AOA452F6S3 |AOA452F6S3_CAPHI
tr | AOA6P7EPGl | AOA6P7EPGl_SHEEP
sp| P28339|DPOD1_BOVIN

tr |E1BNZ6|E1BNZ6_BOVIN
tr|AOA3832Y66 | AOA3832Y66_BALAS
tr | AOA2Y9P989 | AOA2Y9P989_DELLE
tr | F7DXU3 | F7DXU3_HORSE

tr | AOASG2QET9 | AOASG2QETS_PIG
tr | AOA6J1IXKA2 | AOA6J1XKA2 ACIJIB
tr|M3VUJ4 |M3VUJ4_FELCA

tr | E2ZR5W5 | E2R5WS5__CANLF
tr|G1M3J7 | G1M3J7_AILME

tr | AOA2U3ZREL | AOA2U3ZREL1_ODORO
tr | AOA6JI2WZW6 | AOA6T2WZW6__CHACN
£r | Q2KNEO | Q2KNEO_DANRE

tr | AOAG6P6JVNG | AOA6P6JVNG_CARAU
tr | AOA6P6JG77 | AOA6P6JG77_CARAU
tr|AOA673JFI3 | AO0A673JFI3_9TELE
tr | AOA498LX53 | A0A498LX53_ LABRO
tr|COHA77|COHA77_SALSA

tr | AOAG6P7IUM6 | AOA6P7IUM6_9TELE
tr | AOA3Q3E049 |AO0A3Q3E049_ HIPCM
tr | AOA4W3ISL4 |AOA4W3I8L4_ CALMI
tr | DOVEW7 | DOVEW7_XENLA

tr | AOA6J1U352 | A0A6J1U352_9SAUR
tr | AOAGI9XX64 |AOA6I9XX64_9SAUR
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QGAVAHAKEVISDLLCNRIDISQLVITKELTRTAQEYAAKQAHVELAERMKK
QOGAVDHAKEVISDLLCNRIDISQLVITKELTRTAQEYAGKQAHVELAERMKK

AGAVEHAKDVISDLLCNRIDISQLVITKELTRAAEDYAGKQAHVELAERMRK
MGAVEHAKDVISDLLCNRIDISQLVITKELTRTADEYAGKQAHVELAERMRK
SGAVTHAKEVISDLLCNRVDISQLVITKELTRTADEYAGRQAHVELAERMRR
SGAVTHAKEVISDLLCNRVDISQLVITKELTRTADEYAGRQAHVELAERMRR
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=p |Q8LVNT | DFOD1_ARATH

tx |ADASP6BEBEXO0 | ADASF6BBX0_BRAOL
tx |ADOASSTEOB4 | ADASSTE0B4_BRACHM
tx |ADAODTEIZEZ2 | ADAOTEIZEZ BRANA
tx |ADASB6JHKS | AOASB6THKS WHEAT
tx |ADAZETNECO | ADAZ BTNECO:HDRW
txr |ADAGGLC31S |ADAG6GLCI1S_ S0RYE
sp |Q2LEREG |DPFOD1_ORYSJ

tx |AQAQEOMDAS | AQAQEQMDAE _OFRYFEU
tx |ADASTOUSAS | AOASTIUSAS SPOAL
tx |ADALIDSQLTS IRORJ.DSDL.TSZP"LBIZE
tx |ADAZSE3ICY2Z |ADAZSIICYZ SPOAL
tx |[K3IEGEG |[K3BGEG6__SETIT

tx |AQAZPZKVGS | ADAZFPZKVGS _RHIMU
tx |ADOATITDER4 | ADATITDERE_TRIWF
tx |ADAZ00Q0SR4 |ADAZ0008RE_9MAGN
tx |ADAZPGREPS | AOAZPERSEPS _ ROSCH
tx |ADAZT4FTES |AORZI§FTZ3:JUGRE
txr |ADAGISULU4 | ADAGTSTLUL_ PRUAR
tx |AQASE4GBBG | AOASE4GBBE6__PRUDU
tx |ADASPSS1MS | ADASPS5S1M3 PRUAWV
cr |ROREPSIZOE |ROREPSIZOE_PHACT
=p IP52421 | DPOD1_MHOUSE
=p 054747 |DPCD1_RAT

txr IGEVEML | G2VEH1_RAT

ex |ADALSZALGEST |ACALSZALGS
£x |[HOWI2E51l |HOV251_CAVPO
tx |ADAEISJZ0Z |ADAEIGTZ04_CHRAS
exr |RDOATITEKIO | AOATITEK20_RHIFE
sp|PE282340 | DPOD1_HUMAN

tx |ADAZKEDEGE | AOARZKEDE6GE_HMACHE
cx |[AQACADHWZEZ | AQACAOHWEE _PAPAN
tx |ADA4S52FE32 |AOA4LE52F632_CAPHI
exr |ROREPTEPGL |AOARAEPTEPGL_SHEEP
=p |PEE229 | DPFOD1_BOVIN

tr |IELBHNZ6 |[ELBHNZ6_BOVIN

tx |ADASS2ZYE6 | A0OARSS2EYE6_BALAS
ex |ADASYSLPOS 0 |AQASYLPOLEL_DELLE
&x |F7DXU2 | F7DXU2_HCRSE

ex |ROASGZQETS | AOASGZQETEH_PIG
tr |ADAGTIXKE4Z |AORE6TIXKKEE ACIJE
txr IM2WVUJ4 |[M2VUJ4_FELCA

tx IEGRESWS |IEGRESWS_CANLE

ex |G1IH2JI7 |G1H2J7_AILME

£xr |[AORZUZZREL |ARORZU2 ZRELl_CDCORO
exr |ARDAEJTEWEIWE | AOAREJEZWEWE_CHACH
txr IQEZKNED | QEKNEQ_DANRE

trxr |ARDAEPEJVHE | AORE6PEJVHGE_CARARAU
ex |[ADJAEPEITETT |AOCAREPETETT _CARADU
&x |ADARAET2JFIZ |AOAET72JFIZ_STELE
tx |ADA402SLXES2 |AOA4 02 LES2_LABRO
ex ICOHATT |COHA _SALSA

txr |ARDAEPTIUME | AOREFPTIUMG__STELE
tx |ADAZSQIEC49 | AQAZQ2ED4D_HIPCH
cx |ACOA4WIISLS |AJA4WIIELE CALMI
&x |[DOWVEWT | DOVEWT _XENLA

exr |RDAEJIUZSZ |AOAETIUZEZ__0SAUR
txr |ROREIOKKE4 |AOAREIOKKE2_ OSAUR

7_ERIEU

=p | Q9LVN7T |IDPOD1_ARATH
tx | ADASPEBBX0 | ADASFEEBX0_BRAOL
tr | ADAS97E0B4 | ADASST E0E4_BRACM
tr | ADADTSIZEZ |ADADTE IZEZ_BRANA
tx | ADASBEIHKS | ADASES JHKY_WHEAT
tx | ADAZ B7NECO | ADAZBTNECO__HORVY
txr | ADAGGIC319 | ADAGGLCI19_90ORYE
=p | Q9LREE | DFOD1_ORYSJ

tx | ADAOEOMDAS | ADAOEOMDAS _ORYPU
tx | ADAS JOUSAS | ADASIOUSAS OSPOAL
tx | ADA1DEOLTS | ADAIDG6OLTE_MAI EE
tr | ADAZS3IICYZ |ADAZS3IICYZ OSPOAL
tr | K3IEGEG |K3BEGE6_SETIT

tx | ADAZPZKVGS | ADRZPZKVGY_RHIMU
tx | ADA7 J7DER4 | ADATITDERE_TRIWF
tx | ADAZ0ODOBR4 | ADAZ000QBRE_OMAGN
tx | ADAZPERSPO | ADAZPERSPI_ROSCH
tr | ADAZ I4F7E3 |ADAZI4FT7E3_JUGRE
tr | ADAETSULU4 | ADAETSULUS_PRUAR
tr | ADASE4GBEG | ADASE4GEE6_PRUDU
tx | ADAGPS5S1M3 | ADAGPS S1M3_PRUAV
tr | AOREPSIZSE |ROREESIEZSE_PHACT
=p | PS2421 | DPOD1_MOUSE

=p | ©54747 | DECDL_RAT

tr| G2VEML | G2VEM1_RAT
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tr | AOREISTZOS |ROREISTEZO4 _CHRAS
cr | AORT J7SK25 |RORTITSK2S_RHIFE
=p| P2E240 | DFOD1_HUMAN

tr | AORZKEDEGE | RORZKEDEGE _MACNE
cr | AOROACMWIZ | ROROROMWZ2 _PAPAN
tr | AOR4S2FES2 |ROR4SIFES2_CRPHT
x| AOREPTEFGL |ROREETEFGL_SHEEFR
=p | P2E8225 | DFCD1_EBOVIN

=r| ELENZE | E1ENE 6_EBOVIN

tr | AOR2O2EYEE |ROE2ID2SYES_BALAS
tr | AORZYSPSO5 |RORIYSESES_DELLE
=r| F7DXU2 | F7DXU2_HORSE

cr | AORSG2QETS | RORSG2QETS_FIG
cr | AOREJTIXK4Z |RORETLIHKS2_ACIJE
x| M2VUJ4 |M3VUT4_FELCAR

=r | EZRSWS | E2ZREWS_CANLE

x| G1M2.J7 | G1M2JI7_AILME

=r | AORZUIEZREL |RORZU2IZREL_CDORO
cr | AORETEIWEWE | RORETZWEWE _CHACN
©r | QEKNEO | @2KNEC_DANRE

cr | AOREPETVNE | ROREES IVNE_CARAT
x| AROREFPETETT | ROREEEIGTT_CARAD
x| AORET2IFIZ |RORET2IFIZ_STELE
tr | AOR4SILNER |ROR4SILKS2_LAERC
=r| COHAT7 |COHAT7_SALSA

tr | AOREP7IUME | ROREET IUME_STELE
x| AOR2Q2EC4S |RORICIEC4S_HIPCM
tr | AOR4W2IOLE |ROR4W2EIOLE_CARLMI
=r | DOVEW? | DOVEW7_XENLA
cr | AORETIUZEZ |RORETIT2SZ
cr | AOREISHN G4 |ROREISHNES
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RDAATAPNVGDRVEY VI IKAAKGAKAYERSEDPFIYVLONNIFPIDPFNY Y LENQTIS .:K‘
RDAATAPNVGDRVEY VI ITAAKGAKGYEKSEDPIYVLENNIFPIDPKYYLENQISK
RDAATAPNVGDRVEYVIITAAKCGAKGYEKSEDPIYWVLENNIPIDPKY Y LENQI SH
RDAATAPNVGDRVEPYVIITAAKCGAKGYEKSEDPIYVLENNIPIDPKY Y LENQISH
RDAATAPTVGDRVEY VIVKAAKCAKAYEKSEDPIYVLDNNIPIDPOY Y LENQI SH
RDAATAPTVGDRVEY VI IKAAKGAKAY EKSEDPIYVLDNNIFPIDPOY Y LENQI SK
RDAATAPTVGDRVEY VI IKAAKGAKAY EKSEDPFIYVLDNNIFIDPFOY Y LENQISK
RDAATAPTVGDRVEY VI IKAAKNGAKAYERSEDPIXVLDNNIFPIDEFOYYLENQISHK
RDAATAPTVGDRVEY VI IKAAKNGAKAYERSEDPIXVLDNNIFPIDEFOYYLENQISHK
RDAATAPTVGDRVEYVIIKAAKCAKAY EKSEDPITYWVLDNNIPIDPOY Y LENQTI SH
RDPATAPTVGDRVEPY VIIKAAKGAKAY EKSEEDPIY¥VLDNNIPIDPOY Y LENQISK
RDPATAPTVGDRVEY VI IKAAKGAKAY EKSEDPIYVLDNNIFPIDPOYYLENQI SK
RDPATAPTVGDRVEY VI IKAAKGAKAY EKSEDPFIYVLDNNIFIDPFOY Y LENQISK
RDAATAPNVGDRVEY VI IKAAKGAKAYERSEDPIXYVLENNIFPIDFOYYLENQISHK
RDAATAPNVGDRVEY VI IKATHCGAKAY ERSEDPIYWVLENNIPIDPOY Y LENQI SH
RDAATAPNVGDRVEPY VIVKAAKCGAKAYERSEDPIYVLENNIPIDSOY Y LENQISH
RDAATAPTVGDRVEPY VIIKAAKGCGAKAY EREEDPI¥VLENNIPIDPOY Y LENQISK
RDAATAPNVGDRVEY VI IKAAKGAKAY EKSEDPIYVLENNIPIDPHY Y LENQISK
RDAATAPNVGDRVEY VI IKAAKGAKAY EKSEDPFIYVLENNIFIDPFOY Y LENQISK
RDAATAPNVGDRVEY VI IKAAKGAKAY EKSEDPIXVLENNIFPIDFOYYLENQISHK
RDAATAPNVGDRVEYVIIKAAKCAKAY EKSEDPITYWVLENNIPIDPOY Y LENQTI SH
RDPGEAPSLGDRVPYVIIGATKGVAAYHKSEDPLEFVLEENLPIDTOQY YLEQQLAK
RDPGEAPSLGDRVPYVIIGAAKGVAAYHKSEDPLEVLEHSLPIDTOQY YLEQQLAK
RDPGSAPNLGDRVPYVIIGAAKGVARYHMKSEDPLEVLEHSLPIDTQY YLEQQLAK
RDPGSAPNLGDRVPYVIIGAAKGVAAYHKSEDPLEVLEHSLPIDTQY YLEQQLAK
ROPGEAPS LG DRV PY VI IS A AKEVAAYHKSEDPLEVLEHSLPIDTOYYLEQQLAK
RLDPGEAPS LG DRV PYVIIGAAKRKCGVAAYHMKSEDPLEVLEHSLPIDTOQYYLEQQLAK
RLPGEAPS LG DRV PYVIIGAAKCGVAAYHMKSEDPLEVLEHSLPIDTOY YLEQOQLAK
RDPGEAPSLGDRVPYVIIGAAKGVAAYHKSEDPLEFVLEHSLPIDTOQY YLEQQLAK
RDPGSAPSLGDRVEYVIISAAKGVAAYHMKSEDPLEVLEHSLPIDTOQY YLEQQLAK
RDPGEAPSLGDRVEPYVIISAAKGVAAYHKSEDPLEVLEHSLPIDTQY YLEQQLAK
RDPGEAPS LG DR VEY VI IS AAKEVAAYHMKSEDPLEVLERSLPIDTOQYYLEQQLARK
ROPGEAPS LG DRV PY VI IS A AKEVAAYHKSEDPLEVLEHSLPIDTOYYLEQQLAK
RDPGEAPSLGDRVPYVIISAAKCGVAAYHKSEDPLEVLEHSLPIDTOQY YLEQQLAK
RDPGSAPSLGDRVPYVIISAAKGEVAARYHMKSEDPLEVLEHSLPIDTQY YLEQQLAK
RDPGSAPSLGDRVPYVIISAAKGVAARAYHKSEDPLEVLEHSLPIDTQY YLEQQLAK
RDPGEAPSLGDRVEPYVIISAAKGVAAYHKSEDPLEVLEHSLPIDTQY YLEQQLAK
ROPGEAPS LG DRV PY VI IS A AKEVAAYHKSEDPLEVLEHSLPIDTOYYLEQQLAK
RLPGEAPS LG DRV PYVIIGAAKCGVAAYHMKSEDPLEVLEHSLPIDTOY YLEQOQLAK
RDPGEAPSLGDRVPYVIISAAKCGVAAYHKSEDPLEVLEHSLPIDTOQY YLEQQLAK
RDPGSAPSLGDRVPYVIIGAAKGVARAYHKSEDPLEVLEHSLPIDTQY YLEQQLAK
RDPGSAPSLGDRVPYVIIGAAKGVARAYHKSEDPLEVLEHSLPIDTQY YLEQQLAK
RDPGESAPSLGDRVEPYVIIGAAKGVAAYHKSEDPLEVLEHSLPIDTQY YLEQQLAK
ROPGEAPS LG DRV PY VI IGAAKEVAAYHKSEDPLEVLEHSLPIDTOQYYLEQQLARK
RDPGEAPSLGDRVPYVIIGAAKGVAAYHKSEDPLEVLEHSLPIDTOQY YLEQQLAK
RDAGEAPNLGDRYVPYVIIKAAKGVAAYHKSEDPIYVLENNIPIDTOQYYLEQQLSK
RDAGSAPNLGDRVPYVIIKAAKGVAARYHMKSEDPIYVLENNIPIDTQYYLEQQLSK
RDAGSAPNLGDRVPYVIIKAAKGVAAYHMKESEDPIYVLENNIPIDTQY YLEQQLSK
RODAGEAPNLG DRV PYVIIKATKRGEVAAY LEKSEDPIYVLENNIPIDTOYYLEQQLSK
RDAGEAPNLGDRVPYVIIKAAKGVAAYHMKSEDPIYVLENNIPIDTOYYLEQQLSK
RDAGEAPNLGDRVPYVIIKAAKGVAAYHMKSEDPIYVLENNIPIDTOYYLEQQLSK
RDAGEAPOLGDRYVPYVIIKAAKGVAAYHKSEDPIYVLENNIPIDTOQY YLEQQLSK
RDAGSAPNLGDRVPYVIIKAAKGAAARYHMKSEDPIYVLENTIPIDTQY YLDQQLSK
RDAGSAPHNLGDRVEPYVIVHAAKGAAAYHKSEDPIYVLENNIPIDTQHEYLDQQLSK
RDAGESAPHNLGDRVEY VI IKAAKEVAAYHMKSEDPIYVLENTIPIDT QY YLEQQLARK
ROPGCEAPN LG DRV PY VI IGAAKEVAAYHKSEDPIYVLENNIPIDTOYYLEQQLARK
RDPGEAPNLGDRYVPYVIISAAKGVAAYHKSEDPIYVLENNLPIDTOQY YLEQQLAK
RDPGSAPNLGDRVPYVIISAAKGEVARYHMKSEDPIYVLENNLPIDTOQY YLEQQLAK
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— [ ZBM ™
FEPVLEKNA--SKELLHGSHTRSISITTPSNSGIMKFAKKQLSCVGCKVPISN--GTLCAS -
FEPVLEKNA--SSELLHGDHMRSE ISITTPSNSGIMRFEFAKKCO L SCL QCH |= 2Nl
FDPVLEKNA--SSELLHGDHMRSE ISITTPSNSGIMRFEAKKO L SCL QCH PIST— |= 2Nl
FDPVLEKNA--SSELLHGDHMRSE ISITTPSNSGIMRFEAKKO L SCL QCH PIST--GTLHCRR
FEPILKNA--SRELLHGEHTRAVSISTPENSGIMKFAKKOLTEYN. QCKAVI SGPNQTHOEH
FEPILKNA--SRELLHGSHTRAVSISTPENSGIMKFAKKOLTEY QEKAVI SGPNQTHOEH
FEPILKNA--SKELLHGEHTRAVSISTPENSGIMKFAKKOLTN. QCKAVI SGSNQTHOEH
FEPILKNA--SRELLHGSHTRAVSISTPENSGIMKFAKKOLTEY QEKAVI SGSNQTHOEH
FEPILKNA--SKELLHGEHTRAVSISTPENSGIMKFAKKOLTN. QCKAVI SGSNQTHOEH
FEPILKNA--SKELLHGEHTRAVSISTPENSGIMKFAKKOLTN. QCKAVI SGANQTHOEH
FEPILKNA--SKELLHGEHTREVSISTPENSGIMKFAKKOLTYN. QCKAVI SGASQTHOEH
FEPILKNA--SKELLHGEHTREVSISTPENSGIMKFAKKOLTYN. QCKAVI SGASQTHOEH
FEPILKNA--SKELLHGEHTREVSISTPENSGIMKFAKKOLTEN. QCKAVI SGASQTHOEH
FEPILKNA--SKELLHGSEHTRSEISISTPTHGGIMKFAKKOLTICN QCKATLISKSDOTHOEH
FEPILKNA--SKELLOQGSHTRAISISTPTYGGIMRFAKKKILSON QERATT.SNSDHTHEN.H
FEPILKNA--SKELLHGEHTRAVSISTPENSGIMKFAKKOLSOH QCKATLISNAEQTHOEH
FEPILKNA--SSELLHGSHTRS ISMPTPENSGIMRFAKKOLTEYN. QCKTPISNSDRTHOEH
FEPILKNA--SRELLHGEHTRSISISTPENSGIMKFAKKOLSON QCKATISNNDRITCEH
FEPILKNA--SKELLHGEHTRSISISTPENSGIMKFAKKOLTCVJCKATLISNTDRTHOEH
FEPILKNA--SKELLHGEHTRESISISTPENSGIMKFAKKOLTCVJCKATLI SNADRTHOEH
FEPILKNA--SKELLHGEHTRESISISTPENSGIMKFAKKOLTCVJCKATLI SNADRTHOEH
FEPILGEGRAETVLLRGEHTRCHEKTVLTARYEGEGLLAFATRR SOy QCRAVLESH —HGACEE
FEPILGEGRAESVLLRGDHTRCETVLT SFEGLLAFTIF RRNCCL QCR=EVIDH —QGACEE
FEPILGEGRAESVLLRGDHTRCEKTVLT SFGGLLAFTI. R RN L JCR=STVIDH—-QGACEE
FEPILGEGRAESVLLRGDHTRCEKTVLT SFGGLLAFTI. R RN L JCR=STVIDH—-QGACEE
FEPILGEGRAEAVLLRGDHTRCETVLTGTWEGLLAFAF RRDCOCE QCREVLNH —RGACE.E
FEPILGEGRAEAVLLRGDHTRCEITVLTGKEEGLLAFATRRECCL QCRTVLSH —EGATCRE
FEPILGEGRAEAVLLRGEHTRCETVLTGKEEGLLAFAFRRESCE QCRTALDH —QGACE.E
FEPILGEGRAEAVLLRGDHTRCETVLTGKYEEGLLAFTIF ROSCCL QCRTVLSH —QGACEE
FEPILGEGRBEAVLLRGDHTRCKTVLTGKVGGLLBFAKRRNCCIGCRTVLSH—QGAVCEF -

FEPILGEGRAEAVLLRGDHTRCEKTVLTGK
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK
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RTVLNH—-QGA
RTVLNH—-QGA
RTVLSH—-QGA LE
RTVLSH—-QGA LE
RTVLSH—-QGA LE
RTVLSH—-QGA LE
RTVLSH—-QGA LE
RTVLGH —QGA LE
RTVLSH—-QGA LE
RTVLSH—-QGA LE

FEPILGEGRAEAVLLRGDHTRCEKTVLTGK FRHSOQCL QCRTVLGH —QGA” LE
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK FRHSOQCL QCRTVLGH —QGA” LE
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK FRHSCOQCL QCRT VLNH —QGA” LE
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK FRHSCOQCLEQCRTVLSH —QGA’ LE
FEPILGEGRAEAVLLRGDHTRCEKTVLTGK FRHSOQCL QCRTVLGH —QGA” LE
FEPILGESKAESVLLEGDHTRCEKTVLTSR CERETICL QCRAVLET —DARS E
FEPILGESKAESVLLEGDHTRCEKTVLTSR CERETICEL G AVLET —DVA E
FEPILGESKAESVLLEGDHTRCEKTVLTSR CERETICEL G AVLET —DVA E
FEPILGESKAESVLLEGDHTRCEKTVLTSR CERETICEL G AVLET —DAA E
FEPILGESKAESVLLEGDHTRCEKTVLTSR CERETICEL G AVLET —DVA E
FEPILGESKAESVLLEGDHTRCEKTVLTSR CERETICEL G AVLET —DAA E
FEPILGESKAESVLLEGDHTRCEKTVLTSR RRSACII G AV LEN—DAR E
FEPILGESKAESVLLEGDHTRCRTVLTSK CERETICEL G AVLET —DAA E
FEPILGESKAESVLLEGDHTRCEKTVLTSK CERETICEL G AVLET —DAA E
FEPILGDTEKAESVLLEGDHTRCEKTVLTAK R RNTIC § AV LND—DGE T
FEPILGESKAESILLEGEHTRCEKTVLTAK FERSTICE G A TLNH-DGA T
FEPILGEGRAQNVLLEKGEHTRCEKTVLTAK ERETKEELG AV LNH-—HGA L E
E'EPILGEGI{AQWLLI{GEHTRCI{TVLTAI{ FRETEEL QCRAVLNH —HGACEE
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sp | Q9LVN7 | DPOD1__ ARATH CKGREAELYCKNVSQVAELEEVFGRLWTQCQECQGSLHQODVLCTSRDCPIFYRRMKAQKD 1082
tr | AOA3SP6BBXO0 | AOA3SP6BBX0__BRAOL GREAELYCKNVSQVSDLEELFGRLWTJCORCODGS LHQODVI] RIjc IFYRRMKAQKD 1077
tr | AOA397Z0B4 | AOA397Z0B4_BRACM GREAELYCKNVSQVSDLEELFGRLWTJEOREOGSLHODVI] ROCP I FYRRMKAQKD 1077
txr | AOAO78I2E2 |AOAO0O78I2E2_ BRANA GREAELYCKNVSQVSDLEELFGRLWTJCOHCODGS LHQODVI] SROCP I FYRRMKAQKD 1077
tr | AOA3SB6JHKS | AOA3SB6JHKS_WHEAT GREAELYCKTVANVSDLEMLFGKLWTJQCOHCEDC LHODVILICTSROCP T FYRRRKAQKD 1090
tr | AOA287NECO | AOA287NECO__HORVV CKGREAELYCKTVANVSDLEMLFGKLWTJCORCOGS LHQODVI] ROCPTIFYRRRKAQKD 1110
tr | AOA6G1C319 | AOA6G1C319_9ORYZ GREAELYCKTVANVSELEMLFGRLWTJCORCOGSLHODVI] ROCP I FYRRRKAQKD 1076
sSpP | Q9LREG6 | DPOD1__ORYSJ GREAELYCKTVGNVSELEMLFGRLWTJEbHEbGsL.HODVI] ROCP I FYRRRKAQKD 1092
+txr | AOAOEOMDAS | AOAOEOMDAS__ORYPU GREAELYCKTVGNVSELEMLFGRLWTJEOREOGS LHODVI] ROCP I FYRRRKAQKD 1076
tr | AOASJO9USA3 | AOAS5JI9USA3_9POAL CKGREAELYCKSVANVSELEMLFGRLWTCORCOGS LHODVILICY SROCP I FYRRRKAQKD 1087
tr | AOA1D6QLTS8 | AOALD6QLTS8_MAIZE GREAELYCKTVANVSDLEMLFGRLWTJCORCODGS LHQODVI] ROCP I FYRRRKAQKD 1090
tr | AOA2S3ICY2 | AOA2S3ICY2_ 9SPOAL GREAELYCKTVANVSDLEMLFGRLWTJQCORCODGS LHQODVI] ROCP I FYRRRKAQKD 1090
tr | K3ZGZ6 | K3ZGZ6__SETIT GREAELYCKTVANVSDLEVLFGRLWTQCOHCEDC LHODVILICTSROCP I FYRRRKAQKD 1092
tr | AOA2P2KVGY | AOA2P2KVGY9__RHIMU GREAELYCKT OVSELESLFGRLWTUCOHCODGSLHQDVI] ROCPTIFYRRKKVQOKD 1079
tr | AOA7J7DZR4 | AOA7JI7DZR4_TRIWF GREAELYCKTVSHVSELEELFGRLWTJQCORCDGSLHQODVI] ROCP I FYRRKKAQKD 1074
txr | AOA200Q8R4 | AOA200Q8R4_ OSMAGN GREAELYCKTVANVADLEILFGKLWTJCOHCODGS LHQODVI] ROCP T FYRRKKAQKD 1040
tr | AOA2P6RSPYO | AOA2P6RSP9_ROSCH GREAELYCKTVAHVSELETLFARLWTJCOHRCDC LHQDVI]J ROCP I FYRRKKAQKD 1077
tr | AOA2TI4F7Z3 |AOA2I4F7Z3__JUGRE CKGREAELYCKTVAHVSELEMLFGRLWTCORCOGS LHODVLICTY SROCP I FYRRKKAQKD 1074
tr | AOA6J5U1U4 | AOA6JT5ULlU4__PRUAR GREAELYCKTVAHVSELETLFGRLWTJEbRECbGsSLHODVI] KHPERTRREEREVKR 1073
tr | AOASE4GBE6 | AOASE4GEBB6__ PRUDU GREAELYCKTVAHVSELETLFGRLWTJCORCODGS LHQODVI] ROCPIFYRRKKAQKD 1073
tr | AOA6P5S1M3 | AOA6P5S1M3__ PRUAV GREAELYCKTVAHVSELETLFGRLWTJCOHCODGS LHQODVI] SROCP I FYRRKKAQKD 1073
tr | AOAG6P5IZ96 | AOAG6P5IZ96_ PHACT ICL POESELYQKEVAHLGALEERFSRLWTQCOHRCOGSLHEDVIHYCTSROCPIFYMRKKVQKD 1122
sp | P52431 | DPOD1_ MOUSE CPPRESELYOKEVSHLNALEERFSRLWTQCORCOGSLHEDVIYCTSROCP T FYMRKKVRKD 1086
sp 1054747 | DPOD1_RAT CPPRESELYOKEVSHLNALEERFSRLWTQCORCOGSLHEDVICTSROCP TFYMRKKVRKD 1084
tr | G3v8Ml |G3V8M1l RAT COPRESELYQKEVSHLNALEERFSRLWTQCOPHCPGSLHEDVIJCTSROCP I FYMRKKVRKD 1084
tr | AOA1S3A927 |AOAL1S3A927 ERIEU CPPRESELYOKEVSHLNALEERFSRLWTQCORCOGSLHEDVIYCTSROCP TFYMRKKVRKD 1088
tr | HOV251 | HOV251 CAVFPO CPPRESELYOKEVSHLNALEERFTRLWTQCORCPGSLHEDVIICTSROCE TFYMRKKVRKD 1086
tr | AOA6TI9J204 | AOA6T9JZ204_ CHRAS ICRPRESELYOKEVSHLNALEERFSRLWTQCOHCOGSLHEDVICTSROCP T FYMRKKVRKD 1090
tr | AOA7JI7SK29 |AOA7JI7SK29 RHIFE CPPRESELYOKEVSHLNALEERFSRLWTQCPHCPGSLHEDVIJICTSROCP I FYMRKKVRKD 1109
sp | P28340 | DPOD1_HUMAN COPRESELYQOKEVSHLNALEERFSRLWTQCQRCOGSLHEDVICTSRDCPIFYMRKKVRKD 1088
tr | AOA2ZKED6G8 | AOA2ZK6D6G8_MACNE CPPRESELYQKEVSHLNALEERFSRLWTJC (o4 | CPTEFYMRKKVREKD 1105
tr | AOAOAOMW23 | AOAOAOMW23 PAPAN COPRESELYOKEVSHLNALEERESRLWTJC (o4 CP T EYMRKKVRKD i1o88
tr | AOA4S2F6S3 |AOA452F6S3_CAPHT CPPRESELYQKEVSHLSALEERFSRLWTJC C CPIFYMRKKVRKD 1096
tr | AOAG6P7EPGLl | AOA6P7EPG1l__SHEEP COPRESELYQKEVSHLSALEEREFSRLWTJC C CPIFYMRKKVRKD 1087
sp | P28339 | DPOD1_ BOVIN ICPPRESELYQKEVSHLSALEERFSRLWTJC i CPTIFYMRKKVRKD 1087
tr | EIBNZ6 | E1BNZ6 BOVIN COPRESELYOKEVSHLSALEEREFSRLWTJC (o4 CPTEFYMRKKVREKD 1087
tr | AOA3832Y66 | AOA3832Y66_ BALAS CEARGSELYQKEVSHLNALEEREFSRLWTC C CPIFYMRKKVRKD i1o088
tr | AOA2YOPO989 |AOA2YOP989 DELLE CEARGSELYQKEVSHLNALEERFSRLWTJC i CPIFYMRKKVRKD 1088
tr | F7DXU3 | F7DXU3 HORSE COPRESELYOKEVSHLNALEEREFSRLWTJC (o4 CPTEFYMRKKVREKD 1088
tr | AOASG2QET9 | AOASG2QETS_PIG COPRESELYOKEVSHLNALEERESRLWTJC (o4 CP I EYMRKKVRKD 1108
tr | AOA6JT1IXK42 |AOA6T1XK42 ACIJIB COPRESELYQOKEVSHLNALEERESRLWTJC C CPIFYMRKKVRKD 1088
tr | M3VUJ4 | M3VUJ4_ FELCA ICPPRESELYQKEVSHLNALEERFSRLWTJC C CPIFYMRKKVRKD 1088
tr | E2ZR5WS | E2ZR5WS CANLE ICPPRESELYQKEVSHLNALERRFEFSRLCTJCOC i CPTITFYMRKKVRKD 1088
tr | GIM3J7 | G1M3J7_ AILME COPRESELYOKEVSHLNALEERESRLWTJC (o4 CP T EYMRKEKVRKD 1088
tr | AOA2U3ZRELl | AOA2U3ZRE1l__ODORO COPRESELYOKEVSHLNALEERESRLWTJC i CPIEFYMRKKVRKD 1088
tr | AOAG6IT2WZWE | AOA6IT2WZWE__CHACN CKKRESELYQKEISHLSTLEEREFSRLWTJC C CPTIFYMRKKVQKD 1092
tr | Q2ZKNEO | Q2ZKNEO_DANRE CKKRESELYQKEIAHLSTLEEKFSRLWTJC i CPTFYMRKKVOKD 1092
tr | AOAGP6JVNG | AOAG6P6JVNG CARAU CKKRESELYOQKETITAHLSTLEEKESRLWTJC (o4 CPIEFYMRKKVQOKD 1092
tr | AOAGP6JGT77 | AOAE6P6JGT77__CARAU KKESELYOQKEIAHLSTLEEKESRLWTJC! (o4 CP I EYMRKEKVOKD 1092
tr | AOA673JFI3|AOA673JFI3_ 9TELE CKKRESEFYQKEIAHLSTLEEKFSRLWTJC i CPTFYMRKKVOKD 1092
tr | AOA498LX53 | A0OA498LX53 LABRO CKKRESELYQOKETAHLSTLEEKEFSRLWTJC (o4 CPTEFYMRKKVOKD 1087
tr |COHA77 | COHA77_SALSA KKESELYQKEIFHLSTLEEREFSRLWTJC! (o4 CP I EYMRKEKVOKD 1092
tr | AOA6P7IUM6E | AOAG6P7IUM6__9TELE KKESELYQKEIFHLNTLEEREFSRLWTJC! C CPTIFYMRKKVQKD 1091
tr | AOA3Q3EO049 | AOA3Q3EO049 HIPCM KKESELYQKEIFHLNTLEERFSRLWTJC C CPTFYMRKKVOKD 1092
tr | AOAAW3IS8L4 | AOA4AW3I8L4 CALMI CKSQOSELYQKEIAHLKLLEERFSRLWTJC (o4 CPTFYMRKKVOKD 1093
tr | DOVEW7 | DOVEW7 _XENLA CKORESELLOKEISQLSALEEKESRLWTJC < CPIEYMRKKVOKD 1092
tr | AOA6J1U352 |AOA6J1U352 9SAUR ICLAQOSELYOKEVTHLSCLEEKESRLWTJC i CPIFYMRKKVOKD 1095
tr | AOAG6TIOXX64 |AOAG6TIOXX64 9SAUR CLAHOSELYOQKEVTHLSCLEEKESRLWTC C CPTIFYMRKKVQKD 1098
L T T T T sk A
//End of pol & sequences from plant and animal sources
sSp | Q9LVN7 | DPOD1__ARATH - —MAVARQQOLDRWSF——— 1095

tr | AOABP6BBXO0 | AOA3ZP6BBXO0O__BRAOL ——MATAKQQLDRWSF——— 1090
tr | AOA397ZOB4 | AOA397Z0B4_BRACM - —MATAKQQLDRWSF——— 1090
tr | AOAO78I2E2 | AOAO78I2E2_ BRANA - —MATAKQQLDRWSF——— 1090
tr | AOASBB6JHKS | AOA3BB6JHKSO_ WHEAT ——-MAEARVQLDRWDF——— 1103
tr | AOA287NECO | AOA28 7NECO__HORVV 1123
tr | AOAG6G1C319 | AOA6GLlC319_9ORYZ 1089
sSp | Q9LREG6 | DPOD1__ORYSJ 1105
tr | AOAOEOMDAS | AOAOEOMDAS_ ORYPU 1089
tr | AOAS5J9USA3 | AOASJIOUSA3_9OPOAL 1100
tr | AOA1D6QLTS | AOALD6QLTS_MAIZE 1103
tr | AOA2S3ICY2 | AOA2S3ICY2_9POAL 1103
tr | K3ZGZ6 | K3ZGZ6_SETIT 1105
tr | AOA2P2KVGSY | AOA2P2KVGO__RHIMU 1092
tr | AOA7J7DZR4 | AOA7I7DZR4__TRIWF 1087
tr | AOA200Q8R4 | AOA200Q8R4__OMAGN 1053
tr | AOA2P6RSP9 | AOA2P6RSP9__ROSCH 1090
tr | AOA2I4F7Z3 |AOA2I4F7Z3_JUGRE 1087
tr | AOA6J5ULlU4 | AOA6JIS5ULlU4__PRUAR 1104
tr | AOASE4GBB6 | AOASE4GBB6__PRUDU 1086
tr | AOA6P5S1M3 | AOA6P5S1M3__PRUAV 1086
tr | AOAGP5IZ96 | AOAGP5IZ96 PHACT LDDOEQLLARFGPP———— 1141
sp | P52431 | DPOD1_MOUSE LEDOQERLLORFGPP———— 1105
sp | 054747 | DPOD1__RAT LEDOQERLLORFGPP———— 1103
tr | G3V8MI1 | G3V8M1_RAT LEDQERLLORFGPP———— 1103
tr | AOA1S3A927 |AOALS3A927 ERIEU LEDQEQLLRREFGPP———— 1107
tr | HOV251 | HOV251 CAVPO LEDQEKLLRRFEGPP———— 1105
tr | AOA6I9JZ04 | AOAG6I9JZ04 CHRAS LEEQEKLLRRFGPP———— 1109
tr | AOA7JI7SK29 | AOA7JI7SK29 RHIFE LEDOEQLLRRFGPP———— 1128
sp | P28340 | DPOD1_HUMAN LEDQEQLLRREFGPP———— 1107
tr | AOA2ZKG6D6GS | AOAZKED6GS8_MACNE LEDOQEQLLRRFGPP———— 1124
tr | AOAOAOMW23 | AOAOAOMW23_PAPAN LEDOQEQLLRRFGPP———— 1107
tr | AOA452F6S3 | AOA452F6S3_CAPHT LEDOQERLLRRFGPP————— 1115
tr | AOAGP7EPGL | AOAGP7EPGl_ SHEEP LEDOQERLLRRFGPP————— 1106
sp | P28339 | DPOD1__BOVIN LEDQERLLRREFGPP————— 1106
tr |E1BNZ6 | E1BNZ6 BOVIN LEDQERLLRREFGPP————— 1106
tr | AOA3832Y66 | AOA3832ZY66_BALAS LEDQEQLLRPFWPP————— 1107
tr | AOA2YOP989 | AOA2YOP989 DELLE LODOEQLLRREGPP————— 1107
tr | F7DXU3 | F7DXU3_ HORSE LEDQEQLLRREFGPP————— 1107
tr | AOASG2QETO | AOASG2QET9_ PIG LEDQEQLLRRFGPP————— 1127
tr | AOA6JTLIXKA42 | AOA6JT1IXKA4A2 ACIJIB LEDOEQLLRRFGPP————— 1107
tr |IM3VUJ4 |[M3VUJ4_ FELCA LEDOQEQLLRRFGPP————— 1107
tr | E2ZR5WS | E2ZR5W5__CANLFE LEDOQEQLLRRFGPP————— 1107
tr | G1IM3J7 | G1M3J7_ AILME LEDOEQLLRRFGPP————— 1107
tr | AOA2U3ZREL | AOA2U3ZRE1l_ODORO LEDOEQLLRRFGPP————— 1107
tr | AOA6JT2WZWG | AOAG6T2WZWE6 _CHACN LDDOEKLISREFGW————— 1105
tr | Q2KNEO | Q2KNEO__ DANRE LDDOQEKLVSREGWA———— 1122
tr | AOA6P6JVNG | AOAG6P6JVNG CARAU LDDQEKLVSREGW 1105
tr | AOAG6P6JG77 | AOAG6P6JG7 7 _CARAU LDDQEKLVSRESW 1105
tr | AOA673JFI3 |AOAG673JFI3_ 9TELE LDDOEKLISREGW 1105
tr | AOA498LX53 | AOA498LX53 LABRO LDDOEKLISREGW 1100
tr | COHA77 | COHA77_ SALSA LDDOEKLVSREGW 1105
tr | AOAG6P7IUMG | AOAG6P7IUMG6 9OTELE LDDOTKLVSREGW 1104
tr | AOA3Q3EO049 | AOA3Q3E049 HIPCM LDDOSKLVSREGW————— 1105
tr | AOA4W3IS8LA4 | AOAAW3IS8L4 CALMI LDDODRVLMREFGAP———— 1109
tr | DOVEW7 | DOVEW7_ XENLA LDDOEKLTLRFGPP————— 1108
tr | AOAG6J1U352 | AOAG6T1U352 9SAUR LDDOELLVSRFGPP————— 1111
tr | AOAG6TIOXX64 | AOAGIOIXX64 9SAUR LDDOELLISRFGPP————— 1114

Figure 4 Mix and Match MSA of plant and animal § polymerases
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o Polymerase from Plant Sources

QILVN7|DPOD1_ARATH DNA polymerase, Arabidopsis thaliana
AO0A3P6BBX0_BRAOL DNA polymerase, Brassica oleracea
AO0A397Z0B4_BRACM DNA polymerase, Brassica campestris
AO0A07812E2_BRANA DNA polymerase, Brassica napus
AO0A287NECO_HORVYV DNA polymerase, Hordeum vulgare subsp. Vulgare
AOA3B6JHK9_WHEAT DNA polymerase, Triticum aestivum
AO0ABG1C319 90ORYZ DNA polymerase, Oryza meyeriana var. granulate
QILREG6|DPOD1_ORYSJ DNA polymerase, Oryza sativa subsp. Japonica
AOAOEOMDAS8_ORYPU DNA polymerase, Oryza punctate
AO0A5J9USA3_9POAL DNA polymerase, Eragrostis curvula
AOA1D6QLT8_MAIZE DNA polymerase, Zea mays
AOA2S3ICY2_9POAL DNA polymerase, Panicum hallii
K3zZGZz6_SETIT DNA polymerase, Setaria italic
AO0A2P2KVGY9_RHIMU DNA polymerase, Rhizophora mucronata (mangrove)
AO0A7J7DZR4_TRIWF DNA polymerase, Tripterygium wilfordii
AO0A200Q8R4_9MAGN DNA polymerase, Macleaya cordata
AO0A2P6RSP9_ROSCH DNA polymerase, Rosa chinensis

AO0A214F7Z3 JUGRE DNA polymerase, Juglans regia

A0A6J5U1U4 PRUAR DNA polymerase, Prunus armeniaca
AOA5E4GBB6_PRUDU DNA polymerase, Prunus dulcis
AO0A6P5S1M3_PRUAYV DNA polymerase, Prunus avium

& Polymerase from Animal Sources

AO0A6P51Z296_PHACI DNA polymerase, Phascolarctos cinereus (koala bear)
P52431|DPOD1_MOUSE DNA polymerase, Mus musculus
054747|DPOD1_RAT DNA polymerase, Rattus norvegicus
G3V8M1_RAT DNA polymerase, Rattus norvegicus
AO0A1S3A927_ERIEU DNA polymerase, Erinaceus europaeus
HOV251_CAVPO DNA polymerase, Cavia porcellus
A0AG619J704_CHRAS DNA polymerase, Chrysochloris asiatica
AOA7J7SK29 RHIFE DNA polymerase, Rhinolophus ferrumequinum
P28340|DPOD1_HUMAN DNA polymerase, Homo sapiens
A0A2K6D6G8_MACNE DNA polymerase, Macaca nemestrina
AOAOAOMW?23_PAPAN DNA polymerase, Papio Anubis
A0A452F6S3_CAPHI DNA polymerase, Capra hircus
AOAG6P7EPG1_SHEEP DNA polymerase, Ovis aries
AOABP7IUM6_9TELE DNA polymerase, Parambassis ranga
P28339|DPOD1_BOVIN DNA polymerase, Bos Taurus

E1BNZ6_BOVIN DNA polymerase, Bos Taurus

AO0A3832Y66_BALAS DNA polymerase, Balaenoptera acutorostrata scammoni (Minke Whale)
AO0A2Y9P989 DELLE DNA polymerase, Delphinapterus leucas
F7DXU3_HORSE DNA polymerase, Equus caballus

AOA5G2QET9_PIG DNA polymerase, Sus scrofa

A0ABJ1U352_9SAUR DNA polymerase, Notechis scutatus (Tiger snake)
M3VUJ4_FELCA DNA polymerase, Felis catus

E2R5W5_CANLF DNA polymerase, Canis lupus familiaris
G1M3J7_AILME DNA polymerase, Ailuropoda melanoleuca
AO0A2U3ZRE1_ODORO DNA polymerase, Odobenus rosmarus divergens
AO0ABJ2WZW6_CHACN DNA polymerase, Chanos chanos
Q2KNEO_DANRE DNA polymerase, Danio rerio
AOABP6JVNG6_CARAU DNA polymerase, Carassius auratus
AOABP6JG77_CARAU DNA polymerase, Carassius auratus
AOA673JFI3_9TELE DNA polymerase, Sinocyclocheilus rhinocerous
AO0A498LX53 LABRO DNA polymerase, Labeo rohita
COHA77_SALSA DNA polymerase, Salmo salar

AOA3Q3E049 HIPCM DNA polymerase, Hippocampus comes
A0A4W3I8L4A_CALMI DNA polymerase, Callorhinchus milii
DOVEW?7_XENLA DNA polymerase, Xenopus laevis
A0AB6J1U352_9SAUR DNA polymerase, Notechis scutatus
AOABI9IXX64_9SAUR DNA polymerase, Thamnophis sirtalis (Garter snake)
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3.2. Active Site Analyses of the § DNA Polymerases

The MSA analysis of the DNA-dependent DNA pols (DdDps) from viruses, bacteria, yeasts, higher fungi, plants and
animals has shown that the & pols of eukaryotes are closer to viral and prokaryotic DNA pols in possessing the two
characteristic invariant motifs, -SLYPS- and -YGDTDS-. Even though all three eukaryotic replicative pols (pols «, € and
6) are classified under the B-family pols, the pol € differs from others by not possessing the conserved -SLYPS- and -
YGDTDs- motifs, suggesting their possible different evolutionary origins. The proposed active site amino acids at the
pol and PR domains are shown in Table 1. The template-binding pair (YG), the catalytic basic amino acid (K) and
nucleotide selection amino acid (Q) are completely conserved in both the replicative § pols from plants and animals.
The PR 3'>5’ exonuclease belongs to the DEDD-superfamily of exonucleases reported from other DNA polymerases as
well. The proposed PR exonuclease active site amino acids that are confirmed by SDM experiments are highlighted in
dark blue (Table 1).

Table 1 Comparative analysis of the DNA 6 pols from yeasts, plants and animals

Yeasts (5. cerevisiae) Plants (A. Thaliana) Animals (Human)

PR exonuclease _I|I323____|:I407 _____ YSE__DRO.  _D|EMM... FD... Y5O, _IJ|s|E1|a____|:Im _____ Y“‘----I-"”-

Pol & “®FKRDVLNGRQ*LALK'ISANSVY!GFT™"'- -EKAV LDGRQ*LALK'ISANSVY:GFT- -55'LRRO\-’LDGE“Q"LALK‘VSANSV YEGFT-
—_— — — —> —_— ——

YGDTDS- &-SLYPS- -5'*NSLYPSI:/é-8-7*V YGBDSV - “ZASLYPSI®-5- 7 \YGBSV'*'- -5SSLYPSF*-8-72\ YGHTBSV

Adapted from Palanivelu [6]. Amino acids, highlighted in dark-blue, are confirmed by SDM analysis.

Pol § is a versatile PR enzyme. As mentioned earlier, it can correct not only its own errors but also the errors made by
the other two replication enzymes, viz. DNA pol a and pol € and thus, ensuring an error-free replication process. The PR
active site amino acids of the 6 pols, arrived at from MSA analysis by sequence similarity, were also further corroborated
by SDM analysis. Simon et al., [16] subjected the D and E of the first conserved triad of the PR active site of pol 6 of the
yeast enzyme, (i.e.), -D321]E323- to D3215A /V and E323 —A and also in the D in the dyad, FD407—A by SDM. They found
that these mutations drastically reduced the exonuclease activity, suggesting their direct role in the PR function.
Importantly, their SDM experiments on the above PR active site amino acids did not affect the pol activity, suggesting
that both the domains are well separated. Consistent with the key role played by pol § in DNA replication, inactivation
of pol 6 PR function or mutation of critical pol § residues involved in base selection, resulted in a dramatic increase in
replication errors in both yeast and mice enzymes [14 and references therein].

Figures 5A and 5B show the proposed active site of the PR exonucleases from animals and plants. The proposed two-
metal ion in the active sites is based on findings of similar active site structure in the 3'>5’ exonuclease active site in E.
coli DNA pol 1 [17], and such similarities are also extensively analyzed and reported by this author from various sources
[18]. The mechanism of Zn-mediated excision of the wrong nucleotide incorporation is explained by Palanivelu [4].

5A Tyrs" 5B T\1 rse?
' @_‘ﬁs
- ||_|+ o- ||_|+
515ASK /OH Asp4uz 511Asp OH ASp454

=) (o) Goad
vl as A e

Figure 5 Proposed amino acids at the PR exonuclease active sites of the DNA pols 8 from animals, 5A (from humans)
and 5B from plants, (4. thaliana) (numberings are from the humans and A. thaliana & pols).
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3.3. The Importance of CysA, CysB and PIP in the Eukaryotic Replicative § Polymerases

The importance of these three motifs is understood from the analysis of the replicative pols of other eukaryotes as well.
All the three eukaryotic replicative pols (pol «, € and &) invariably possess two of the conserved ZBMs, viz. CysA and
CysB, in the CTD of their catalytic subunits and a PIP in the & pols, suggesting their important role(s) in eukaryotic
genome replication. The CysA is the regular ZBM whereas at the CysB, another Zn2?+ binds and forms the 4Fe-4S cluster.

The importance of these motifs is proved by SDM and X-ray crystallographic analyses. Based on spectroscopic and other
experimental data, Jain et al.,, [19] have shown that the three highly conserved Cys residues (Cys®¢5, Cys®77 and Cys7¢3)
of yeast pol € are involved in binding to the Fe-S cluster. This was based on their observation that the wild-type yeast
pol €’s catalytic core was found to be yellowish-brown, but the mutant in which all three Cs, (Cys®¢5, Cys®77 and Cys7¢3)
were mutated, it became colourless. Besides, they also found that a Cys triple mutant was deficient in the DNA pol
activity, but not in the exonuclease activity, suggesting a link between the pol activity and the Fe-S cluster. A similar
SDM experiment on pol 8 by Netz et al, [20] has shown that the CysB motif was bound to [4Fe-4S] cluster to form an
active pol complex. For example, the loss of the [4Fe-4S] cluster by a Cys-ligand mutagenesis in pol §, destabilized the
CTD and abolished interaction with the polD1 and polD2 subunits. This was further confirmed by SDM experiments,
where the conversion of the C residues, viz. C1056, C1059, 1069, (1074 (in yeast pol §) to Ala abolished Fe-S binding [20]. In
addition to, a lethal double mutation, C1059-S/C1074-S in CysB of pol § disrupted binding polD1 and polD2, but in
marked contrast, a lethal double mutation of CysA (C1012-S/C1027—S) did not alter the subunit composition of the pol §
complex, and also did not affect the pol 6 interactions in the yeast two-hybrid analysis. These authors have further
shown that the Zn-binding CysA motif is required for PCNA-mediated pol § processivity. The PCNA interactions with
PIP enhance the pol § activity several folds. However, the PIP is found only in the § pols.

3.4. The Unique -SLYPS- and -YGDTDS- Motifs of 8 Polymerases

As discussed elsewhere, the-SLYPS- and -YGDTDS- are the characteristic motifs found only in the replicative pols o and
6. They are implicated in dNTP- and metal-binding, respectively. Interestingly, they are also reported from a large
number of DdDps from viruses and bacteria [4,6]. For example, in addition to their presence in the eukaryotic replicative
DNA pols a and §, they are also found in the E. coli DNA pol II and in many viral DNA pols like pox viruses (Smallpox,
Monkeypox, etc.), Vaccinia, Epstein-Barr virus, Human Cytomegalo virus, Human Herpes Simplex Viruses 1 and 2, Adeno
virus 2, E. coli phage RB69, Bacillus subtilis phage 29, suggesting their possible origin from viruses and prokaryotes.
Interestingly, these two motifs are also completely conserved in the § pol from various plant sources. In contrast, they
are not found in the eukaryotic leading-strand synthesis enzyme, the pol €. In fact, the other eukaryotic replicase
enzyme, viz. pol g, is closer to the prokaryotic DNA pols [, and DNA pols III (in the catalytic subunit a of the replicases),
where they also do not possess these two motifs, strongly suggesting two different origins of the eukaryotic replicative
pols. Thus, based on this property, DNA pols maybe broadly classified into two groups, i.e., the one having these two
characteristic motifs in them, like prokaryotic DNA pol I, a, § and ¢ pols and the other group which does not possess
these two motifs, like pol €, prokaryotic DNA pol I, and DNA pol III (prokaryotic replicases).

SLYPS and YGDTDS motifs’ role in dNTP- and metal-binding sites, respectively, has been further confirmed by SDM
experiments. The conserved motif -YGDTD1004S- in the catalytic subunit of the human DNA pol a was subjected to SDM
analysis. The D1004—N mutation produced a protein with no detectable pol activity while other SDM mutants at that site
showed activities from 1 to 20% of the wild-type pol activity [21]. The second conserved motif’s (-SLYPS-) involvement
in dNTP-binding is also proved by similar SDM experiments using the yeast pol 6. The SDM analysis where L612-G in
the -SL612YPS- motif of yeast pol §, increased the rates of C-to-A transversion substitutions [22], suggesting its
importance in the nucleotide selection process. Furthermore, they also reported that the substitutions at L612 of S.
cerevisiae § pol differentially affect viability, sensitivity to genotoxic agents, cell cycle progression, and replication
fidelity.

Moreover, substitution at a residue in the conserved motif A (-SLYPS-) caused mutator phenotypes in eukaryotic DNA
pol 6 [23]. They have generated mice harbouring an L6%4—G or L6%4—K substitutions in the highly conserved -SL604YPS-
in the active site of mice § pol. They found that the homozygous Pold1-604G/L604G and Pold1604K/L604K mice died in utero.
However, heterozygous animals were viable and displayed no overall increase in disease incidence, indicative of
efficient compensation for the defective mutant pol. Schmitt et al., analyzed the human 6 pol and found that the mutation
of the highly conserved L% in the -SL606YPS- motif induced a mutator phenotype with a biased error spectrum that
would be suitable for strand-specific identification of pol 6 mediated DNA transactions in vivo [24]. The above
experiments have shown unambiguously the importance of these motifs in § pols.

Pavlov et al.,, 2001 [25] analyzed the crucial Y in a, §, €, and C in the yeast DNA pols. They replaced the Y with A in the
catalytic subunits of DNA pols q, §, €, and { and examined the consequences in vivo. Strains with the Y= A substitution in
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the conserved -SL/MYPS/N- motif in the pols 6 and € were inviable. Strains with the same substitution in Rev3, the
catalytic subunit of pol {, were nearly UV immutable, suggesting severe loss of its function. Their experiment further
suggested that the Y in the conserved -SL/MYPS/N- motif- is important for the functioning of all B-family pols.

4. Conclusion

MSA analysis has shown that one of the main replicative 6 pols from plants and animals contains the same template-
binding pairs, catalytic and nucleotide selection amino acids, and also very similar catalytic metal-binding motifs. The
highly conserved CTDs in both pols also suggest a similar role in the regulation of the replication process. Moreover, the
PR exonuclease active site amino acids are found to be identical in both plants and animals and belong to the DEDD(Y)-
superfamily of PR exonucleases. These findings establish that the catalytic, PR exonuclease and CTD domains of the &
pols and their roles in genome replication are highly conserved across all eukaryotes, like yeasts, higher fungi, plants
and animals. Moreover, the highly conserved pol, PR exonuclease and CTD domains in plant and animal replicative &
pols strongly suggest a possible common evolutionary origin.
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