
 Corresponding author: Peramachi Palanivelu 

Copyright © 2023 Author(s) retain the copyright of this article. This article is published under the terms of the Creative Commons Attribution Liscense 4.0. 

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. It is 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 I. 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 IA and 
IB belong to the DEDD(Y)-subfamily, whereas the NEP belongs to the DEDD(H)-subfamily.   

Keywords: Chloroplast replication; DNA polymerase IA; 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 α, pol ε and pol δ [3]. Organelles 
such as mitochondria and chloroplasts use mostly a single type of replicase, viz. DNA pol γ 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 I. 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 III 
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 α-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 IA/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, IA 
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 IA and 
IB have been shown to replicate the entire chloroplast genome with a greater efficiency than the microbial DNA pol I.  

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 ∆PolIB 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 polIb, but not polIa 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 IA 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 (10-4 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 ‘σ70 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 σ 
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 σ 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. 

 

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 10-4 to 10-5 [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 

                                  

^E. coli DNA pol I and pol II types; DNAP, DNA polymerase; RNAP, RNA polymerase;  
# Similar to the ε-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. 

 

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-III)  active site itself  

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

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

Human-CoVs  

RdRps-  (-) Strand RNA Viruses  
SSU Types (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 I 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) 
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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 -CX6CX2CXnC- 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-4RKAK878M1LNFSIAY8G887-
, is very similar to the well-established active site of E. coli DNA pol I, -R-4RSAK758A1INFGLIY8G- [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 IA, suggesting an important role. 

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

 

 



World Journal of Advanced Research and Reviews, 2023, 17(03), 706–727 

711 

 

 

 

 



World Journal of Advanced Research and Reviews, 2023, 17(03), 706–727 

712 

 

 

 

 



World Journal of Advanced Research and Reviews, 2023, 17(03), 706–727 

713 

 

 

 



World Journal of Advanced Research and Reviews, 2023, 17(03), 706–727 

714 

 

 

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 -CX6CX2CnC- 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-4RKAK862M1LNFSIAY8G871-, is identical to DNA pol IA (-R-4RKAKM1LNFSIAY8G-) and is very similar to the well-
established active site of E. coli DNA pol I, -R-4RSAK758A1INFGLIY8G- [3]. The polymerase active sites from DNA pol IA 
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  

 

 

A0A8T2W5E6_9CHLO, Chlorella desiccate   A0A1U8QBT1_NELNU, Nelumbo nucifera 
A0A6J0P749_RAPSA, Raphanus sativus   F4I6M1|POLIA_ARATH, Arabidopsis thaliana 
A0A6P4CP16_ARADU, Arachis duranensis   A0A834U2N1_9FABA, Senna tora 
A0A6P4DWB3_ARADU, Arachis duranensis  A0A1S2XND1_CICAR, Cicer arietinum 
A0A8B8MN50_ABRPR, Abrus precatorius   A0A1S3UFS3_VIGRR, Vigna radiata 
A0A371FAB7_MUCPR, Mucuna pruriens   A0A445LVJ8_GLYSO, Glycine soja 
A0A445LVL1_GLYSO, Glycine soja   A0A8B8Q8R9_9MYRT, Rhodamnia argentea 
A0A6P5WN92_DURZI, Durio zibethinus   A0A6J1EVX1_CUCMO, Cucurbita moschata 
A0A6J1J7E3_CUCMA, Cucurbita maxima   A0A6J1D9Z5_MOMCH, Momordica charantia 
A0A6J1IIP1_CUCMA, Cucurbita maxima   A0A4U5R370_POPAL, Populus alba 
A0A6P4ALP7_ZIZJJ, Ziziphus jujube  
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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 I, 
two possible ZBMs (highlighted in orange) are found in both the active site regions of A. thaliana’s DNA pol IA 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 

 

 

 

A0A1S3YPG4_TOBAC, Nicotiana tabacum   A0A1U7VL87_NICSY, Nicotiana sylvestris 
A0A0V0J0J1_SOLCH, Solanum chacoense  A0A1U8FC39_CAPAN, Capsicum annuum 
A0A6I9UH37_SESIN, Sesamum indicum  A0A8S0VP65_OLEEU, Olea europaea  
A0A0B0MAF8_GOSAR, Gossypium arboretum A0A6J0P5F8_RAPSA, Raphanus sativus 
Q84ND9|POLIB_ARATH, Arabidopsis thaliana  A0A6J1ALP4_9ROSI, Herrania umbratica 
A0A1U8MKL7_GOSHI, Gossypium hirsutum A0A1U8KJG2_GOSHI, Gossypium hirsutum 
A0A6J1FW48_CUCMO, Cucurbita moschata A0A6P8EE16_PUNGR, Punica granatum 
A0A1S2Y7M1_CICAR, Cicer arietinum  A0A1S3VL91_VIGRR, Vigna radiate 
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Figure 4 Mix and Match MSA of the E. coli DNA pol I, 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 
I.   

 
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→D474AI- 

A. Thaliana DNA pol IB -D272TE274------------FD346N--------SY448S→3 aa→D452SI- 

    E. coli DNA pol I     -D355TE357-------------YD424R--------RY497A→3 aa→D501AD- 

(Active site amino acids highlighted in dark blue are confirmed by site-directed  
mutagenesis (SDM) experiments analysis). 
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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 

  

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–R-4KLVKQ1TVMTSVY8G-, is very similar to the active site of E. coli 
DNA pol I, -R-4RSAK758A1INFGLIY8G- [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 
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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.  

 

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). 

 

A0A251TQF3_HELAN, Helianthus annuus   A0A803MFE3_CHEQI, Chenopodium quinoa 
A0A565CQ27_9BRAS Arabis nemorensis  V4L7M1_EUTSA, Eutrema salsugineum 
R0HH96_9BRAS, Capsella rubella   O24600|RPOT3_ARATH, Arabidopsis thaliana 
D7LGR7_ARALL, Arabidopsis lyrata subsp. lyrata  A0A078G6J8_BRANA, Brassica napus 
A0A6J0K1N7_RAPSA, Raphanus sativus  A0A397Y433_BRACM, Brassica campestris 
Q8L6J1|RPO3B_TOBAC, Nicotiana tabacum A0A1U8H8N9_CAPAN, Capsicum annuum 
A0A803QAW0_CANSA, Cannabis sativa  A0A5N6RVV2_9ROSI, Carpinus fangiana 
A0A6J1I1C4_CUCMA, Cucurbita maxima  A0A6J1E061_MOMCH, Momordica charantia 
A0A0A0LH38_CUCSA, Cucumis sativus  A0A1S3BU26_CUCME, Cucumis melo 
A0A835UM73_VANPL, Vanilla planifolia  A0A4S8JC56_MUSBA, Musa balbisiana 
A0A445DB12_ARAHY, Arachis hypogaea  A0A0E0QNF8_ORYRU, Oryza rufipogon 
A0A6P6BHY6_DURZI, Durio zibethinus  A0A5E4F8X8_PRUDU, Prunus dulcis 
M5XKH1_PRUPE, Prunus persica   A0A2C9WDN1_MANES, Manihot esculenta 
A0A6P6TN25_COFAR, Coffea Arabica  A0A1U7ZW01_NELNU, Nelumbo nucifera 
D7SML3_VITVI, Vitis vinifera 
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Table 2 Catalytic core regions of various RNA and DNA polymerases 

         

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 II were further corroborated by the following (D156→N, D229→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 δ and ε 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 δ and ε 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 ε-subunits of the bacterial replicase multienzyme complexes (DNA pols III) belongs 
to the DnaQ-H-family with the four active site carboxylates (Asp12, Glu14, Asp103, and Asp167) with the invariant His162, 
which acts as the general base in catalysis. They also found that modification of the two conserved amino acid residues, 
viz. Asp12→Ala and Glu14→Ala, in the ε-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 ε-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 ε-subunit of E. coli DNA pol III (Table 3) as both are coming 
from nuclear encoded.  

NEP-PR Exonuclease    -545LRCD548VE550LKL---------------------NLD572F-------LNH586→3aa→D590LC592- 
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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’ exonuclease↔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 

 
                         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 

 
                   Adapted from Palanivelu [7]. Sc, 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 I 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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