World Journal of Advanced Research and Reviews W

eISSN: 2581-9615 CODEN (USA): WIARAI R vanced

Cross Ref DOL: 10.30574/wjarr Bevews
WJ ARR Journal homepage: https://wjarr.com/ o
(RESEARCH ARTICLE) W) Check for updates

Identification of Polymerase and Proofreading Exonuclease Domains in the DNA
Polymerases IA, IB and Nuclear-Encoded RNA Polymerase of the Plant Chloroplasts

Peramachi Palanivelu *

Department of Molecular Microbiology, School of Biotechnology, Madurai Kamaraj University, Madurai - 625 021, India.
World Journal of Advanced Research and Reviews, 2023, 17(03), 706-727

Publication history: Received on 09 February 2023; revised on 14 March 2023; accepted on 18 March 2023

Article DOI: https://doi.org/10.30574 /wjarr.2023.17.3.0455

Abstract

Chloroplast plays a crucial role in all photosynthetic plants and converts the light energy to chemical energy. Itis a semi-
autonomous organelle and is mostly controlled by its own genome and partly by the nuclear imports. To replicate its
own genome, it uses two DNA polymerases, viz. polymerases IA and IB. DNA polymerase IA showed 72.45% identity to
polymerase IB, but only 35.35% identity to the E. coli DNA polymerase 1. Multiple sequence alignment (MSA) analysis
have shown that the DNA polymerases IA and IB and the E. coli DNA polymerase I possess almost identical active sites
for polymerization and proofreading (PR) functions, suggesting their possible common evolutionary origin. The
nuclear-encoded RNA polymerase (NEP) is imported from the nucleus and involves in the transcription of all the four
subunits of the chloroplast RNA polymerase. The polymerase catalytic core of the DNA polymerases IA, IB and the NEP
are remarkably conserved and is in close agreement with other DNA/RNA polymerases reported already, and possess
a typical template-binding pair (-YG-), a basic catalytic amino acid (K) to initiate catalysis and a basic nucleotide
selection amino acid R at -4 from K. The DNA polymerases IA and IB are very similar to prokaryotic DNA polymerases,
except in possessing a zinc-binding motif (ZBM) in them, like the eukaryotic replicases. Interestingly, the PR
exonucleases of all three polymerases belong to the DEDD-superfamily of exonucleases. The DNA polymerases [A and
IB belong to the DEDD(Y)-subfamily, whereas the NEP belongs to the DEDD(H)-subfamily.

Keywords: Chloroplast replication; DNA polymerase 1A; DNA polymerase IB; Polymerase active sites; Chloroplast
transcription; Nuclear-encoded RNA polymerase; Proofreading exonucleases; Exonuclease active sites

1. Introduction

DNA and RNA polymerases are crucial enzymes of life and, therefore, they are found in all living cells. They play an
important role in not only maintaining the blue-print of life in all living cells but also in the control of gene expression
at the transcription level. Therefore, understanding the structure, function, mechanism and regulation of these
polymerases has been the primary goal of molecular biologists since its discovery. Interestingly, these polymerases are
highly conserved in all kingdoms of life, from viruses to animals. [1, 2]. DNA polymerases essentially involve in the
replication and repair of genomes in both prokaryotes and eukaryotes whereas RNA polymerases involve in
transcription of genomes, i.e., the flow of genetic information from DNA to RNA. The organelles such as mitochondria
and chloroplasts also use these enzymes for replication and repair, and transcription processes. Prokaryotes use a single
type of DNA polymerase for replication, viz. DNA pol III, whereas the replication in eukaryotes is a complex process and
they use three types of DNA polymerases for genome replication and repair, viz. DNA pol a, pol € and pol 6 [3]. Organelles
such as mitochondria and chloroplasts use mostly a single type of replicase, viz. DNA pol y and DNA pols IA and IB,
respectively.
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Transcriptions are performed by different types of RNA polymerases in prokaryotes and eukaryotes. Viruses contain
two types of RNA polymerases, viz. DNA-dependent RNAPs (DdRps) and RNA-dependent RNAPs (RdRps), which are of
single-subunit (SSU) types. Eubacteria and archaebacteria employ a single type of RNA polymerase for all their
transcription needs and it is a multi-subunit (MSU) type. However, eukaryotes use 5 different types of RNA polymerases
(I-V), which are also of MSU type [4]. The chloroplast transcription in higher plants is performed by two types of RNA
polymerases, i) plastid-encoded RNA polymerase (PEP), and ii) nuclear-encoded RNA polymerase (NEP). PEP is
essentially a eubacterial-type MSU enzyme whose catalytic core subunits are encoded by the chloroplast genome itself,
whereas NEP is a SSU enzyme which is of T7 bacteriophage-type. PEP is crucial for the biogenesis and maintenance of
chloroplasts, but is controlled by the NEP and nuclear-encoded sigma factors (Figs. 1A and 1B) [5].

Both the DNA and RNA polymerases do make mistakes during the replication/transcription processes, but rarely.
However, the mistakes are corrected promptly by the PR enzymes in both the cases. Based on the active site structures,
the PR enzymes are classified into two major groups, viz. DEDD- and PHP- superfamilies. The DEDD-superfamily is the
most common and there are mainly two types of DEDD-superfamily of PR exonucleases found in all biological systems
which repair any error(s) that might occur during replication and transcription processes: One type of DEDD-
superfamily of PR exonuclease (intrinsic type) is found in the same DNA/RNA polymerase polypeptide itself and
functions as a multifunctional enzyme (e. g.), E. coli DNA pol 1. The second type of PR exonuclease (extrinsic type) exists
as a tightly associated subunit along with the polymerase subunits, in a multienzyme complex system (e.g.), bacterial
DNA pols III, ExoNs of RdRps the SARS-Coronaviruses and the PA subunits of the RNA polymerases in human influenza
viruses [1, 6, 7]. The DEDD-superfamily of PR exonuclease, the most common type of PR enzyme, consists of two
subfamilies, viz. DEDD(Y) and DEDD(H), depending upon whether they employ an invariant Y or a H as the proton
acceptor to initiate catalysis [8].

These two superfamilies are invariably found/associated with the DNA/RNA replicases and transcriptases to repair any
error that might occur during the replication/transcription processes [8, 9]. The PHP-superfamily is not that common
and has been reported mainly from the bacterial kingdom, but recently from the viral kingdom also by Palanivelu (7).
For example, the PHP-superfamily is commonly found in the bacterial replicative DNA polymerases III (DNA pols 11l
belong to the C-family polymerases), and in bacterial DNA polymerases X. (It is interesting to note, that the A- and B-
families of the replicative polymerases are found both in prokaryotes and eukaryotes, but the C-family is found only in
bacterial kingdom. All the three families are involved in genome replication and repair. Whereas the A-family
polymerase possesses two exonuclease domains (3—5'and 5'—3' exonucleases), but the B-family polymerase possesses
only one exonuclease domain, i.e., 3'=5' PR exonuclease domain) [10].

1.1. DNA Polymerases of Chloroplasts and their Roles in the Replication

Chloroplasts, an important organelle of all photosynthetic plants, house the photosynthetic enzyme systems that
convert the light energy to chemical energy. Thus, they play a vital role not only in the primary carbon metabolism but
also in the biosynthesis of fatty acids, amino acids, and tetrapyrroles. Therefore, chloroplast’s function is indispensable
throughout the life-cycle of plants and a compromised activity results in embryo lethality. Chloroplasts and
mitochondria are semi-autonomous organelles and are considered descendants of endosymbiotic a-proteobacteria-like
and cyanobacteria-like organisms, respectively. They possess their own genomes, and replication, transcription and
translation machineries. Their genomes exist primarily as homogeneous circular DNA molecules and replicated by its
own DNA polymerases. Although the replication mechanisms of these organellar genomes are poorly understood in
photosynthetic plants, several enzymes related to its genome replication, such as DNA polymerases [1A/IB, primase,
replicative DNA helicase, DNA topoisomerase, single-strand DNA-binding proteins, RNase H and DNA ligase have been
localized in chloroplasts.

Our understanding of plant organelle DNA replication is still very incomplete [11]. This is largely due to insufficient
knowledge about their replication and repair enzymes, and their role(s). To date, two organellar DNA polymerases, I1A
and IB, resembling bacterial DNA Pol I, have been identified in chloroplasts [3,12]. The DNA polymerase and PR
exonuclease active sites of 1A and 1B show similarity to the E. coli DNA pol I, but differ from the bacterial DNA
polymerase by harbouring a typical zinc-binding motif (ZBM) like eukaryotic replicases. However, both DNA pol 1A and
IB have been shown to replicate the entire chloroplast genome with a greater efficiency than the microbial DNA pol L.

The importance and involvement of these two polymerases is proved by genetic analysis. The pol IB knockout plants
were shown to have fewer genome copy numbers per organelle and grew slowly [13], and the APolIB deletion mutant
showed increased sensitivity to double-stranded DNA breaks, suggesting its predominant role in chloroplast DNA
damage repair [14]. Parent et al [14] found that mutation of both genes was lethal, and thus, confirming an essential
and redundant role for these two proteins. However, the mutation of a single gene was sufficient to cause a reduction
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in the levels of DNA in both mitochondria and plastids. They also demonstrated that pollb, but not polla mutant lines,
are hypersensitive to ciprofloxacin, a small molecule that specifically induces DNA double-strand breaks in plant
organelles, suggesting a function for PolIB in DNA repair. MSA analysis shows that pol 1A and pol IB are very similar to
each other, and possess identical polymerase and PR exonuclease active sites (Figs. 2 and 3). Unlike the E. coli DNA pol
I, both DNA pols IA and IB are able to bypass DNA lesions and continue replicating DNA [15]. Therefore, it was suggested
that a high degree of fidelity could be due to the presence of 3’-5’ PR exonuclease domains, which are generally absent
in DNA polymerases, involve in typical translesion synthesis.

1.2. RNA Polymerases of Plant Chloroplasts (PEP and NEP)

As discussed elsewhere, the PEP and NEP are the two enzymes that are involved in the transcription of the chloroplast
genome and are extensively studied [5, 16]. Even though both the polymerases are high-fidelity enzymes, they can add
a few (104 to 10-5) mismatched nucleotides during the high-speed transcription processes (2). These mismatched
nucleotides may have a null-effect on the growth and survival of an organism or they maybe deleterious, depending
upon its location(s) and essentiality of the translated protein(s). Therefore, in order to overcome this problem, it is
found that these polymerases do have an intrinsic PR exonuclease, which corrects these mistakes, resulting in error-
free transcriptions.

1.3. Roles of PEP and NEP in Plant Chloroplasts

As discussed elsewhere, the chloroplast in higher plants use two different types of RNA polymerases to transcribe all its
genes. One is the NEP, which is homologous to the SSU-RNAPs of bacteriophages and mitochondria [2, 17-19] and the
other one is the PEP, which is structurally and functionally very similar to the eubacterial MSU-RNAPs. It is interesting
to note that the NEP, encoded by the nucleus, is structurally unrelated to PEP, but it belongs to the "SSU-RNAP" protein
family of bacteriophages T3, T7, SP6, etc. [5-9]. The NEP mainly involves in the transcription of ~20% of the genes which
are essentially non-photosynthetic and housekeeping ones, whereas the PEP involves in transcription of the rest of
~80% of the genes, which are photosynthesis-related and tRNA genes [20,21]. This was evident from the knockout
mutants of PEP that showed an albino phenotype and lacked photosynthesis [22,23].

Both NEP and PEP differ in their sensitivity to the antibiotic rifampicin. PEP is sensitive to rifampicin (similar to
eubacterial MSU-RNAPs), whereas the NEP is insensitive to rifampicin [5,23,24]. Furthermore, both the enzymes differ
in their promoter selections too, (i. e.), NEP and PEP use different promoters for transcriptions. While most of the NEP
promoters have the conserved YRTA motif, the PEP promoters resemble the bacterial ‘670 promoters type’ which are
typically characterized by -10 and -35 consensus sequence motifs [25]. However, it should also be noted that a number
of PEP promoters lack the —10 or the —35 elements, a few, even both [26,27]. Although chloroplasts possess all the genes
for the core subunits of a PEP, but this enzyme can correctly initiate transcription only with the nuclear-encoded o
factor. The NEP transcribes the housekeeping genes as well as the genes of the PEP subunits, viz. rpoA, rpoB, rpoC1 and
rpoC2 from two different operons [21] as shown in Figs. 1a and 1b suggesting the primary controls are exercised by the
nucleus. In other words, the PEP transcription is controlled by the nucleus by providing the o factor and transcription
of its own genes by the NEP. Therefore, that makes the chloroplast as only a semi-autonomous organelle. (This is true
for mitochondria also where NEP transcribes all the mitochondrial genes and hence, it is also a semi-autonomous
organelle like chloroplast). Figs. 1a and 1b. show the transcription of PEP genes by NEP and assembly of PEP.
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Figure 1a and 1b Schematic diagram showing transcription of PEP genes by NEP and assembly of PEP

Pr, Promoter region; L and S, Large and Small ribosomal protein subunits, rpoA. rpoB, rpoC1, and rpoC2 are the genes for the
different subunits of the PEP.
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1.4. RNA Polymerases and Their PR Exonuclease Activities

The error rates of RNA polymerases are very minimal and generally in the range of 10-* to 105 [2]. However, these
errors are corrected during the transcription process itself. Because of this, RNA polymerases have evolved essentially
with two different types of PR exonucleases (Table 1). In the MSU-RNAPs of prokaryotes, eukaryotes and chloroplasts,
which are involved mainly in mRNA transcriptions, the RR active site is embedded within the polymerase active site
itself [4]. However, in other RNA polymerases the PR activity is either found on the same polypeptide as a separate
domain (multifunctional enzyme type, MFE) or with a closely associated subunit of the enzyme (multienzyme complex
type, MEC). Table 1 shows the different types of PR activities of RNA polymerases known in viruses, prokaryotes,
eukaryotes and organelles.

Table 1 PR activities and their localization in viruses, prokaryotes, eukaryotes and organellar RNA polymerases

RNAP/DNAP Organism PR active site Reference

DdRps-MSU-RNAP Prokaryotes Intrinsic within the RNAP
active site itself [4]

Eukaryotes

DdRps-MSU-RNAPs All eukaryotic Intrinsic within the RNAP [4]
(pols I-11I) active site itself

DdRps-MSU-RNAPs Plants Intrinsic within the RNAP [4]
(pols IV & V) active site itself

‘ (+) Strand RNA Viruses
(e.g., SARS-CoVs, DEDD(H)-superfamily# [6]
SARS-related CoVs,) (In the associated ExoN subunit, MEC)
Human-CoVs

- (-) Strand RNA Viruses

(e.g., Human influenza DEDD(H)- superfamily# [7]
Viruses A, B & C) (In the PA subunit of the RNA polymerase, MEC)
Bacteriophages

DdDps- T4 DNA pol DEDD(Y) superfamily” [28]

SSU Types (E. coli Phage) (In the same polypeptide, MFE)
Prokaryotes

DdDps- E. coli DNA pol | DEDD(Y) superfamily” [1]

SSU Types (In the same polypeptide, MFE)
Chloroplasts

DdRps- DNA pols IA & IB DEDD(Y) superfamily# This work

SSU Types (Plant chloroplasts)  (In the same polypeptide, MFE)

DdRps- RNAP (NEP) DEDD(H) superfamily# This work

SSU Types (Plant chloroplasts)  (In the same polypeptide, MFE)

~E. coli DNA pol I and pol II types; DNAP, DNA polymerase; RNAP, RNA polymerase;
# Similar to the e-subunit of bacterial DNA pols III (replicases)

As the PR activity in the MSU eubacterial type PEP is already discussed in detail by Palanivelu [4], the PR active sites of
the NEP and the DNA Pols IA and IB are analyzed and reported in this communication.

2. Material and methods

The protein sequence data of DNA polymerases IA, IB and NEPs from various plant chloroplasts were obtained from
PUBMED and SWISS-PROT databases. The advanced version of Clustal Omega was used for protein sequence analysis.
The polymerase and PR active sites are arrived at by the sequence similarity with other DNA and RNA polymerases
already reported.

3. Results and discussion

Figure 2 shows the MSA of the DNA polymerases IA of the chloroplasts from various plant sources. (Only the required
regions for discussions are shown here). The A. thaliana sequence is used as the reference and highlighted in yellow.
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The N-terminal regions of ~300 amino acids are not conserved and showed many gaps in the alignment, after that,
conservations are observed and a clear demarcation of the PR exonuclease domain is seen (highlighted in red). The PR
exonuclease domain contains the typical DEDD(Y)-superfamily active site amino acids and is highlighted in light blue.
There is a DxD type of metal-binding site within the PR exonuclease site (highlighted in light green). Again, after ~650
amino acids, a second demarcation in the sequences is seen and that contains the polymerase active site amino acids
and are highlighted in green. The polymerase active site region contains the typical active site amino acids highlighted
in yellow and a ZBM of -CXeCX2CXnC- type is highlighted in orange. The polymerase region is completely conserved in
all pol IA from different plant sources and contains the template-binding -YG- pair, the catalytic amino acid K and the
nucleotide discriminating amino acid R at -4 position from the catalytic K. The active site, -R-*RKAK878M!LNFSIAY3G887-
, is very similar to the well-established active site of E. coli DNA pol I, -R#RSAK758A1INFGLIY8G- [3] and in close
agreement to the active sites of the other DNA/RNA polymerases already reported [1, 2]. The ZBM, within the
polymerase region, is suggested to play a structural role. The C-terminal ends in a conserved hexapeptide -NWYSA/GK-
in most all of the DNA pol 1A, suggesting an important role.

3.1. CLUSTAL O (1.2.4) MSA of the Chloroplast DNA polymerase IA

PPPDVIVVNTIA DRRRIA.ARLJ

Exo domain ——p

tr|AORBT2W5EE | ROABT2WSEE 9CHLO 5SELSSRLARQDIEHDI DLRRES PCCEGHVICFSIYC 320
tr|A0AlUSQBTL |AOALUSQBTL NELNU -YEEVLVVDNIAVARE IVRML-TTRYRDLVHAGDTEVLRI DARQETPVDEGELICFSIYS 473
tr|A0REIOET40 | R0REIORT4Y_RAPSA -¥DEVVVVDTVPAARNVVARL-VDQYRNLVHS(DIEY§ DIEVRDET PVDEGKLICFSIYC 310
sp|FAIEM] | POLIA ARATH - ¥DEVLIVDNVQAAKDTVAKL

tr|AOAEP4CPLE|AOAEPACP1E ARADU -¥EDILVVDNISLAERVARML-IVNYRELIHAGDTIEVLRIDVROETPVDEGEIICFSIYS 310
tr|AOAS34U2N1 |ROAB34U2N1_9FABA -¥EDILVVDNISLARRVVRML-INKYRELVHAGDIEVLRINVREETPVDEGEITCFSIYS 318
tr|AOAEP4DWE3 |AOAEP4DWBE3 ARADU -¥EDVLVVDSIPLAEEVARML-IVKYRELIHAGDIEVLRIDVRDETPVDEGEIICFSIYS 357
tr|AOAlS2XNDL | ROA1S2XNDL CICAR -¥EDILVVDSIPLAEEVVEML-IVKYRELIYAGDTIEVLRIDVRQETPVDEGEITCFSIYC 358
tr|A0ASBEMNSO |R0ASBEMNS0 ABRPR -YEDILVVDNIPLAEEVSKLL-TTKYRHHIHAGDTEVLRI DVRQETPVDEGEIICFSIYC 355
tr|AOR1S3UFS3|AOALS3UFS3 VIGRR -¥EDILVVDNISLAEEVSFML-ITKYRELIYAGDTIEVLRIDVRQETPVDEGEIICFSIYC 323
tr|A0A371FABT |R0A3TIFABT MUCER -YEDVLVVDSIPLAEEVSFML-TTKYRHLIYAGDTEVLRI DVRQETPVDEGEIICFSIYS 344
tr|A0R445LVI8 |A0A445LVI8_GLYSO -¥DDILVVDNIPLAEEVSEML-TTKYRHLIYAGDTEVLRI DVRQETPVDEGEITCFSIYC 349
tr|A0A445LVLL |A0A445LVL]L GLYSO -¥DDILVVDNIPLAEEVSEML-TTKYRHLIYAGDTEVLRI DVRQETPVDEGEITCFSIYC 349
tr|AOA8BEQSRY |AOASBEQSRG OMYRT -¥GEVLIVNDESVAREVVREL-TNQYRHLVHAGDTEVLRI DVRQATPVDEGEIICFSIYS 354
tr|AOAGPSWNI2 |AOAGPSWNYS2 DURZI -¥DQVLVVDNISVAREVVIML-TTQYRELVHAGDTEY $ NI DVERET PVDEGEITCFSIYS 143
tr |AOREJIEVK] | AOAEJIEVX] CUCMO -YESVLVVDGVSAAREVVSML-TTKYENLVHAGDTEV LRI DVRQETPVDEGEIICFSIYS 427
tr|R0R6J1JTE3|ROR6JLITE3 CUCMA ————-——--- VSRAREVVSML-{TTRYENLVHAQDTEYAKI DVEQETPVDHGEI ICFSIYS 101
tr|AOREJ1DIZS |ROAEIIDIZS MOMCE ~  ———------ SVSAAREVVSML-TTRYENLVHAGDTIEVLRI DVRQETPVDEGEIICFSIYS 394
tr|ROR6JIIIPLIR0A6JIIIPL CUCMA -————-—--- SICARREVVSML-TMEYRNLVHAGDTEVLRI DVECETPVDEGEIICFSIYS 393
tr|A0R4USR370|A0A4USR3T0_POPAL --ERVLVVDNASMAREVVSKL-TNQYRHLIHAGDTEVARIEVEDETPIDEGEITCFSIYS 270
tr|A0REP4RALPT |AOREP4ALET 2127 --GEVLVVNSISVARRIVORL-TSQYRHLVHAGDTIEVARIEVECETPVDEGEIICFSIYS 413

-1'. * ._:i*** '1‘: * :-1' -1'-1'.: -1'-1'-1'-1'-1'.
tr|AOAST2WSES |AOAST2WSEE YCHLO SESIKEVWHNY §EDRH VMERLGVEMNGFDGDTMEMARLWDS SRVGRGGY SLEALS SDENL 440
tr|AOAIUSQBTI |AOALUSQBT] NELNU DPSIRRVWHNY EDHV IENYGLEI SCFHADTMEMARLWDS SRREEGGY SLEALTMIPRY 567
tr|A0AGTOPT49|A0AETOPT49 RAPSA DSSIREVWANY JEDFHI IRNHGIELSGFHADTMAMARLWDSARRTEGGY SLEALTSDPRV 404
tr|AOREP4CP16 |ROREP4CPLE_RRRDU DPSIKRVWHANY JEDS 5V IENYGFRVSGFYADTMAMARLWDS SRRWVGGY SLEALTGIREV 404
tr|AOAS34U2N1 |ROAS34U2N] SFABR DS IRRVWHNY JEDFHV IENY GLEV SCFHADTMEMARLWN S SRRLDGGYSLEALTSDRRV 412
tr|AORGP4DWB3 |ROREP4DNE3_RRRDU DSSIKRVWANY JEDEHIIENYGFRVSGFHADTMAMARLWDS SRRLDGGY SLEGLTGDERY 451
tr|AOAIS2XNDI |ROALS2ZXNDL CICAR DPSIRRVWHNY JEDEHV IENY GFRV SCFHADTMEMARLWDS SRQLDGGY SLEGLTGDRRY 452
tr|AOABBEMNS0 |ROASBSMNS)_RBRPR DSSIERVWHANY JEDE 5V IENYGFRVSGFHADTMAMARLWDS SRELDGGY SLEGLTGDRRY 449
tr|AOAI1S3UFS3|RORLS3UFS3 VIGRR DSSIRKVWHNY JEDEHV IENY GFEVSCFHADTMEMARLWDS SRLLDGGY SLEGLTGIRRY 417
tr|ACA371FABTIR0A3T1FABT MUCPR DSSIKRVWANY JEDE 5V IENYGFRVSGFHADTMAMARLWDS SRELDGGY SLEGLTGDRRY 438
tr|A0A445LVIS |ROR445LVIS_GLYSO DSSIKEVWANY JEDE 5V IENYGFRVSGFHADTMAMARLWDS SRELDGGY SLEGLTGIRRY 443
tr|ACA445LVL1|R0A445LVL]L GLYSO DSSIKRVWANY EDE 5V IENYGFEVSGFHADTMAMARLWDS SRELDGGY SLEGLTGDRRV 443
tr|AOASBSQBRY |R0ASBEQBRY_IMYRT DPDIRKVWHNY JEDNHVIENYGIKVSGFHADTMAMARLWN S SRRTEGGY SLEALTGIRRY 447
tr|AOREPSWNI2 |AOAEPSWNY2 DURZI DOS IKRVWHANY JEDNHV IENYGLEVSGFHADT IHMARLWDS SRRT SGGY SLEALTGDRNI 537
tr|AOAGJIEVX |RORGJIEVX] CUCMO DPLIRKVWANYJEDNHIIENYGIKISGFHADTMAMARLWDS SRRMNGGY SLEALSCDTRYV 521
tr|AOAGILITES |RORGI1ITES CUCMA DPLIRKVWHNY EDNHI IENYGIKISGFHADTMAMARLWDS SRRMNGGY SLEALSYDTRV 405
tr|AOAGJ1D9ZS |ROREJ1DIZS_MOMCH DPLIKEVWANY EDNHI IENYGIKVSGFHADTMAMARLWDS SRRANGGYSLEALSGIVEY 488
tr|AOAGIIIIPI|RORGJIIIP] CUCMA DPSIREVWHNY EDRHI IENYGIKVSGFHADTMEMARLWDS SRRINGGY SLEALSGDTRV 487
tr|A0A4USR3T0|ROR4USR3TO_POPAL SPDIRRVWANY JEDNHVIENYGISVSGFHADTMAMARLWDS SRRINGGY SLEALTGDQRV 364
tr|AORGP4ALET |ROREP4RLET ZIZJJ DPSIKRVWHNY JEDNHV IENYGLKVSGFHADTMHLARLWDS SRRIKGGY SLEALTGDPRV 507
R T T T T PR T T TR T Ehk ek k&
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tr|ROAST2WSEE |AOAST2WIEE_9CHLO
tr|AOALUSCBT] |AOALUSQBT]1 NELNU
tr|R0REJOPT49|A0RECT0OPT4S RAPSA

tr|ROREP4CPLE|ROAGP4CPLE_ARADY
tr|a0a834U2N1|A0A334U2N]_O9FABA
tr|A0AEP4DWE3 |A0AEGP4DWE3_ARADU
tr|AOALS2XND1 |A0ALS2XNDL CICAR
tr|AOASBSMN50|AOASBSMNS0_ABRPR
tr|A0ALS3UFS3|AOALS3UFS3_VIGRR
tr|A0A371FABT|R0A3TIFART MUCER
tr|A0A445LVIS |A0A445LVIS_GLYSO
tr|A0A445LVL] |A0A445LVL]_GLYSO
tr|AOABBSQERY|AOASBEQIRY_UMYRT
tr|AOAEP5WNYZ |AOAEPSWNS2 DURZI
tr|A0AEJIEVX]|AOAGIIEVKL CUCMO
tr|A0AEJLITES |A0AGILIITES_CUCMA
tr|AOAEJIDIZS |AOAEIIDIZS MOMCH
tr|A0AEJIIIPL|AOAGIIIIPl CUCMA

MGATASG-————————————= VRGEVSMEELFGEPNLEEDGTEGELTVLPPVHELQRGE 486
MSEVQOCTEGEPIFREWCTEGELIGERISMET IFGEERIREDGSEGEVVIVPFVEELQREE €27
LGATQTR-—————————-| EE LGEISMETIFGERELEEDGTEGEIIVIPPVEELQRED 453
MSRTMLT-————-————— CEEDLIGEVSMET IFGOREVERDGSEGEIVNIAPVEVLORDE 453
MCGAQLN-—-—-——-————— HEEDLIGEVSMET IFGREEVERDGSEGEIITIAPVEELQRDE 4gl
MCRAQLN-—-———-————— HPEDW.LGEVSMET IFGEEEVEEDGSEGET ITIAPVEELQRDE 500
MSRAPLD-————-————— CEEDLIGEVSMEAIFSEEELERDGTEGETLTMAPVEELQRDE s01
MSRAQLN-—-—-——-———-— HEEDLIGELSMET IFSEEREVERDGSEGETVIIAPVEELQRDE 4498
MSRTELN-————-———-— HPED.IGEVSMET IFSEEELEEDGSEGRETISVIAPVEELQORNE 466
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tIIRORGJ1J7E3IRORGJ1J7E3_CUCMA EQVTRAQEGHIERARAINTPV-—————————————1 OGSAADVEMCAMLET SENSRLERELGW 1077
tIIRORGJIDBZSIRORGJIDBZS_MOMCH FEHATRAQRGHIERARAINTPV-————————————1 OGSAADVEMCAMLET SNNSGLRELGW 1074
tIIRORGJIIIPIIRORGJIIIPI_CUCMA FHATRAHEGHIERARAINTPV-————————————1 OGSAADVEMCAMLET SENSRLERELGW 1069
tIIROR4U5R3TOIROR4U5R3TO_POPRL TDASSSLERGHVERARAINTPV-————————————1 OGSAADVEMCAMLET SENNRLRELGW 447
tIIRORGP4RLPTIRORGPQRLPT_ZIZJJ RHATRSQRGHIERBATNTPV-————————————1 OGSAADVEMCAMLET SNNETLEELGW 1094

P

tI|ROR8T2W5E6|ROR8T2W5E6_9CHLO RLLL-OVHDEVILEGPRETAEIAQAVVVECMRSPFGDAGGDPLRVELSVDSEY. 1129
trIAOAlUSQBTlIAOAlUSQBTl_NELNU ————— OVHDEVILEGPNESAEEARAIVVECMSEPFY--GTHNFLEVDLSVDAEC 1186
trIRORGJOP?49IRORGJOP?49_BRPSR ELLL-QIHDEVILEGPMESAELAEDIVVDCMSEPFN--GENILSVDLSVDAECR 1040
splFQIGMlIPOLIn_RRRTH RLLL-QIHDEVILEGPIESAETARDIVVDCMSEPFN--GRNILSVDLSVDARCH 10449
tI|ROR6P4CP16|ROR6P4CP16_RRRDU ELLL-OVHDEVILEGPTESAEVARAIVVECMSEPFN--GENILEVGLSVDAECA 1038
trIAOA834U2N1IAOA834U2N1_9FABA FLLL-OVHDEVILEGPTESAEEARAIVVDCMSEPFN--GENILOVDLSVDARCA 1062
trIRORGP4DWB3IRORGP4DWB3_QRRDU ELLL-QVHDEVILEGPSESAEVAEAIVVECMARPFH--GENILEVDLSVDARCR 1085
tIInOnlS2XNDlInOnlS2XNDl_CICRR ELLL-QVHDEVILEGPTESAEVAESIVVDCMSEPFY--GENILEVDLSVDAECR 1081
tIIRORSBSMNSOIRORSBSMNSO_RBRPR ELLLOOVHDEVILEGPTESAEFAESIVVECMSEPFN--GENILEVDLSVDAECA 1082
trIAOAlS3UF53IAOAlS3UFS3_VIGRR ELLL-OVHDEVILEGPTESAEVARSIVVECMSEPFN--GENILEVDLSVDARCA 1048
trIRORE?anBT|n0n3?anB?_MUCPR ELLL-QVHDEVILEGPTESSEVAESIVVECMSEPFN--GENILEVDLSVDAECAE 10e9
tIInOn445LVJ8InOn445LVJ8_GLYSO ELLL-QVHDEVILEGPTESAEVAESIVVECMSEPFN--GENILEVDLSVDARCR 107&
tI|ROR445LVL1|ROR445LVL1_GLYSO ELLL-QVLESTINSIHSFA---——————————-— LSWE--G--—————————————— 1047
trIAOASBSQSRQIAOASBSQSRQ_QMYRT RLLL-QVHDEVILEGPTESAEVARAIVVECMSEPFFE-GVNILNVDLAVDARSA 1080
trIRORGPSWN92IRORGPSWN92_DURZI RLLL-QVHDEVILEGPSESAEIARATITITIECMSEPFEG-GENILEVDLAVDARCR 1167
tIInOnGJlEVXlInOnGJlEVXl_CUCMO RLLL-QVHDEVILEGPTESAEVARAIVVDCMSEPFN--GENILEVDLAVDARCH 11e0
tI|ROR6J1J7E3|ROR6J1J7E3_CUCMR RLLL-OVHDEVILEGPTESAEVARAIVVDCMSEPFN--GENILEVDLAVDARCR 1134
trIAOAGJIDQZSIAOAGJIDQZS_MOMCH RLLL-QVHDEVILEGPTESAEVARAIVVECMSEPFS--GENILNVDLAVDARCA 1131
trIRORGJlIIPlIRORGJlIIPl_CUCMA RLLL-QVHDEVILEGPTESAEVAEAIVVECMSEPFN--GENILNVDLAVDAECHR 112e
tIIROR4U5R3?OIROR4U5R3?O_POPRL ELLL-QVHDEVILEGPTESAEVAEAIVVDCMSEPFG--GENFLEVDLAVDAECR 1004
tr|R0REP4ALPT |ROREP4ALPT_ZIZJT 1151

RLLL-OVHDEVILEGPSESAEVARAIVIECMSEPFG--GVNFLEVDLAVDARCA

roaauv o, :

&
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//End of DNA pol IA sequences -

tI|AOA8T2W5EGIAOASTQWSEG_SCHLO E]| 1130
tr |R0ALlUSCBT1 |IAORIUSQBT1 NELNU E 1187
tr |ROREJOPT4AS |RORETOFT49 RAPSA it 1041
sp|F4IGMl|POLIn_ARATH Ej| 1050
tIIRUAGPQCPlGIRURSPQCPIG_BRRDU Ej| 1038
tr |ROAS34U2N1 |AOAB34U2N1_SFABA it 1063
tr |ROAEP4DWB3 |R0OREP4DWB3_ARADU K 1086
tI|BOAlS2XNDl|AOBlS2XNDl_§ICAR Ej| 1082
tIIAOASBSMNSOIAOASBSMNSO_ABRPR E]| 1083
tIIRUAlS3UF53|RUR153UFS3_YIGRR Ej| 1048
tr |R0A3T1IFABT |A0A3T1IFABT MUCPR Ej| 1070
trIBOA445LVJS|n0h445LVJS:ﬁLYSO K| 1077
tIIRUAQQSLVLI|RUR445LVL145LYSO Hj 1048
tI|BOASBSQSR9|ROBSBSQSR9_SMYRT E]| 1081
tr |ROAEPSWNO2 |IROREPSWNS2 DURZI K 1168
tIIBOAGJlEVXlIAOBGJlEVXl_FUCMO Ej| 1161
tI|AOA6J1J7E3IAOA6J1J7E3_pUCMA Ej| 1135
tIIRUAGJngzﬁIRURSJlDQZS_MOMCH Ej| 1132
tIIBOAGJlIIPlIAOBGJlIIPl_FUCMA Ej| 1127
tr |R0A4USR370IA0R4USR370_POPAL K 1005
tI|R0A6P4RLP7IRORGPQRLPTAZIZJJ E]| 1132

AOAB8T2WS5E6_9CHLO, Chlorella desiccate
AO0A6]J0P749_RAPSA, Raphanus sativus
AO0A6P4CP16_ARADU, Arachis duranensis
AO0A6P4DWB3_ARADU, Arachis duranensis
AOA8BB8MNG50_ABRPR, Abrus precatorius
AOA371FAB7_MUCPR, Mucuna pruriens
A0A445LVL1_GLYSO, Glycine soja
AOA6P5WN92_DURZI, Durio zibethinus
AO0AG6]J1J7E3_CUCMA, Cucurbita maxima
AOA6]J11IP1_CUCMA, Cucurbita maxima
AOA6P4ALP7_ZIZ]], Ziziphus jujube

AO0A1U8QBT1_NELNU, Nelumbo nucifera
F416 M1|POLIA_ARATH, Arabidopsis thaliana
AO0A834U2N1_9FABA, Senna tora
AO0A1S2XND1_CICAR, Cicer arietinum
AO0A1S3UFS3_VIGRR, Vigna radiata
AO0A445LV]8_GLYSO, Glycine soja
AOA8B8Q8R9_9MYRT, Rhodamnia argentea
AOA6]J1EVX1_CUCMO, Cucurbita moschata
AO0A6]1D9Z5_MOMCH, Momordica charantia
A0A4U5R370_POPAL, Populus alba

Figure 2 MSA of DNA polymerase IA of various plant chloroplasts

Figure 3 shows the MSA of the DNA polymerase 1B of the chloroplasts from various plant sources. (Only the required
regions for discussions are shown here). The A. thaliana sequence is used as the reference and highlighted. The N-
terminal region of ~250 amino acids is not conserved and shows many gaps in the alignment as in pol IA and, after that,
conservations are observed and a clear demarcation of the PR exonuclease domain is seen (highlighted in red) as in pol
IA. The PR exonuclease domain contains the typical DEDD(Y)-superfamily active site amino acids and are highlighted in
light blue. There is a DxD type of metal-binding site within the PR exonuclease site in many of them (highlighted in light
green). The polymerase active site region is highlighted in green. The polymerase active site region contains the typical
active site amino acids highlighted in yellow and a ZBM of -CXsCX2CnC- type is highlighted in orange and is identical to
the DNA pol IA. The polymerase region is completely conserved in all and contains the template-binding -YG- pair, the
catalytic amino acid K and the nucleotide discriminating amino acid R at -4 position from the catalytic K. The active site,
-R*RKAKB862M!LNFSIAY8G871-, is identical to DNA pol IA (-R#RKAKM!LNFSIAY8G-) and is very similar to the well-
established active site of E. coli DNA pol I, -R#*RSAK758A1INFGLIY3G- [3]. The polymerase active sites from DNA pol 1A
and IB are in close agreement with the active sites of the other DNA/RNA polymerases already reported [1, 2]. The ZBM,
in the polymerase region, is suggested to play a structural role. The C-terminal ends in a conserved hexapeptide -
NWYTAK- in all, suggesting an important role.

3.2. CLUSTAL O (1.2.4) MSA of the Chloroplast DNA Polymerase IB

—p Exo

trl|R0A1S3YPG4 |R0RLS3YPG4 TOBAC EKNAIQ———SMATDVVNGTKTRIVSDEGsGvsevsLRERLGAMYDKVHIV‘%NLSAAKEIv 375
trl|A0AIUTVLET |A0ALUTVLET NICSY ERNAIQ---SMETDVVNGTKTRIVSDEGTGVSQVSLRERLGAMYDEVHIV |DNLSAAREVV 375
trl|A0AOVOJOJIL|AOAOVOJOJl SOLCHE ERNAIR---SVATDFVNGTETKIVSDEGTGLGQITLRERLGAMYERVHIV [DNLSAAREVV 325
trl|A0RIUSFC30|R0RIUSFCI0 CAPAN EENTIQ---SVATTVVNGTETKIVSDEGTGLGQVILRERLGVMYEEVHIV |DNLSARREVV 339
trl|AOAGISUH3T |AOREISUEIT SESIN K-R--EARPAARKTIVLSDIVSEPLSERITASGGTELHERLSQVYDIVLVV [DSIPARRQVYV 311
trl|R0R8S0VPES |RORBS0VEES OLEEU VIDEIENGAADRECIVADIAYRTQIE-TITHESENIFERLRTVYDEVLVY |DSISVAREVV 331
tr|AOREJOPSFS |AOR6JOPSFS RAPSA DVRGRORPLVASFDSARNESTVTISKVGRRTDLSRVRANLTRIYNEVRVV [DNVSTAREIV 243
sp|0Q84NDY | POLIB ARATH -VILEPLNSDTTLDNASYRKTATISKVERCTNLSQVRANLERI YNRVRVYV

tr|AOREJIALP4 |AOAEJIALPS 9ROSI NQDTGHTNPNVTRRDRANE SGVASTEEDNVVSQEDI SERLARIYDQVLVY |DNVSVAREVV 396
trl|A0AIUSMELT |ROALUSMELT GOSHI IQDRGHMDPNVTRRDQANENGVASSEENLEVYRNDIHRQLARI YDOVLVV [DNISVAREVY 374
tr|AOROBOMAFS |AOAROBOMAFS GOSAR IQYRRHMDPNATRRDQANENGVAS SEENLEVYRNDIHRQLARIYNQVLVV |[DNISVAREVY 401
trl|A0AIUSKIG2 |RORLUSKIGZ GOSHI IQYRGHMDPNATRRDQANENGVAS SEENLEVYRNDIHRQLARI YNQVLVV |[DNISVAREVY 401
trlA0R6T1IFWAS IRORETIFNAE CUCMO NGLERGAAVEEFSEMTINGGGTRKITEAPATSHEPDIKERLNGVYDSVLVY |DSIQARREVV 352
trl|R0REPSEELE |ROREPSEELE PUNGR VGTS-VLVSEPFEDEAVVAFGVDARKDRASNTSEDVRERLRGIYEEVIVY |DNISMAREIV 404
trlA0R1S2Y 7M1 |A0AlS2YTM] CICAR NGNH-SLAT-TARDKTQRKSAVA---MIRSDEQLELRDRLCSIYEDILVY [NNLSHAEEVEA 321
trlA0A1S3VLIL|AORIS3VLEl VIGRR EDKC-NLET-IAKYEANAT---SVEKAR-SSEQLELRGRLCSIYEDILVY |NNISLAKEVA 285
trla0a371ED4T IR0A3T1EDAT MUCER NGDC-DMDT-TAKDATNATNATSVEKAR-STEQSKLRDRLCSIYEDILVY [NNISLAEEVA 262
trl|A0ASBERCRT IR0ASBSKCRT ABRPR NGNH-SSGT-TAKDATNAT---SVEKTRSREEQSKLCDRLCSIYEDVLVY [NDISLAERVA 301

* ko - -k * .
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trlAOAlSSYPG4|AOA133YPG4_TOBAC RELTSRYRHLVHACOTRVART DVECOTPVDHGEIICFSIYSGPEADFGDGRSCIWVDVLD 435
tr |A0AIUTVLET |RO0R1UTVLET _NICSY RELTSOYRHLVHAACDTRVARTI DVEOOT PVDHGDIICFSIYSGPEADFGDGRSCIWNVIVLD 435
tr|AOAOVOJOJ1|AOAOVOJOJ1_SOLCH SELTSCYRHLVHRCDTRVANT DVE QT PVDHGEVICEFSIYSGPEADFGDGRSCIWVDVLD 385
tr |A0ARIUBFC3S |RORIUSFC3Y9 CAPEN SELTHOYFEHFVHACDTRVA] I DVEOOT PVDHGEVICFSIYSGPEADFGDGRSCIWNVIVLD 3595
tr |AOAEISUH3T |AOAGISUH3T_SESIN SELTNEYFNLIHACDTRVANIDVREEETPVDHGEIICEFSIYSGPEADFGDGRSCIWVIVLD 371
tr|A0ABS0VPES |RORBS0VPES CLEEU GLLTNCYRHLVHACHTRVAR T DVEEETPVDHGEIICFSIYSGPDVDFGNGESCVIWVIVLD 351
tr |20REJOPSFE |RORE6JOPSFS RAPSR AFLVNOYRDLVHACOTRVSRI DVESETPVDHGELICFSIYCGSEADFGDGESCIWVIVLG 303
tr|A0REJ1ALP4 |ROREJIALP4 SROSI FMLTTOY SHLVHACPHTRVSHIDVECQET PVDHGEITCFSIYSGENADFGNGETCIWVIDVQD 456
tr|AOAlUBMKLT|AOA1U8MKL7_GOSHI IMLTTRFRHLVHACHTRVSNI DVEOETPVDHGEITCFSIYSGADADFGNGESCIWVDVLD 434
tr |A0AOBOMAFS |ROROBOMAFS GOSER IMLTTEFRHLVHACOTRVSNTI DVECETPVDHGEITCFSIY SGADADFGNGEY CIWVDVLD 461
tr |AOALUBRJG2 |AORAIUSRJIGZ2 GOSHI IMLTTRFRHLVHACDTRVSNI DVEOETPVDHGEITCEFSI Y SGADADEFGNGESCIWVIVLD 461
trIAOAGJlFW48|AOA6J1FW4E_CUCMO SMLTMEYERNLVHAACDHTRVAR T DVEOETPVDHGEIICFSIYSGPTADFGNGESCIWVIVLD 412
tr |AOREPBEELE |RO0REPEEEL6_FUNGR QFLTHOYRHLITHACHTRVARTI DVEOET PVDHGEVICEFSIYSGPEADY GNGRSCVWVIVLD 464
tr|A0AlS2YTMI |AOR]1S2YTM] CICER FMLTVNYRELIHACDTRVSRIDVEQETPVDHGEIVCFSIYSGPEADFGGGRSCIWVIVLD 381
tr|A0A1S3VLOL |R0R1S3VLS1 VIGRR FMLTVNY RHLTHACPHTRVAR T DVEQOET PVDHGEIICFSIYSGPEADFGGERSCINVIVLD 345
tr|AOA371ED4T|AOA371ED47_MUCPR FMLTVNYRHLITHACDTRVART DVEQETPVDHGEIICFSIYSGPEADFGGGRSCIWVIVLD 322
tr |ROASBBKCRT |ROABBSKCRT_ABRER EMLTVNYRHLIHACDTRVARINVEQET PVDHGEIICFSIYSGPEADFGGGESCIWVIVLD 3el
* .l ez H *:** :******:: *****.* -*:*-** *:****
trlAORlSBYPG4|AOR153YPG4_TOBAC GEGENLLVEFAPFFRODPSIREVWHNYSFDNHVIENYGFRVSGFHADTMEMARLWDSSERT 495
tr|R0RIUTVLET |RORIUTVLET _NICSY GEEGENLLVEFAPFFODPSIREVWHNYSFDNHVIENYGFRVSGFHADTMEMARLWDSSERT 495
tIIAOAOVOJOJlIAOROVOJOJl_SOLCH GGGNDLLVEFAPFFODPSIREVWHNYSFDEHVIENYGFREVSGFHADTMHMARLWDSSRRI 445
tr |RORIUBFC39|RO0RIUSFC39_CRPRN GEGEDLLVEFAPFFODSSIRKVWHNYSFDNHVIENYGFELSGFHADTMEMARLWDSSERT 459
tr |AOREISUH3T |IAOAEISUH3T_SESIN GEGEDLLEEFAPFFEDPSIERVWHNYSFDNHVIENYGLEVSGEFYADTMEMARLWNSSRRT 431
txr |A0ABS0VPES5 |A0A8SOVPES_CLEEU GEGENLIAEFARFFEDSSIKEVWHNYSFDDHIVENYGLEVSGFFADTMEMARLWNSSRRT 451
tr |R0REJOPSFE |AORGJO0PSFS RAPSAE ENGEDVLAEFREPFFEDSSIKEVWHNYSFDNHIIRNYGIRLSGFHGDTMEMARLWDSSROT 363
tr|A0REeJIALP4 |ROREJIRALP4_ OROSI GGGRALLEEFELFFRDOSIKEVWHNYSFDNHVIENYGFEVSGFHADTMEMARLWDSSERT Sle
tIIAOAlUSMKLTIAORlUSMKLT_GOSHI GGGRDLLEEFVPFFEDQSIERVWHNYSFDSHVINNYGLEVSGFYADTMHMARLWD S SRRT 464
tr |R0R0BOMAEFS |ROROBOMAFS _GOSER GGGRDLLEEFVPFFEDQSIKEEVWHNYSFDSHVISNYGLEVSGFHADTMEMARLWDSSRRT 521
tr |A0RLIUBKRJG2Z IROALUSRJIGZ_GOSHI GGGRDLLEEFVPFFEDQSIERVWHNYSFDSHVISNYGLEVSGFHADTMEMARLWDSSERT 521
tr|AOA6J1FW4S|AOA6JlFW48_CUCMO GGGREILLOFAPFFEDPSIREVWHNYSFDNHIIENYGIRKVSGFHADTMEMARLWDSSRRI 472
tr |R0REPSEEL6 |IROREPEEELE_PUNGR GGEEGNDLLLEFAPFFEDPRIERVWHNYSFDNHVLENYGIRLSGFHADTMEMARLWNSSRRT 524
tI|AOAlS2Y7Ml|AORlS2Y7Ml_CICAR GGGEEMLNEFANFFODPSIKREVWENYSFDCHVIONYGFEVSGFHADTMEMARLWD S SREW 441
tr|AOALIS3VLOL|ROALS3VLOl VIGRR GGGREIFNEFAEFFODSSIKEVWHNYSFDCHVIONYGFREVSGFHADTMEMARLWD S SRREW 405
tI|AOA371ED47|AOR371ED47_MUCPR GGGREILDEFADFFQDS SIKRREVWENYSFDCHVVONYGFEVSGFHADTMEMARLWD S SERW 382
tr |A0ABBERCRT |IR0ASBEKCRT_ABRPR GGGEEIMNEFARFFODSSIKEVWHNYSFDCHVIONY GFEVSGFHADTMEHMARLWDS SERW 421
LKL 1 sk kkek  kokkkkkkbkk koo kkkooakkk kbbb kbkkk.kkdk .
tIIAOAlS3YPG4|AOAlS3YPG4_TOBAC SGGYSLEALTGDSTVMRDARPVHAERLFHGEGLFGEISMET IFGRERLERDGTEGEVIVI 355
tr|A0AIUTVLET |ROALIUTVLET NICSY SGEYSLEALIGDSTVMRDARPVHAERLFHGEGLEFGRISMETIFGREELEEDGTEGEVIVI 555
tIIAOAOVOJOJlIAOAOVOJOJl:SOLCH LGGYSLEALTGDSHVMCDARLVHAERLFHDEGLFGEISMET IFGRERLERDGTEGEVIMI 305
tr|AORIUBFC3Y9 |A0ALUSFC3Y9 CAPAN LGGYSLEALTGDS SVMRDARLVHAERLFDGDGLEFGEISMET IFGRERLERDGTEGEVIVI 319
tIIAOAGIQUH37|AOA619UH37:SESIN EGGYSLEALTGDSQIMSDAREG-————- PGEEVIGEVSMENIFGREELERDGSEGELITI 485

tr |B0AETIALP4 |ROR6TIALP4_S9ROST
tr |A0AlUSMRLT IA0AIUSMELT_GOSHI
tr |A0AOBOMAFSE |A0ROBOMAFS_GOSAR
tr |AOALUSRJIG2 |AO0AIUBRJIG2_GOSHI
tr |BORETIFW48 |RORE6TIFWEB_CUCMO
tr |IROREPEEELE IROREPESEELE_PUNGR
tr|A0AlS2YTMI |AOA1S2YTML_CICAR
tr|AOALS3VLOL |AOAIS3VLILl VIGRR
tr |ROA3TIED4T |IROR3TIED4T_MUCPR
tr |A0ASBERCRT |AOASBERCRT_ABRPR

tr|AOASSOVPES |ROASSOVPES_OLEEU EGGYSLEALTGDPSVIPNARPR-————- IGEVSMETIFGREELEEDGSEGEIMVI 505
tr|a0REJOP5FE |A0RAETJOPSFS_RAPSA AGGYSLEALTSDPRVLGGTETE-————- FGEISMETIFGEGELEEDGTEGELVVI 417
spl|QE4NDY | POLIB_ARATH SGEYSLEALTSDPEVLGGTETE-————- EEAELFGREISMERIFGEGELEEDGSEGELVII 431
tr|AOAEJIALPS |ROREJIALPSE CSROSI AGGYSLEALTGDENVMNRTEWRE-———- ELIGEISMETIFGERELEEDGSEGEMITI 571
tr|AOALUSMELT |RORALIUSMELT GOSHI LGGYSLEALTGDRENVMORSTWRE-————— ELIGETSMETIFGEREVEEDGSEGEMITI 5449
tr|A0AOBOMAFS |IR0AOBOMAFS_ GOSAR LGGYSLEALTGDRNVMOQRSTWRE-———— ELIGRTSMETIFGERREVEEDGSEGEMITI 576
tr|AOALUSKJIGZ |RORLIUSBKIGZ GOSHI LGGYSLEALTGDRENVMORSTWRE-————— ELIGETSMETIFGEREVEEDGSEGEMITI 576
tr|ARORETIFW4S |RORETLIFW4S_CUCMO NGGYSLEALSGDTEVMSGARELG-————— ELIGEISMESIFGREEMEEDGSEGEIIVI 526
tr|AROREPEEELE |ROREPEEELE_PUNGR EGGYSLEALTGDREVMSGRALG-————— ELIGEISMETIFGEREVERDGSEGEITTL 578
tr|AORALS2YTML |ARORLIS2YTM] CICAR VGGYSLEALSGDEDVMSRARLN-————— DL IGEVSMTTIFGQERARKIDGSAGEMVT I 485
tr|AOALS3VLOL |AOALS3VLOL VIGRR VGEYSLEGLTGDTEVMARARLD-————— DLIGEVSMTTIFGOQREVEIDGSEGEMTTI 459
tr|ROA3T1IED4T |ROA3TIED4ET MUCPR VGGYSLEALTGDNGVMSRARLD-————— DLIGEVSMTTIFGOQREVEEDGSEGEMTTI 43¢
tr|AOASBERCRT |ROASBERCRT_RBRPR VGGYSLEALTGDREVMSFARLD-————— DLIGEVSMTTIFGOQREVEEDGSEGEMITI 475
kkkdkkdk ke & i . pkk ok kdkdk . ok ok kdk s ko
tr |[R0R1S3YPG4 |R0RIS3YPG4 TOBAC PSVEELOETERELNIQYEALDSISTIMLYESLENELSERIWTFDGV--REGSMYEFYEEY 613
trIAOAlUTVLSTIAOAlUTVLSTZNICSY PSVEELOETERELNI¥SALDSISTIMLYESLENELSERIWTFDGV--REGSMYEFYERY 613
tr|A0AOVOTOTL |AOROVOTOT1_SOLCH PSVEELORTERELNI¥EALDSISTLMLYESLERELSERIWTFDGV--REGSMYEFYEEY 563
tr |RORIUBFC3O |ROR1U8FC3§:CRPRH PSVEELORTERELNIOQYSALDSISTIMLYESLENELSERVWIFDGV--REGSMYEFYEEY 577
tr |[ROREISUH3T |ROREISUH3T SESIN PEVEELORVERELNI A LDSISTLRLYESLERELRETPWSVDGH--SEGSMFDNYVEY 543
trIAOASSOVPG5IAOASSOVPGSZOLEEU PPVEELORVER FIQ¥SALDSISTLELYDSLERNELSEMPWNLDGV--VEGTMFNFYEERY 563
tr|A0AEJOPSFE |A0RETJOP5FE RAPSA PPVEELOEDDRERNI ¥EALDSISTLELYESMEREQLOVEEWFLDGELVSGENMFDFYQEY 477

LPVEELOREER NI PSR LDAISTLRLYESLESELS SMSWVFDGEPVSGESMYHFYREY 631
APVEELOREER NIOQYSALDSISTLRLYESLENELSSMSWVEFDGETIPGESMYHFYEEY 609
APVEELQREER NIOQYEALDSISTLRELYESLESELSSMSWVFDGETIPGESMYHFYEEY 636
APVEELQREER NIQYESALDSISTLRLYESLESELSSMSWVFDGETIPGESMYHFYEEY e36
PEVEELOREEEELNVIEGLDSICTLELYESLENELSDMPWERNGEMI PNETMFNFYEEY 586
APVEELOREECELFI S SLDAISTLELYESLRNELLGMAWRFNGMPOAGRESMFDFYREY 638
ALPVEVLOREERIPNIEALDARSTLELYESLESHLSDLPWELDGE-LLHGSMFDFYEEY 554
VPVDVLORDERIPFINEVLDARSTLELYESLESHLSDMPWNLDSLPVLEHENMYDFYQEY ale
APVDVLORDERIPFIJIEVLDARSTLELYESLESHLSDMPWNLDGVSVLAENMYDFYQEY 49¢
APVEVLORDERIPFIQEEVLDARSTLELYESLESHLSGMPWNLDGVRVLHENMYDFYQEY 535
& kE s EE R L wE ww e W b .. kL R gk
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Exo <4— —p Pol
tr|AORLS3YPG4|ROALS3YPGE_TOBAC TQLROLFFGGIQNRENSDESLPYEREFRVE FVDKVIEEGKKAPTKFRKIRLHRICD—LID 732
tIIRORlUTVLBTIRORlUTVLET_NICSY TQLRQLFFGGIQNRENSDESLPYEREFEVP |[NVDEVIEEGEFRAPTEFREIRLHRICD-LID 732
trIAOAOVOJOJlIAOAOVOJOJl_SOLCH TQLROLFFGGIQNRRNVDESLPNEREFEVP |[NVDEVIEEGERAPTEFREIHLHRICD-PIN 682
tr |AOALIUSFC39|AOALUSFC3S CAPAN TQLROLFFGGIQNRENIDECLPTEREFEVP |[NVDEVIEEGEFEAPTEFREIQLHRICD-PID [3:1
trIAODGIQUH37IDOAGIQUHETZSESIN AOLROLFFGGVONSEKDONEFLPVEEDFEVPE |[NVDNIIEEGEENPTEYREIILREEPDGVNIE 663
tI|AOR850VPG5IROASSOVPGS_OLEEU AQLROQFFFGGVONR-NANEFLPLERDFEIP |[NTDEIIEEGERAPTEYREITLHEPLDVNIE 682
tr |AORAEJOPSFE | AORAEJOPSFE RAPSA TQLRQLFFGGISHNSFN-GEDLPYERLFEVP |[NVDNVIEEGERERATEFRNIEKLHRISDNFPLP 59¢
€10
tI|AOA6JlnLP4IAOAGJJALP4_§ROSI TOLRQLLYGGIVNSEDPNESLPVEERTFEVP |NVDEVIEEGEEVPTEFRSIEKLHSLGV-ELP 750
trlAOALUSMELT|R0ALUSMELT GOSHI TOLROLLYGGILNSKDPNVSLPDEKTFRIP |NVDEVIEEGKRAPTRFRNIRLCSIGV-KLP 728
tIIROROBOMRFBIROROBOMAFB_GOSRR TQLRQLLYGGILNSEDPNVSLPEERTFEIP |[NVDEVIEEGERAPTEFRNIELCSIGV-ELP 735
trIAOAIUSRJGZIAOAlUSKJGZ_GOSHI TQLROLLYGGILNSEDPNVSLPGERTFEIP |NVDEVIEEGERAPTEFRNIELCSIGV-ELP 755
tI|AOA6JlFW48IAOAGJJFWQS_CUCMO AQLRQLLFGGTSNSENPDESLPTERTFEVPE |NTENVIEEGEETPSEFRENINLERISVEDLS ToE
tr|AOREPSEELE|ROAEPEEELE PUNGR TOLROLFFGGILNSKDPNEALPEEKTFRIT |NDDGFIEEGKERASKYRNITLRSIGV-KFP 757
tIIAORlSZYTMlIROAlS2YTMl_CICRR AQLRVLLFGGTANRFENHNEATIPTERIFEVE |NVDEVLEEGERTPLELEATIRLNSIGY ~NLN 673
tIIAOAlSSVLQlIAOAlSSVLQl_VIGRR AQLRVLLFGGTINRFENHNDDIPTERIFEIP |NVDEVIAEGERAPTEFCDIRKLNSIGY ~FLN 638
tr |AOA3ITIED47 |AQOA3TIED4T MUCPR AQLRVLLFGGTVNRENPDEAIPTERIFEIP |NVDEVIEEREGEEAPTEFRDVELNSIGY -NLN &l5
tIIAOASBSRCRTIAOASBSKCRTZABRPR LOLRVLLFGGTVNRENHNEVIPTERIFEIP |NLDEVIEEGEEAPTEFEDIFMNSIGY -NLN e54
:'k'kk :::'k'l( * . . :'k 'k: 'k'k: * . .t :'k'k'k * . . -
tIIAOAlS3YPG4|AOAlS3YPG4_TOBAC NEVES SI¥YGSAYNAFGGG-QEGI HATAAT CEIDSLISNFILPLOGRDVS 844
trlAOALUTVLET IAOALUTVLET _NICSY NEIPS SIYGSAYNAFGGG-0RGI HATAA}CEMCEIDSLISNFILPLOGRDVS 844
trlAOAOVOJOJLIAOAOVOJOTL SOLCH NEALG SLYGTAYHAFGGG-QRGI HATAA}CEVCFIDSLISNFILPLOGHDVS 794
tIIRORlUBFCSB|RORlU8FC39_CRPkN NEARLS SAYGTAYHAFGGG-QEGI HAISAT IC3IDSLISNFILPLOGPDVS 808
tIIAOAGIQUHSTIAORGIQUHST_SESIN ENTAG SACGRAYSAFGGG-QAGT HLTLRT IC3IDSLISNFILPLOGNHIS 771
tIIAOASSOVPGSIAORSSOVPGE_OLEEU ———AW SDYGAAYTAFGGG-QAGV] HATLET IC3IDSLISNFILPLOGNHIS 784
tr |A0AEJOPSFE |AOAEJOPSFE RAPSA —-——T5 SAFGTAFDAFGGG-ESGE] HATIRAST ICEIDSLISNFILPLOGENVS 712
tIIAOAGJlALP4IAOAGJlALPQ_QROSI CPEMV SAYGTAFRAFGDE-EEGR] HATIRST IC3IDSLISNFILPLOGENVS 850
trlAOALUSMELT IAOALUSMELT_GOSHI YPETM SAYGTAFAAFEDE-ERGREPCHATASYCEWCSIDSLISNFILPLOGENVS 828
trlAOAOBOMAFS IAOAOBOMAFS_ GOSAR YPETM SAYGTAFAAFEDE-ERGRERCHATASYCEWCSIDSLISNFILPLOGENVS 855
tIIRORlUBKJG2|RORlU8KJG2_GOSHI YPETM SAYGTAFAAFEDE-EFRGRI HATRAST IC3IDSLISNFILPLOGENVS 8535
tIIAOAGJlFW48IAORGJlFWQS_CUCMO EHIIH SDYGAALFAFGSS-ERGRI HLTLRT IC3IDSLISNFILPLOGENIS 819
tr |A0AEPSEELG |[AOAEPBEELE PUNGR EGVVS SQYGTAYGAFLGDEEAG HATLET IC3IDSLISNFILPLOGENVS 870
tIIAORlS2Y7Ml|AORlS2Y?M1:CICAR IEDEP SAYGTAFAAFPTE-EEGR] HATAAT ICEIDSLISNFILPLOGHNIS 778
tr |AOALIS3VLO] |JAOALS3VLO]l VIGRR SEVLP SAYGTAFSCFPTD-QEGE] HATAAT ICEIDSLISNFILPLOGHNIS 744
tr|n0n3TlED47|AOR371ED47:MUCPR SEVLP. SAYGTAFSAFPTE-EEGE] HATAAT IC3TDSLISNFILPLOGHNIS 721
tr|ROASBS8KCRT IADASBSKCRT_ABRPR NEVAP SLYGTALNAFPTY-EEGR] HATAA}CEVCFIDSLISNFILPLOGHNIS 760
* 'k:'k _'k . * ttt::it :iitttttttttttttt _:'k
tr|R0A1S3YPG4 |A0R1S3YPG4 TOBAC GENGRIHC$ININTE TGRLSARRPNLONQPALERDRYRIRQAFVARQGNSLIVADYGQLE 504
tr|R0A1UTVLST |R0A1UTVLET NICSY GENGRIHC$ININTETGRLSARRENLONQPALERDRYRI RQAFVARQGNSLIVADYGOLE 904
tr|AOAOVOJOJ1|AOAOVOJOJ1_SOLCH GENGRIHCSININTETGRLSARRPNLONCPALEFDRYRIROQHFVAREGNSLIVADYGOLE 854
tr|R0AIUSFC3Y |A0AIUSFC39_CAPAN GENGRTHC$ININTETGRLSARRENLONQPALERDRYRI RQAFVAREGNSLIVADYGOLE 868
tr|ROAEISUH3T |AOREISUH3T SESIN GENGRIHC$ININTETGRLSARRENLONQPALERDRYRIRQAFTARPGNSLIVADYGOLE 831
tr|AOABSOVPGS|AOABSOVPGS_GLEEU GEDRRIHCSININTETGRLSARRPNLONQPALEFDRYRIRQAFTARPDNSLIVADYGCOLE 844
tr|RORETOESFS |A0RETOPSFS RAPSA GEDGRVHC$ININTETGRLSARRENLONQPALERDRYRT ROAFTASPGNSLIVADYGOLE 772
trlAOAGJlALP4|AOA6J1ALP4_9ROSI GESGRVHCY LN INTETGELSARRPNLONQPALEFDREYRIRQAFVARPGNSLIVADY GOLE 910
tr|R0AlUSMELT |A0A1USMELT_GOSHI GRGGRVHCHININTETGRLSARRENLONQEALERDRYRT ROAFVARPGNSLVVADYGOLE 888
tr|ROAOBOMAFE |AOAOBEOMAFE GOSAR GRGGRVHCHININTETGRLSARRENLONQEALERDRYRT ROAFVARPGNSLVVADYGOLE 915
tr|ROAlUSKJIGZ |AOR1USKIGZ_GOSHI GRGGRVHCHININTETGRLSARRENLONQEALERDRYRT ROAFVARPGNSLVVADYGOLE 915
tr|ROAETIFWAE |RORETIFWAE CUCMO GENGRIHC$ININTETGRLSARRENLONQEALERDRYRI RQAFTARPGNSLIVADYGOLE 879
tr|ROAEPSEELE |AO0REPSEELE PUNGR GEDGRVHC$ININTETGRLSARRENLONQEALERDRYRI RQAFTARPGNSLIVADYGOLE 930
tr|R0A1S2YTML |R0A1S2YTM1 CICAR GEDLRVHC$ ININTE TGRLSARRPSLONQPALERDRYRIRQAFIARPGNSLIVADYGQLE 339
tr|R0A1S3VLY1|AOA1S3VLILl VIGRR GEDDRIHC$ ININTE TGRLSARRPSLONQPALERDRYRIRQAFIARPGNSLIVADYGQLE 804
tr|R0A371ED47 |R0A371ED4T7 MUCPR GEDHRVHC$ ININTE TGRLSARRPNLONQPALERDRYRIRQAFTARPGNSLIVADYGQLE 781
tr|ROABESKCRT |AOABESKCRT_ABRPR GEDORVHC$ ININTE TGRLSARRPNLONQPALERDRYRIRQAFIARPGNSLIVADYGQLE 820
*:_ *::l*’ :**************_**************** *:*: _***:********
tr|A0R1S3YPG4|A0RLS3YPG4_TOBAC RERFEAREFRRVHTLLGRARWFPSVENATGSVRGHIERAAINTPVQGSAADVAMCAMIELS 1084
tr|A0R1UTVLET |IAOALUTVLET_NICSY RERFEAREFRRVHTLLGRARWFPSVENATGSVRGHIERAAINTPVQGSAADVAMCAMLELS 1084
tIIAOAOVOJOJlIAOROVOJOJJ_SOLCH RRFEAREFGRVHTLLGRARWFPSVENATGSVEGHIERAATINTPVOQGSAADVAMCAMLEIS 1034
tr|A0R1USFC30 |AOALUSFC3S_CRPAN RRFEAREFGRVHTLLGRARWFPSVENATGSVREGHIERAAINTPVQGSAADVAMCAMIELS 1048
tr|AOREIOUH3T |AOAEIYUH3T_SESIN REKEARKYRSVHTLLGRARHFPSLENASSAHRAHIERAAINTPVQGSAADVAMCAMLOIS 1011
tIIRORBSOVPGSIRORBSOVPGS_OLEEU REREAVVDGCVHTLLGRARTFPSLENATPWHESHIERARINTPVQGSARDVAMCAMLEIS 1024
tr|A0RETOPSFS |IAOREJOPSFE_RAPSA REKEAIQNGYVLTLLGRARKFPAYR-—SRAQKNHIERAAINTPVQGSAADVAMCAMLEIT 950
splQ84NDS | POLIB_ARRTH REKEAIQEGYVLTLLGRARKFPEYR-—SRAQKNHIERAAINTPVQGSAADVAMCAMLEIS 966
tr|AORETIALP4 |RORETIALP4 9ROSI REYEAQKLRRVETLLGRARLFPSYAHATRAQKGHIERAAINTPVQGSAADVAMCAMLOIS 1000
tr|AO0RIUSMKLT | AOA1USMELT_GOSHI REFEAQKFGCVETLLGRARRFPSFAHCTRAQKGHIERAAINTPVQGSAADVAMCAMLOIS 1068
tr|AOAOBOMAFS |A0A0BOMAFS GOSAR REFEAQKFGCVETLLGRARRFPSFAHCTRAQKGHIERAAINTPVQGSAADVAMCAMLOIS 1005
tr|A0RIUSKJIGZ |IAORIUSKIG2_GOSHI REFEAQKFGCVETLLGRARRFPSFAHCTRAQKGHIERAAINTPVQGSAADVAMCAMLOIS 1005
tr|AORETIFW4S |IAOAETIFN48_CUCMO RRREAEERSCVRTLLGRARRFPSMTHATRAERGHIERAAINTPVQGSAADVAMCAMIELS 1059
tIIAORGPSEElGIAORGPSEElG_PUNGR RFECEAREHGOVYTLLGRARRFPSFSRASYAQRGHIERAAINTPVOGSAADVAMSAMLOIF 1110
trlA0R1S2YTMI |A0OALS2YTM]_CICAR REKEAFEFGCVYTLLGRARQFPE INQGQONYYRGHIERARINTPVQGSAADVAMLAMLEIS 1019
tr|A0R1S3VLO1|AOALS3VLOl VIGRR REREKEACEFQRVHTLLGRARRFPRIDPDHS SERGHIERAAINTPVQGSAADVAMCAMLOIS 984
tIIRORS?lED47|ROR371ED47_MUCPR RFREARCESQCVHTLLGRARRFPEIDYAHSYQRGHIERARAINTPVOGSAADVAMCAMLOIS 961
tr|AORSBSKECRT |IROASBEKCRT_ABRPR REKEACESQCVHTLLGRARRFPKIDPAYSYQKGHIERAAINTPVQGSAADVAMCAMLOIS 1000
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//End of DNA pol IB sequences

tr |A0A1S3YPG4 |AOA133YPG4_TOBAC 1152

tr |AO0AIUTVLET |A0AIUTVLET NICSY 1152

tr |R0AOVOJTOI] |20AOVOJIOJ]_SOLCH 1102

tr|ROAlUSFC3S |AOALUSFC39 CAPAN 1116

tr|20AEISUHT |A0AEISUHIT SESIN 1079

tr|ROABSOVEES |AOABSOVPES OLEEU 1058

tr |ROREIOPSES |ROAGIOPSFS_RAPSA 1018

sp|QB4NDY | FOLIE_ARATH 1034

tr|20R6T1ATP4 |RORETIATP4 SROST 1159

tr |A0AIUSMFL7 |A0A1UBMELT7 GOSHI 113¢

tr |ROROBOMAFS | AOAOBOMAFS_GOSAR 1163

tr |RO0AIUSEJIGE |AORAIUBREJIGZ GOSHI 1163

tr|20RET1FW4E |RORET1IFWAE _CUCMO 1127

tr|AOAEDSEELS |AOAEPEEELE PUNGR 1179

tr|AOA1S2YTMI |ROA1S2YTM]_CICAR 1087

tr|20A1S3VLS1 |20A1S3VLS1_VIGRR 1052

tr|R0A371EDAT |R0A3T1ED4T MUCER 1029

tr |AORBESECRT |AOA838KC’R7_ABRPR 1068
AO0A1S3YPG4_TOBAC, Nicotiana tabacum AO0A1U7VL87_NICSY, Nicotiana sylvestris
AO0AOVO0]0J1_SOLCH, Solanum chacoense AOA1UBFC39_CAPAN, Capsicum annuum
AO0A6I9UH37_SESIN, Sesamum indicum AO0A8SOVP65_OLEEU, Olea europaea

AOAOBOMAF8_GOSAR, Gossypium arboretum AOA6]OP5F8_RAPSA, Raphanus sativus
Q84NDI9|POLIB_ARATH, Arabidopsis thaliana AOA6]1ALP4_9ROSI, Herrania umbratica

AOA1U8BMKL7_GOSHI, Gossypium hirsutum AO0A1U8K]JG2_GOSHI, Gossypium hirsutum
AO0A6]1FW48_CUCMO, Cucurbita moschata AOA6P8EE16_PUNGR, Punica granatum
A0A1S2Y7M1_CICAR, Cicer arietinum AO0A1S3VLI91_VIGRR, Vigna radiate

Figure 3 MSA of DNA polymerase IB from various plant chloroplasts

All three polymerases, viz. E. coli DNA pol I, DNA pol IA and IB from A. thaliana chloroplast are subjected to Mix and
Match MSA analysis to find out the identities, similarities and conservation(s)between them. Figure 4 shows the ‘Mix
and Match’ MSA of all three DNA pols. (only the required regions for discussions are shown). The E. coli DNA pol I is
used as the reference and is highlighted in yellow. Interestingly, all three show identical polymerase and PR exonuclease
catalytic core amino acids, suggesting their close evolutionary relatedness. However, in contrast to the E. coli DNA pol |,
two possible ZBMs (highlighted in orange) are found in both the active site regions of A. thaliana’s DNA pol 1A and IB
(highlighted in orange) (Fig. 4), suggesting structural roles.

3.3. CLUSTAL O (1.2.4) MSA of E. coli DNA pol I, and DNA pols IA and IB from A. thaliana chloroplasts

sp|P00582|DPO1 ECOLI AWIAK———LEKAPVFAFDTETDSLDNISANLV————GLSFAIEPGVAAYIPV——AHDYLD 391
sp|F416M1|POLIA ARATH DTVAKLVNQFRNHVHJODTEN SGIEVKEETPVDHGELIT] PEADFGNGKSEIWVD 336
5p|Q84NDY | POLIB ARATH ETVALLMNQYRNLVHACDTE SRIDVKTETPVDHGEM %FSEADFGDGK%EIWVD 314
-k . * kk k| -k
sp|P00582|DPO1 FCOLI APDQISRERALELLKPLLEDEKALKVGQNLKYDRGILANYGIELRGIAE‘DTMLESYILNS 451
sp|F4I6M1|POLIA ARATH VLGE-NGREVLAEFKPYFEDSFIRKVWHNYSHDSHI IRNHGIEISGFHADTMHMARLWDS 395
sp|Q84NDY | POLIB ARATH VLGE-NGRDILAEFKPFFEDSSI KKVWHNYS%EFH IIRNYGIKLSGFHGDTMHMARLWDS 373
X ekk kK Kk ak okl ke kekkes ke kkE . s ok
o Exo 4—,—p Pol
sp|P00582|DPO1 FCOLI FNQIALEEA-——-GRYAAEDADVTL-——————— QLHLKMWEDLQ--- |[KHKGPLNVFENIEM 531
sp|F416M1|POLIA ARATH VEELQREDREAWI J¥|SANDATSTLKLYESMTKKLQLMDWHLDGKPV | LGRTMLDEYHEFWR 515
sp|Q84NDY | POLIB ARATH VKELQMEDREAWI%ﬁFAt'EFISTLKLYESMKKQLQAKKWFLDGKLI SKKNMFDFYQEYWQ 493
e k. &k K *k * *
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sp|P00582|DPO1_ECOLI L EYR GLAKLKSTYTD-KLPL 646
Sp|F4I6M1|POLIA ARATH SETQKSKTDDETDTSAYGTAYVAFGGGERGKEACHATAS -IDSLISNFILPLQGS 741
Sp|Q84NDY | POLIB ARATH VETQHVNTSVESDTSAYGTAFDAFGGGESGKEACHATIAA -IDSLISNFILPLQGS 725
—
sp|P00582|DPO1_ECOLI MINPKTGRVHTSYHQAVTATGRLSSTDPNLQNIPVRNEEGRRIRQAFIAPEDYVIVSADY 706
Sp|F4I6M1|POLIA ARATH NVSGKDGRVHEBILN- INTETGRLSARRPNLONQPALEKDRYKIRKAFVASPGNTL 800
sp|QB84NDY | POLIB ARATH NVSGKDGRVHESLN- INTETGRLSARRPNLQNQPALEKDRYKIRQAFIASPGNSLI 784
- * kkkk_ : * 'k'k'k'k'k E i 'k_ kk kk *
sp|P00582|DPOL_ECOLI =~ ——————- TVTSEQRRSAKAINFGLIYGMSAFGLARQLNIPRKEAQKYMDLYFERYPGVLE 500
Sp|F4I6M1|POLIA ARATH PPVPLLKDAFGSHR LNFSIAYGKTAVGLSRDWKVSTKEAQETVDLWYNDRQEVRK 920
Sp|Q84NDY | POLIB ARATH PPVPLLKDAFAS R LNFSI Y GKTAIGLSRDWKVSREEAQDTVNLWYNDRQEVRK 904
ck kk ek .. ckkk | rekes s .
sp|P00582|DPO1_ECOLI YMERTRAQAKEQGYVETLDGRRLYLPDIKSSNGARRAAARRAAINAPMQGTAADIIKREM 860
Sp|F4I6M1|POLIA ARATH WQEMRKKEAIEDGYVLTLLGRSRRFPASKSR--AQRNHIQRAAINTEPVQGSAADVAMCAM 978
sp|QB84NDY | POLIB ARATH WQELRKKEAIQKGYVLTLLGRARKFPEYRSR——AQKNHIERAAINTPVQGSAADVAMCAM 962
- : : :'k T, *hkk kk kk :'k :'k k:: 'k'k'k'k'k k kk kkk &k
sp|P00582|DPO1_ECOLI IAVDAWLQAEQPRVRMIMQVHDELVFEVHKDDVDAVAK-———QTHQLMENCTRLDVELLY 916
Sp|F4I6M1|POLIA ARATH LEISINQQLKKLGWRLLLY ILEGPIESAEIAKDIVVDCMSKPFNGRNILSVDLSV 1038
Sp|Q84NDY | POLIB_ARATH LEISNNQRLKELGWKLLLQ ILEGPSESAENAKDIVVNCMSEPFNGKNILSVDLSV 1022
- . e .ok .-k . . - e e * K & &
sp|P00582|DPO1_ECOLI EVGSGENWDQAH 928
Sp|F4I6M1|POLIA ARATH DAKCAQNWYARK 1050
Sp|Q84NDY | POLIB ARATH DAKCAQNWYAGK 1034
kk -

Figure 4 Mix and Match MSA of the E. coli DNA pol |, and the chloroplast DNA pols IA and IB from A. thaliana

3.4. PR exonuclease Active Site Structures of the DNA Polymerases IA and IB

Figure 5 shows the organization of the different domains on the DNA polymerases IA and IB from A. thaliana
chloroplasts. The NTD domain of the polymerases is not conserved whereas the other four domains are highly
conserved in both. A typical ZBM precedes the Pol domain and distinguishes these polymerases from the E. coli DNA pol
L.

1 1050/1034

NTD, N-terminal domain; DEDD, PR exonuclease domain; ZBM, zinc-binding motif; Pol, polymerase domain;
CTD, C-terminal domain.

Figure 5 A schematic diagramme showing the domain structure of the DNA polymerases IA and IB from plant
chloroplasts (numbering from A. thaliana)

Based on the above data, amino acids at active sites of PR exonucleases of chloroplast DNA polymerases IA and IB are
proposed (Fig. 6). The exonuclease active site is found to be very similar to the established active site of the E. coli DNA
pol I and follows DEDD-superfamily (Fig. 4). In all three enzymes, the active site Tyr accepts the proton from the metal-
bound water molecule to initiate catalysis which is followed by the formation of a highly reactive Zn-hydroxyl free
radical, leading to the removal of a misincorporated nucleotide. Thus, the 3'=5’ exonuclease<polymerase activities
switch between excision and incorporation modes without dissociation of the enzyme-substrate complex [29].

A. Thaliana DNA pol IA  -D294TE296------------ FD368S-------- SY470S—3 aa—>D474Al-
A. Thaliana DNA pol IB  -D272TE274------------ FD346N-------- SY#48S—3 aa—D*52S]-
E. coli DNA pol 1 -D355TE357---mmmmmmmae YD#24R-------- RY#97A—3 aa—D>01AD-

(Active site amino acids highlighted in dark blue are confirmed by site-directed
mutagenesis (SDM) experiments analysis).
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DNA pol 1A DNA pol IB
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Figure 6 Proposed amino acids at the PR exonuclease active sites of the DNA polymerases IA and IB of plant
chloroplasts. (the amino acid numberings are from the A. thaliana)

3.5. Active site Structures of the Polymerases of DNA Polymerases IA and IB

Based on the above data, amino acids at active sites of the DNA polymerase IA and IB of chloroplasts are proposed (Fig.
7). Interestingly, the polymerase active site amino acids are found to be identical to the well-established active site
amino acids of the E. coli DNA pol I (Fig. 4). In all three enzymes, the active site K abstracts the proton from the 3’-OH of
the growing primer to initiate catalysis, which is followed by a nucleophilic-electrophilic attack with the subsequent
addition of the incoming base to the growing primer. For a detailed mechanism, see Palanivelu [30].

DNA pol IA DNA pol IB
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Figure 7 Proposed amino acids at the active sites of the DNA polymerases IA and IB of the plant chloroplasts. (the
amino acid numberings are from the A. thaliana)

Figure 8 shows the MSA of the NEPs from the chloroplasts of various plant sources. (Only the required regions for
discussions are shown here). The A. thaliana sequence is used as the reference and highlighted in yellow. The N-terminal
region up to 400-500 amino acids is not conserved and shows many gaps in the alignment and, after that, conservations
are observed and a clear demarcation of the PR exonuclease domain is also seen (highlighted in red). The PR
exonuclease domain contains the typical DEDD(H) superfamily active site amino acids and is highlighted in light blue.
A DxD type of metal-binding site within the PR exonuclease site is also found (highlighted in light green). Again, after
~750 amino acids a second demarcation in the sequences is observed and that contains the polymerase active site
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region and highlighted in green. The polymerase region contains the typical active site amino acids highlighted in yellow
and a DxD type metal-binding motif (highlighted in dark green). The polymerase region is completely conserved in all
and contains the template-binding -YG- pair, the catalytic amino acid K and the nucleotide discriminating amino acid R
at -4 position from the catalytic K. The active site-R4KLVKQ!TVMTSVY8G-, is very similar to the active site of E. coli
DNA pol I, -R4RSAK758A1INFGLIY®8G- [3] and in close agreement to the active sites of the other DNA/RNA polymerases
already reported [1,2]. The C-terminal end is remarkably conserved and ends in the tetrapeptide -YFFN- suggesting an
important role. However, the ZBMs are not located in the RNA polymerase NEP, as in chloroplast DNA pols IA and IB.

3.6. CLUSTAL O (1.2.4) MSA of NEPs from the Chloroplasts of Various Plant Sources

tr|ROA251TQF3 | AOA251TQF3_HELAN
tr |ROAS03MFE3 | AORB03MFE3_CHEQI
tr|ROA565C027 | AOR565C027_9BRAS
trlV4LTM1|V4LTML_EUTSE

tr |ROHHSE |ROHHIE 9BRAS

tr IDTLGRT | DTLGRT_ARALL
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AO0A6]JOK1N7_RAPSA, Raphanus sativus
Q8L6]J1|RPO3B_TOBAC, Nicotiana tabacum
AOA803QAWO_CANSA, Cannabis sativa
A0A6]111C4_CUCMA, Cucurbita maxima
AOAOAOLH38_CUCSA, Cucumis sativus
AO0A835UM73_VANPL, Vanilla planifolia
A0A445DB12_ARAHY, Arachis hypogaea
AO0A6P6BHY6_DURZI, Durio zibethinus
M5XKH1_PRUPE, Prunus persica
AOA6P6TN25_COFAR, Coffea Arabica
D7SML3_VITVI, Vitis vinifera

AO0AB03MFE3_CHEQI, Chenopodium quinoa
V4L7M1_EUTSA, Eutrema salsugineum
024600|RPOT3_ARATH, Arabidopsis thaliana
AOA078G6]J8_BRANA, Brassica napus
AO0A397Y433_BRACM, Brassica campestris
AOA1U8H8NI9_CAPAN, Capsicum annuum
AOA5N6RVV2_9ROSI, Carpinus fangiana
AO0A6]J1E061_MOMCH, Momordica charantia
A0A1S3BU26_CUCME, Cucumis melo
AO0A4S8]C56_MUSBA, Musa balbisiana
AOAOEOQNF8_ORYRU, Oryza rufipogon
AOAS5E4F8X8 PRUDU, Prunus dulcis
AOA2CO9WDN1_MANES, Manihot esculenta
AOA1U7ZWO1_NELNU, Nelumbo nucifera

Figure 8 MSA of NEPs from the chloroplasts of various plant sources

3.7. Active Site Amino Acid Analyses of the DNA Polymerases and NEP of Plant Chloroplasts

Figure 9 shows the domain organization of the NEP of A. thaliana chloroplast. The NTD is not conserved whereas the

other three regions are highly conserved.

473

749 956

CTD

33

Figure 9 Different domains of the NEP of chloroplasts (Numbering from the A. thaliana sequence)

The polymerase catalytic core region essentially contains three components, viz. a template-binding pair -YG-, a basic
catalytic amino acid -K/R- and a nucleotide discriminating amino acid -R-, placed at -4 to -5 from the catalytic K/R.
These three highly conserved components are found located in the NEP of the chloroplasts and as found in the
chloroplast DNA pols IA and IB also (Figs. 2,3) The catalytic core regions are in close agreement with those already

reported from other DNA/RNA polymerases (Table 2).
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Table 2 Catalytic core regions of various RNA and DNA polymerases

Polymerase type Catalytic core

SSU RNA/DNA pols

Viral T7 SSU RNA pol SOWLAYSGVTRASVTKRISYMTLAY®GS-
Viral SP6 SSU RNA Pol S12WDSIEGITRASLTKK'PYMTLPY?GS-
Mitochondrial SSU RNA pol (Sc) -H0STRAKVVKQ'TVMTNVYEGV-
Mitochondrial SSU RNA pol (H. sapiens) SBETRAKVVKQ'TVMTVVY!GV-
E. coli DNA pal | (SSU) S3QF RSAIREIAINFGLIIFGM-
Chloroplast SSU RNA pol (NEP) (ARATH) DR KLVK'Q'TVMTSVY*GV-
Chloroplast SSU DNA pal IA (ARATH) -SBER 'RKAKP P M'LNFSIAY  GK-
Chloroplast SSU DNA pol IB (ARATH) SSTERRKAKP?M'LNFSIAY?GK-

Sc, Saccharomyces cerevisiae; ARATH, Arabidopsis thaliana;
The active site amino acids, highlighted in dark blue, are confirmed by SDM analysis

3.8. Active Site Amino Acids at the DEDD(Y/H)-superfamily of PR Exonucleases in DNA Polymerases IA, IB and
NEP of Plant Chloroplasts

The PR exonuclease active sites of NEPs from various plant chloroplasts are arrived at from the sequence similarity to
other well-established DEDD-exonuclease superfamily as substantiated below. The DNA pols IA and IB use the
DEDD(Y)-superfamily of exonuclease to PR the errors during chloroplast genome replication. The E. coli DNA pol I also
uses the DEDD(Y)-superfamily PR exonuclease and its active site amino acids were confirmed both by SDM and X-ray
crystallographic analyses by different investigators [31-33]. The E. coli DNA pol II also uses the -DEDD(Y)-superfamily
and its active site amino acids were again confirmed both by SDM and X-ray crystallographic analyses by Wang and
Yang [34]. They have shown that the amino acids 147 to 367 comprised the 3’5’ PR exonuclease domain and amino
acids from 368 to 783 were involved in polymerase function. They found that the D335—=N mutant of the active site lost
its exonuclease activity and hence, suggested its involvement in the catalysis. The exonuclease active site amino acids
of the pol Il were further corroborated by the following (D156—N, D22—>N and D335-N) SDM exo- mutants [6] (Table 3).
Furthermore, RNase D (EC 3.1.13.5), one of the seven exoribonucleases, which is involved in the 3’-maturation of several
stable RNAs like tRNAs, 5S rRNA, and other small structured RNAs, was also shown to belong to the -DEDD(Y)-family
[8]. Furthermore, the involvement of the DEDD(Y)-superfamily in PR exonuclease in the eukaryotic replicases, viz. DNA
polymerases 6 and € from Saccharomyces cerevisiae have been reported recently [35,36]. They found that the double
mutant D290-A/E292—»A (from the invariant first triad -D290xE292- of the DEDD(Y)-superfamily), was exonuclease
deficient (Table 3). The replicative DNA polymerases 6 and € exhibit both polymerase and exonuclease activities [3].

Many of the PR exonucleases use DEDD(H)-superfamily. Fijalkowska and Schaaper [37] have found DEDD(H)-
superfamily of PR exonuclease in the e-subunits of the bacterial replicase multienzyme complexes (DNA pols III) belongs
to the DnaQ-H-family with the four active site carboxylates (Asp!?, Glul4, Asp103, and Asp167) with the invariant His62,
which acts as the general base in catalysis. They also found that modification of the two conserved amino acid residues,
viz. Asp!2—Ala and Glu'4—Ala, in the e-subunit by SDM experiments, resulted in the loss of the exonuclease function and
hence, suggested that they might play a role in the coordination of the catalytic metal ion. These observations were
further corroborated by X-ray crystallographic analysis of the €-186 by Hamdan et al. [38].

3.9. PR Exonuclease Active Site Structure of the NEPs from Plant Chloroplasts

Figure 10 shows the proposed amino acids at the active site of the PR exonuclease of chloroplast NEPs. The active site
is found to be very similar to the established active site of the e-subunit of E. coli DNA pol Il (Table 3) as both are coming
from nuclear encoded.

NEP-PR Exonuclease -545LRCD348VES550LKL---------cn-mmmeenmn NLD572F------- LNH586—3a3a—D590LCs592"
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Figure 10 Proposed amino acids at the PR exonuclease active site of the NEP from chloroplasts (the amino acids
numberings are from the A. thaliana)

In all three exonucleases from the chloroplasts, the active site Tyr/His accepts the proton from the metal-bound water
molecule to initiate catalysis, which is followed by the formation of a highly reactive Zn-hydroxyl free radical, leading to
the removal of a misincorporated nucleotide. Thus, the 3’5’ exonucleasee—polymerase activities switch between
excision and incorporation modes without dissociation of the enzyme-substrate complex [29].

Table 3 DEDD-superfamily of exonuclease active site amino acids from viral, bacterial, fungal, plant and animal sources

Exo-Family Consensus Proton Catalytic No. of Zn-
A-site Pattern Acceptor Metal ion* binding site(s)

DEDD(Y/H)-family

Prokaryotic PR Enzymes

T4 DNA pol (E. coli Phage) B E -y - Tyr  Zn% 1

DNA pol | (E. coli) _.355)(.357_.424_\(497_.501_ Tyr Zn2+ 1

DNA pol Il (E. col) W sexEree- -y -eee- Tyr  Zn2* 1

RNase D (E. coli) -D2XE*0—-D&-Y131.D155- Tyr Zn2+ 1

DNA pol lll, e-subunit (E. coli) -l"*x[J'4-D103-H162-D167- His  zZn? 1

RNase T (E. coli) Bl e -l His  Zn2* 1

PR Enzymes in Eukaryotic DNA Replicases

DNA pol € cat. subunit (S.c) R X[E292-D383-y473-DATT - His  Zn2* 1

DNA pol 8 cat. subunit (H.s) -D316XE318-D402-y3 11-Ds515- His Zn2+ 1

Adapted from Palanivelu [7]
A-site, Active site; *Water-bound Zn2+; Active site amino acids confirmed by SDM are highlighted in dark blue and
X-ray crystallography in light blue. S.c, Saccharomyces cerevisiae; H.s, Homo sapiens; ARATH, Arabidopsis thaliana.

Table 4 shows the DEDD-superfamily exonuclease active site amino acids and their distance conservations.
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Table 4 DEDD-superfamily exonuclease active site amino acids and their distance conservations

[T CMA ol (B o Prage) E | LLECETSEREE o TR SY N -3 aa- PV E- [0
[T 7 OMNA ol (E. ool Fhasg el -OIE —— FD- e DY "™ —=3 @@ D7

= higpails dyserdesies OFTE-————-F D" | "5 =il ma- D% a0

KSR e T A R TR T T =0T T MTE s F O " LHI" &G —d @ma-—0O" 680

DA Dol £ cat. subumin (S - PO e EW TS 2R aae BT A [35 3]

CiRLS ol 8 cart. subani [Flsh = Fil==- TN e e T A - ]
ool DA poll | Exo® =DFCTE bt T e T A

s RESC e -1 Exal s CED ".'-".———-II""———.HH ke e —— Y
ERS-Col  Exchl/DREFS S e R -3 L “ATEN o ag. TR

SARS-Coh-2 Exoh i CES Il [ e — A Yt @a. AL

Adapted from Palanivelu [7]. S¢, Saccharomyces cerevisiae; Hs, Homo sapiens.

*The distance between the proton acceptor (Y/H) and the last invariant D is 3 to 4 amino acids.
#Very similar active site amino acids are found in E. coli DNA pol I. *Similar active site amino acids are found and confirmed
by SDM in SARS-CoVs (6); ACE2, Angiotensin-Converting Enzyme 2; DPP4, Dipeptidyl peptidase 4. Active site amino acids
confirmed by SDM analysis are highlighted in dark blue and by X-ray crystallography, are highlighted in light blue.

4. Conclusions

Chloroplast DNA polymerases IA and IB are highly homologous with 72.45% identity and possess very similar active
sites for polymerization and proofreading functions. Their polymerization and proofreading active sites are very similar
to the bacterial DNA polymerase I, suggesting their possible common evolutionary origin. However, the chloroplast DNA
polymerases IA and IB differ from the bacterial DNA polymerase [ by possessing a typical ZBM in them, as found in
eukaryotic replicases. The ZBM is suggested to play a structural role. The polymerase catalytic cores of the DNA
polymerases IA, IB and NEP are remarkably conserved. The proofreading exonucleases of all three polymerases (IA, IB
and NEP) belong to the DEDD-superfamily. The DNA polymerases IA and IB belong to the DEDD(Y)- subfamily, whereas
the NEP belongs to the DEDD(H)- subfamily.
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