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ARTICLE INFO ABSTRACT 

In prokaryotes and eukaryotes, the crucial step of replication initiation is 

performed by RNA primases along with an additional DNA primase, viz. the DNA 

pol α, in eukaryotes. The active sites of catalytic and proofreading activities of 

primases involved in the initiation of replication of prokaryotic and eukaryotic 

genomes are analysed. The template-binding pairs, catalytic amino acid(s), metal- 

binding sites are identified. The template-binding pairs are found to be the typical 

–YG- in the primases of eubacterial and eukaryotic (animal) sources as found in 

most of the DNA and RNA polymerases, but an -IG- pair is identified in the yeast 

and higher fungal primases. The proposed catalytic amino acid is found to be 

invariably a basic amino acid K/R from both eubacterial and eukaryotic primases 

as in other DNA and RNA polymerases. The additional primase, DNA pol α, which makes DNA primers exclusively 

for eukaryotic replication initiation also showed the typical template-binding pairs, –YG-, and the catalytic amino acid 

K/R. In addition to that, a two-in-one site –YGDTDS- and a –SLYPS- motif which are common among B family 

polymerases are found in the DNA pol α. Primases from both eubacteria and eukaryotes contain typical Mg2+-binding 

triads, viz. -DxD- and additional Zn2+-binding sites. Moreover, many specialized and conserved sequence motifs are 

also identified both in the RNA primases and DNA pol α. The PR function is found to be muted in DNA pol α even 

though most of the conserved active sites amino acids are identified. BLASTp analysis showed the eubacterial and 

human primases are significantly different in their identities, suggesting that inhibitors of bacterial DNA primases 

could act as novel antibiotics. 

 
 
 

Br J Phar Med Res Copyright©2022 Peramachi Palanivelu et al. This is an Open Access article distributed under the terms of 

the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), allowing third parties 

to copy and redistribute the material in any medium or format and to remix, transform, and build upon the material for any 

purpose, even commercially, provided the original work is properly cited and states its license. 

 
 
 

y 
British Journal of Pharmaceutical and Medical Research Vol.07, Issue 03, Pg.3790 – 3886 May June 2022 

Corresponding Author: Peramachi Palanivelu, Senior Professor & Head (Retd.), Department of Molecular 

Microbiology, School of Biotechnology, Madurai Kamaraj University, Madurai – 625 021, India 

Keywords: 
Primases, DNA polymerase α, 

Primosomes, Proofreading, Active 

sites. 

Article History: 

Received on 09th May, 2022 

Peer Reviewed on 25th May, 2022 

Revised on 16th June, 2022 

Published on 30th June, 2022 

BRITISH JOURNAL OF PHARMACEUTICAL AND MEDICAL RESEARCH 

 
Cross Ref DOI : https://doi.org/10.24942/bjpmr.2022.988 Volume 07, Issue 03 May- June 2022 

ISSN:2456-9836 
IF 5.885 & ICV: 60.37 Research Article 

Analyses of Priming Reactions and Proofreading Functions of Primases 

during Initiation of Replication of Prokaryotic and Eukaryotic Genomes 

3790 

http://www.bjpmr.org/
http://creativecommons.org/licenses/by/4.0/)


British Journal of Pharmaceutical and Medical Research Vol.07, Issue 03, Pg.3790– 3886 May June 2022 

3791 

 

 

 
 

Introduction 

Genome duplication, which preserves and 

maintains the blueprint of life, is an 

indispensable process in all living organisms. 

Generally, two types of replicases, viz. DNA- 

dependent DNA polymerases (DdDps) and 

RNA-dependent RNA polymerases (RdRps) are 

involved in replication of genomes, depending 

upon whether the genome is of DNA or RNA, 

respectively. The RNA genomes of RNA 

viruses are replicated by RdRps, whereas the 

prokaryotic and eukaryotic DNA genomes are 

replicated by DdDps. Whereas the RdRps do not 

require a primer to initiate replication of RNA 

genomes, the DdDps do require a primer for 

initiation of replication of DNA genomes. The 

DNA genome replication process in prokaryotes 

and eukaryotes is a complex one, but a well-

orchestrated process, involving many enzymes 

and regulatory proteins, like primases, helicases, 

single-strand binding protein (SSB), replicases, 

repair enzymes, ligases, etc. These enzymes and 

proteins essentially form a multi-structural 

enzyme-protein complex known as primosome 

to initiate the very first step in the replication 

process. In prokaryotes like eubacteria, the 

replication initiation is started by a replication 

initiation protein which binds at the origin of 

replication (Ori), which is followed by the 

unwinding enzyme (replicative helicase) and 

SSBs. The primase binds finally to form the 

primosome and start synthesizing short RNA 

primers of 7-10 nucleotides (nts) in length. [1] 

However, the primosome complexes are much 

more complex in archaebacteria and eukaryotes, 

where the primosome consists of many 

replication initiation proteins and a 

hetreotetrameric primosome complex consisting 

of an RNA primase (a heterodimer with one 

small catalytic subunit and one large regulatory 

subunit) and the DNA pol α (again a heterodimer 

with one large catalytic subunit and one small 

regulatory subunit). [2] Thus, in both the cases, 

an RNA segment is first synthesized 

by the primosomes and then extended by the 

replicative polymerases. In archaebacteria and 

eukaryotes, a DNA primer is made on the RNA 

primer by the second enzyme, the DNA pol α. 

Despite significant advances in characterization 

of the processes involved in DNA replication, 

several basic questions remain unanswered. 

Therefore, understanding the DNA replication 

process will require not only our ability to 

connect the data available from various 

techniques like biochemical, genetic, site-

directed mutagenesis (SDM), X-ray 

crystallography, cryo-EM, etc., but also to 

integrate them for a complete understanding of 

the replication process. 

Primases (EC 2.7.7.102) are DNA- 

dependent RNA polymerases (DdRps) that 

initiate DNA replication in both prokaryotes and 

eukaryotes through the synthesize of short RNA 

fragments; once for the leading-strand and at 

multiple points for the lagging-strand, resulting 

in the synthesis large number of DNA fragments 

known as Okazaki fragments, named after the 

Japanese scientist, Okazaki, who discovered. All 

the three replicative polymerases are DdDps, 

belong to B family polymerases (pols), and 

possess both replication and repair functions. 

The B family pols are reported from both 

prokaryotes and eukaryotes, e.g., pol II, pol B, 

pol α, pol ε, pol δ, Pol ζ. They all exhibit 3’→5’ 

proofreading function in addition to 

polymerization of deoxynucleoside 

triphosphates (dNTPs). [3] Prokaryotic 

chromosomes, mitochondrial DNA and circular 

viral DNA genomes have a single origin of 

replication. In contrast, eukaryotic 

chromosomes are very long and linear, and 

possess many origins of replication, which 

ensure replication initiation at multiple sites 

simultaneously. For example, in humans there 

are between 30,000 and 50,000 initiation sites. 

The genome replication in both 

prokaryotes and eukaryotes involve three major 

steps, viz. initiation, elongation and termination. 

The initiation is the rate limiting step, which is 

https://enzyme.expasy.org/EC/2.7.7.102
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accomplished by the primosome complex. 

Interestingly, RNA replicases and primases do 

not require a primer template, as they initiate the 

RNA/primer synthesis with two NTPs (usually 

of purines, A or G) at the initiation site. The 

primases are broadly classified into single- 

subunit (SSU) primases (e.g., eubacterial and 

phage primases) and two-subunit primases 

(from eukaryotes, archaebacteria and eukaryotic 

viruses). As eubacterial primases exhibit a 

markedly different structure as compared to the 

human primase, inhibition of eubacterial 

primase activity is expected to selectively inhibit 

bacterial DNA replication and further growth. In 

fact, growing evidences show such selective 

inhibition of bacterial DNA replication 

initiation has a bacteriocidal effect and 

therefore, inhibitors of bacterial primases are 

considered as effective antibiotics. [4] 

The precise mechanism by which these 

processes are coordinated at the molecular level 

has remained largely obscure. In this 

communication, the enzymes and mechanism(s) 

involved in the initiation process are analyzed in 

detail and discussed. 

 
Materials and Methods 

The protein sequence data of primases of 

prokaryotic and eukaryotic primases and DNA 

polymerase α (DNA pol α) were obtained from 

PUBMED and SWISS-PROT databases. The 

advanced version of Clustal Omega was used for 

multiple sequence alignment (MSA) analysis of 

the proteins. Along with the conserved motifs 

identified by the bioinformatics analysis, and the 

data already available from biochemical, SDM 

and X-ray crystallographic analyses on the 

primases are used to confirm the possible amino 

acids that make up the active sites of different 

primases that initiate DNA replication in 

prokaryotes and eukaryotes. 

Results and Discussion 

 
Priming of Replication Initiation in 

Prokaryotes 

DNA replication in eubacteria and eukaryotes 

follows more or less a similar mechanism. To 

initiate replication, it requires mainly the activity 

of the primase, which is a DdRp that synthesizes 

short RNA primers on the DNA template at the 

Origin of replication. The RNA primer is then 

extended by the DdDp, DNA polymerase III (DNA 

pol III), during replication of the genome. Based 

on their structure and sequence alignments, the 

prokaryotic primases are classified as a family of 

DnaG proteins. Primases which belong to this 

DnaG family, contain three distinct domains: A N-

terminal domain (NTD) consisting of a zinc- 

binding motif, a middle domain with RNA 

polymerase activity and a C-terminal domain 

(CTD) that interacts with the replicative helicase 

for unwinding the DNA during the replication 

process. All the three domains are shown to be 

important for the synthesis of the primers and 

initiation of replication. In addition to the 

polymerase active sites, the polymerase domain of 

E. coli and T7 primases also possesses a TOPRIM 

fold, similar to topisomerases. The binding of 

primase with the replicative helicase increases the 

binding affinity of the primase to SSBs and thus, 

enhances the rate of primer synthesis markedly. In 

fact, such interactions between the helicase and 

primase enhanced primer activity >1000-fold as 

compared to the activity of the isolated primase. [5] 

As mentioned elsewhere, the priming 

reactions in bacterial replication are 

accomplished by the primosome multi-protein 

complex. The bacterial primosome complex 

essentially consists of an origin-of-replication 

initiator protein, a replicative helicase, a helicase 

loader, SSBs and a primase. Replication 

initiation requires a replication initiation protein 

(DnaA) that binds to the origin of replication, 

followed by unzipping the DNA by the



British Journal of Pharmaceutical and Medical Research Vol.07, Issue 03, Pg.3790– 3886 May June 2022 

3793 

 

 

 

replicative helicase (DnaB). Now, the 

replication process starts with unwinding of the 

dsDNA at the origin of replication to generate 

ssDNA. DnaC mediates loading of the DnaB to 

the DnaA at the origin of replication site. SSBs 

then bind to the single–stranded region to 

prevent reannealing of the DNA strands so that 

the primase can start synthesizing the primer 

(Fig.1). The primase (DnaG) also interacts with 

the DNA pol III holoenzyme, which helps the 

translocation of the primer to the DNA pol III 

active site for further extension (Fig.1). 

    

    

  

 

 

 

Fig. 1 A schematic diagramme showing the assembly of various proteins at 

 the bacterial replication initiation complex 
 

Blue lines, DNA; Red line, RNA primer; DnaA, replication initiation protein; DnaG, primase;  

SSBs, single-strand DNA-binding proteins; DnaB, replicative helicase, a hexamer (the helicase 

 is also called the unwinding enzyme and it catalyzes the separation of the DNA strands; the energy  

required for the process is provided by the hydrolysis of ATP).  

 

The DnaB/DnaG complex synthesizes RNA 

primers for both leading- and lagging-strand of 

the replication process. Leading-strand 

replication needs to be primed once, which takes 

place at the origin of replication whereas 

lagging-strand synthesis needs repeated priming 

and extensions, generating short DNA 

fragments on the lagging-stand which are also 

known as ‘Okazaki fragments’. The primase 

makes only short primers, pppAGN(7-10) with 

7-10 nts in length which are extended by the 

DNA pol III which slides continuously along the 

leading-strand, but in sections on the lagging-

strand. Therefore, the lagging-strand is 

synthesized discontinuously, (i.e.), the DNA pol 

III begins at the 3’-end of the RNA primers at 

each section and extends, thus, generating large 

number of Okazaki fragments on the lagging-

strand (Fig. 2). Both in prokaryotes and 

eukaryotes, the primase initiation site is specific 

for ATP or GTP.[6] 

 
In the finishing steps, RNase H (an enzyme specific 

DNA-RNA hybrids) removes the primers and the 

DNA polymerase I (DNA pol I) which recognize a 

“nick” or break on the phosphate backbone fills the 

gaps with dNTPs, and is followed by DNA ligase 

which covalently joins the two ends and thus, 

completing the replication process (Fig. 2). [7] As 

mentioned earlier, during replication of bacterial 

genomes, the primase complex initiate leading- 

strand synthesis once at the origin of replication, 

which is extended by the DNA pol III, until 

completion of the genome and stops at the 5’-end 

of the primer. However, at the lagging-strand 

synthesis, it primes at multiple points to complete 

the replication. In fact, during lagging-strand 

synthesis of the E. coli genome, the primase 

complex transcribes 2000 to 3000 RNA primers at 

a rate of about one primer per second. [6] (The E. 

coli chromosome is circular and, 4600 kb in length 

and has a single origin of replication. The entire 

replication process is completed in ~ 20 min). 

                  Ori      DnaG  DNA pol III 

         DnaA                                                                  3' 

                                                                                                 5' 

                                          SSBs                      DnaB 
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Figs. 2a and 2b. Schematic diagrammes showing the steps involved in the replication of E. coli 

chromosome. Ori, origin of replication. 

2a shows steps involved in the replication of E. coli chromosome, and 2b shows the continuous 

synthesis of DNA on the leading-strand and the generation of Okazaki fragments on the lagging- 

strand. Hel, helicase; Topo, Topoisomerase. 
 

Structural Features of Eubacterial Primases 

On the basis of sequence analysis, the 

eubacterial primases are structurally distinct 

from the primases that initiates archaeabacterial 

and eukaryotic replication. Among eubacterial 

primases, the E. coli primase is the most 

extensively studied one. A limited proteolytic 

analysis of the E. coli primase yielded three  

structural domains, viz. a 12-kD NTD consists of a 

Zn2+-binding motif (ZBM), followed by a 36-kDa 

core domain with RNA polymerase activity (RNAP 

domain) and a CTD, also known as DnaB- 

interacting domain (DnaB-ID) (Fig. 3). The CTD is 

responsible for interaction with the replicative 

helicase. [8] 

  

 
 

Fig. 3 Functional domains of a eubacterial primase (numbering from the E. coli primase) 

Adapted from [9] 

Figure 4 shows the MSA analysis of the catalytic 

subunit of eubacterial primases (only the 

required regions in the discussion are shown). It 

shows many highly conserved peptides regions, 

motifs and triads, diads, and also single amino 

acid conservations. The primase catalytic 

subunit from different bacterial sources shows 

an invariant -YG-, (highlighted in yellow), 

which is implicated in template-binding in many 

DdDps and DdRps. A proposed catalytic pair - 

KG- is also found at the upstream of the –YG- 

pair (highlighted in yellow). 

The catalytic K and a E of the primase are based on the 

SDM data from P4 phage primase and is highlighted in 

dark blue. [10] The template binding pair is followed by two 

typical metal-binding –DxD- motifs, which is reported in 

most of the other DdDps and DdRps and the metal-binding 

motifs are found within two highly conserved peptides 

(highlighted in green). A -CxxH—CxxC- type ZBM 

(highlighted in orange) is located in the NTD as reported in 

X-ray crystallographic data. [9] SDM analysis of the 

ZBM from P4 primase is highlighted in dark blue. [10] 

       a        oriC                 RNA Primer     OH 
                                                              RNase H-                        P 
                                  Primase                            DNA pol III                       Removes primer                       DNA ligase 
                                                                                                            DNA pol I-                              -Joins the  
                                                                                                                         Fills the gap                            DNA ends   
             

 

                                       
 b      3’                    Hel   Topo 

       5’                                    3’                                   5’ 

         3’           5’  3’ 5’                         3’          
      5’      Replication fork             
   

 

 
          1  ZBM 110               RNAPD              433        CTD     582 

         N                                                                                       C  
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CLUSTAL O (1.2.4) MSA of eubacterial primases  

tr|A0A2G2IJM5|A0A2G2IJM5_9GAMM      MAGRIPRDFIDGLIGRADIVDIVEKRVKLKKAGKNYQACCPFHNEKSPSFTVSQDKQFYH 60 

tr|A0A6G9QMK7|A0A6G9QMK7_9GAMM      --MAIPRDFINELIARTDIVDLIDRKVPLKKAGKNHSACCPFHSEKSPSFTVSRDKQFYH 58 

tr|Q2BZN8|Q2BZN8_9GAMM              MAGKIPRSFIDDLISRHDIVDVIDARVKLKKQGKNFGACCPFHNEKTPSFSVSQEKQFYH 60 

tr|A0A1Y2SHV2|A0A1Y2SHV2_9GAMM      MAGRIPRAFINDLLARTDIIDLIDVRVPLKKKGKNHQACCPFHNEKTPSFTVNGDKQFYH 60 

tr|A0A1I3RFA7|A0A1I3RFA7_9GAMM      MAGRIPRAFINDLLARTDIIDLIDVRVPLKKKGKNHQACCPFHNEKTPSFTVNGDKQFYH 60 

tr|A0A2D0JXU4|A0A2D0JXU4_9GAMM      MAGRIPRAFINDLLARTDIIDLIDVRVPLKKKGKNHQACCPFHNEKTPSFTVNGDKQFYH 60 

tr|A0A4P8YDB7|A0A4P8YDB7_9ENTR      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGDKQFYH 60 

tr|A0A4R6E028|A0A4R6E028_9ENTR      MAGRIPRVFINDLLARTDIIDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A7Y7YTU5|A0A7Y7YTU5_9ENTR      MAGRIPRVFINDLIARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGDKQFYH 60 

tr|A0A1Y4YBT2|A0A1Y4YBT2_PLUGE      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNFHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A3Z6P289|A0A3Z6P289_SALTU      MAGRIPRVFINDLLARTDIVDLIDVRVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|K8CEZ6|K8CEZ6_CROSK              MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A6M5D934|A0A6M5D934_9ENTR      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A7U0KEK5|A0A7U0KEK5_9ENTR      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A2L2JF99|A0A2L2JF99_9ENTR      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A2N0CS13|A0A2N0CS13_9ENTR      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A6G7TJC2|A0A6G7TJC2_9ENTR      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A7T7YQ27|A0A7T7YQ27_9ENTR      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A0H3FLI2|A0A0H3FLI2_KLEAK      MAGRIPRVFINDLLARTDIIDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|B1EG66|B1EG66_ESCAT              MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

sp|P0ABS5|DNAG_ECOLI                MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNFHACCPFHNEKTPSFTVNGEKQFYH 60P4 
sp|P0ABS7|DNAG_SHIFL                MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNFHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A2S8DIE6|A0A2S8DIE6_SHIDY      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNFHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A181WV76|A0A181WV76_KLEOX      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNFHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A7D6UZE8|A0A7D6UZE8_9ENTR      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNFHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|Q31WW8|Q31WW8_SHIBS              MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNFHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A6N6K6Q7|A0A6N6K6Q7_9ENTR      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A2K9PDS0|A0A2K9PDS0_9ENTR      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|D2TRR8|D2TRR8_CITRI              MAGRIPRVFINDLLARTDIVDLIDTRVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A375A766|A0A375A766_9GAMM      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHHEKTPSFTVNGDKQFYH 60 

tr|A0A0A8FDQ0|A0A0A8FDQ0_9GAMM      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHHEKTPSFTVNGDKQFYH 60 

tr|A0A5B8IBB3|A0A5B8IBB3_9GAMM      MAGRIPRVFINDLLARTDIVDLIDVRVKLKKQGKNYHACCPFHHEKTPSFTVNGDKQFYH 60 

tr|A0A6P1S8A6|A0A6P1S8A6_9GAMM      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHHEKTPSFTVNSDKQFYH 60 

tr|A0A0J5Y1V1|A0A0J5Y1V1_9GAMM      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHHEKTPSFTVNGDKQFYH 60 

tr|A0A2U1URG1|A0A2U1URG1_9GAMM      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHHEKTPSFTVNGDKQFYH 60 

tr|A0A2U1U876|A0A2U1U876_9GAMM      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHHEKTPSFTVNGDKQFYH 60 

tr|A0A2A2MCA0|A0A2A2MCA0_9GAMM      MAGRIPRVFINDLLARTDIVDLVDARVKLKKQGKNYHACCPFHNEKTPSFTVNADKQFYH 60 

tr|A0A7Y7VPH3|A0A7Y7VPH3_9GAMM      MAGRIPRIFINDLLARTDIVDIIDARVKLKKQGKNYHACCPFHNEKTPSFTVSGEKQFYY 60 

tr|A0A2N0VZJ4|A0A2N0VZJ4_9GAMM      MAGRIPRVFINDLLARIDIVDLIDARVKLKKQGKNYHACCPFHHEKTPSFTVNGDKQFYH 60 

tr|A0A6L6GQN6|A0A6L6GQN6_9GAMM      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A0J9BHV4|A0A0J9BHV4_9GAMM      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

tr|A0A2G8D6J3|A0A2G8D6J3_9GAMM      MAGRIPRVFINDLLARTDIVDLIDARVKLKKQGKNYHACCPFHNEKTPSFTVNGEKQFYH 60 

                                        *** **: *:.* **:*::: :* *** ***. ****** **:***:*. :****: 

               ZBD                   RNAPD  

tr|A0A2G2IJM5|A0A2G2IJM5_9GAMM      CFGCGAHGNAIGFLMEYDNLXFVEAIEDLASFYGMEVPREEGGTQG---PTAPERKDYYE 117 

tr|A0A6G9QMK7|A0A6G9QMK7_9GAMM      CFGCGAHGNAIDFVMEYDRLEFVDAIEELAGQLGLDVPREQGNGKR---PDQGLSRDLYQ 115 

tr|Q2BZN8|Q2BZN8_9GAMM              CFGCGVHGNVLDFVMEFDRLDFVDAIEELASQLGLEVPRENDGNNTHRGPKVADKRNYYE 120 

tr|A0A1Y2SHV2|A0A1Y2SHV2_9GAMM      CFGCGAHGNAIDFLMNYDRLDFVESIEELAAMHGLEVPYEAGSGGSQI--ERHQRQNLYQ 118 

tr|A0A1I3RFA7|A0A1I3RFA7_9GAMM      CFGCGAHGNAIDFLMNYDRLDFVESIEELAAMHGLEVPYEAGSGSSQI--ERHQRQNLYQ 118 

tr|A0A2D0JXU4|A0A2D0JXU4_9GAMM      CFGCGAHGNAIDFLMNYDRLDFVESIEELATMHGLEVPYEAGSGGGHI--ERHQRQNLYQ 118 

tr|A0A4P8YDB7|A0A4P8YDB7_9ENTR      CFGCGAHGNAIDFLMNYDKLEFVESVEELASMHNLEIPYEAGNGPSQI--ERHQRQSLYQ 118 

tr|A0A4R6E028|A0A4R6E028_9ENTR      CFGCGAHGNAIDFLMNYDKLEFVESVEELSAMHNLEVPYEAGSGPSQI--ERHQRQSLYQ 118 

tr|A0A7Y7YTU5|A0A7Y7YTU5_9ENTR      CFGCGAHGNALDFLMNYDKLEFVESVEELATMHNLEVPYEAGNGPSQI--ERHQRQSLYQ 118 

tr|A0A1Y4YBT2|A0A1Y4YBT2_PLUGE      CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPYEAGSGPTQI--ERHQRQNLYQ 118 

tr|A0A3Z6P289|A0A3Z6P289_SALTU      CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLEIPYEAGTGLSQI--ERHQRQNLYQ 118 

tr|K8CEZ6|K8CEZ6_CROSK              CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPTQI--ERHQRQTLYE 118 

tr|A0A6M5D934|A0A6M5D934_9ENTR      CFGCGAHGNALDFLMNYDKLEFVESVEELAAMHNLEVPFEAGSGPSLI--ERHQRQTLYQ 118 

tr|A0A7U0KEK5|A0A7U0KEK5_9ENTR      CFGCGAHGNAVDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI--ERHQRQTLYQ 118 

tr|A0A2L2JF99|A0A2L2JF99_9ENTR      CFGCGAHGNAVDFLMNYDKLEFVETVEELAAMHNLEVPYEAGSGPSQI--ERHQRQTLYQ 118 

tr|A0A2N0CS13|A0A2N0CS13_9ENTR      CFGCGAHGNAVDFLMNYDKLEFVETVEELAAMHNLEVPYEAGSGPSQI--ERHQRQTLYQ 118 

tr|A0A6G7TJC2|A0A6G7TJC2_9ENTR      CFGCGAHGNAVDFLMNYDKLEFVETVEELAAMHNLEVPYEAGSGPSQI--ERHQRQTLYQ 118 

tr|A0A7T7YQ27|A0A7T7YQ27_9ENTR      CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLDVPYEAGSGPSQI--ERHQRQNLYQ 118 

tr|A0A0H3FLI2|A0A0H3FLI2_KLEAK      CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPYEAGNGPSQI--ERHQRQNLYQ 118 

tr|B1EG66|B1EG66_ESCAT              CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI--ERHQRQTLYQ 118 

sp|P0ABS5|DNAG_ECOLI                CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI--ERHQRQTLYQ 118P4 
sp|P0ABS7|DNAG_SHIFL                CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI--ERHQRQTLYQ 118 

tr|A0A2S8DIE6|A0A2S8DIE6_SHIDY      CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI--ERHQRQTLYQ 118 

tr|A0A181WV76|A0A181WV76_KLEOX      CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI--ERHQRQTLYQ 118 

tr|A0A7D6UZE8|A0A7D6UZE8_9ENTR      CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI--ERHQRQTLYQ 118 

tr|Q31WW8|Q31WW8_SHIBS              CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI--ERHQRQTLYQ 118 

tr|A0A6N6K6Q7|A0A6N6K6Q7_9ENTR      CFGCGAHGNAVDFLMNYDKLEFVETVEELAAMHNLEVPYEAGSGPSQI--ERHQRQSLYQ 118 

tr|A0A2K9PDS0|A0A2K9PDS0_9ENTR      CFGCGAHGNVIDFLMNYDKLEFVETVEELAAMHNLDVPFEAGTGPSQI--ERHQRQSLYQ 118 

tr|D2TRR8|D2TRR8_CITRI              CFGCGAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI--ERHQRQNLYQ 118 

tr|A0A375A766|A0A375A766_9GAMM      CFGCGAHGNAIDFLMNYDRLEFVESIEELAAMHGLDVPYEAGNGPTQL--ERHQRQSLYE 118 

tr|A0A0A8FDQ0|A0A0A8FDQ0_9GAMM      CFGCGAHGNAIDFLMNYDRLEFVESIEELAAMHGLDVPYEAGTGPTQL--ERHQRQSLYE 118 

tr|A0A5B8IBB3|A0A5B8IBB3_9GAMM      CFGCGAHGNAIDFLMNYDRLEFVESIEELAAMHGLDVPYEAGTGPTQL--ERHQRQNLYE 118 

tr|A0A6P1S8A6|A0A6P1S8A6_9GAMM      CFGCGAHGTAIDFLMNYDRLEFVETIEELATMHGLEVPYETGTGPTKQ--EIHQRHNQYE 118 

tr|A0A0J5Y1V1|A0A0J5Y1V1_9GAMM      CFGCGAHGNAIDFLMNYDRLEFVETIEELATQYGLEVPYETGTGPTQL--ERHQRQSLYE 118 

tr|A0A2U1URG1|A0A2U1URG1_9GAMM      CFGCGAHGNAIDFLMNYDRLEFVESIEELATIYGLEVPYETGTGPTQL--ERHQRQSLYA 118 

tr|A0A2U1U876|A0A2U1U876_9GAMM      CFGCGAHGNAIDFLMNYDRLEFVESIEELATIYGLEVPYETGTGPTQL--ERHQRQSLYA 118 

tr|A0A2A2MCA0|A0A2A2MCA0_9GAMM      CFGCGAHGNAIDFLMNYDRLEFVESVEELATMAGLEIPYEAGTGPSQI--ERHQRQNLYQ 118 

tr|A0A7Y7VPH3|A0A7Y7VPH3_9GAMM      CFGCGAKGNAIDFLMNHDRLEFVESVEELATLHGLEVPYEAGNGPSQM--ERHQRQSLYQ 118 

tr|A0A2N0VZJ4|A0A2N0VZJ4_9GAMM      CFGCGAHGNAVDFLMNYDRLEFVESIEELATMQGLEVPYEAGTGPTQM--ERHQRQSLYQ 118 

tr|A0A6L6GQN6|A0A6L6GQN6_9GAMM      CFGCGAHGNAVDFLMNYDRLEFVESIEELATLYGLEVPYESGSGPTQL--ERHQRQSLYQ 118 

tr|A0A0J9BHV4|A0A0J9BHV4_9GAMM      CFGCGAHGNAIDFLMNYDRLEFVESIEELATLYGLEVPYESGNGPSQL--ERHQRQSLYQ 118 

tr|A0A2G8D6J3|A0A2G8D6J3_9GAMM      CFGCGAHGNAIDFLMNYDRLEFVESIEELATLYGLEVPYESGNGPSQL--ERHQRQSLYQ 118 
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tr|A0A2G2IJM5|A0A2G2IJM5_9GAMM      TEDQLLTTGVLIENEGQSRRYDRFRERVMFPIRDKRGRVIGYGGRVLGDEKPKYLNSPET 237 

tr|A0A6G9QMK7|A0A6G9QMK7_9GAMM      AQDKLLTAGMLIEND-SGKRYDRFRDRLMFPIRDRRGRVIGFGGRVLGDGTPKYLNSPET 234 

tr|Q2BZN8|Q2BZN8_9GAMM              SQKALVNTGLLIEND-NGRRYDRFRGRVMFPIHDRRGRVIGFGGRVLGDGTPKYLNSPET 238 

tr|A0A1Y2SHV2|A0A1Y2SHV2_9GAMM      DRKQLNDAGMLVTND-NGRTYDRFRERVMFPIRDRRGRVIAFGGRVLGDALPKYLNSPET 236 

tr|A0A1I3RFA7|A0A1I3RFA7_9GAMM      DRKQLNDAGMLVTND-NGRTYDRFRERVMFPIRDRRGRVIAFGGRVLGDAIPKYLNSPET 236 

tr|A0A2D0JXU4|A0A2D0JXU4_9GAMM      DRNQLSDAGMLVTND-SGRTYDRFRERIMFPIRDRRSRVIAFGGRVLGDALPKYLNSPET 236 

tr|A0A4P8YDB7|A0A4P8YDB7_9ENTR      NRKSLTDAGMLVTND-RGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDGQPKYLNSPET 236 

tr|A0A4R6E028|A0A4R6E028_9ENTR      NRQALTDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDALPKYLNSPET 236 

tr|A0A7Y7YTU5|A0A7Y7YTU5_9ENTR      NRQALTDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDALPKYLNSPET 236 

tr|A0A1Y4YBT2|A0A1Y4YBT2_PLUGE      NKQSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDGMPKYLNSPET 236 

tr|A0A3Z6P289|A0A3Z6P289_SALTU      NKALLLDAGMLVNNE-QGSTYDRFRNRVMFPIRDKRGRVIGFGGRVLGNDTPKYLNSPET 236 

tr|K8CEZ6|K8CEZ6_CROSK              NRKSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDALPKYLNSPET 236 

tr|A0A6M5D934|A0A6M5D934_9ENTR      NRKSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGNDTPKYLNSPET 236 

tr|A0A7U0KEK5|A0A7U0KEK5_9ENTR      DRKSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDALPKYLNSPET 236 

tr|A0A2L2JF99|A0A2L2JF99_9ENTR      DRKSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDALPKYLNSPET 236 

tr|A0A2N0CS13|A0A2N0CS13_9ENTR      DRKSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDGMPKYLNSPET 236 

tr|A0A6G7TJC2|A0A6G7TJC2_9ENTR      DRKSLIDAGMLVTND-KGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDALPKYLNSPET 236 

tr|A0A7T7YQ27|A0A7T7YQ27_9ENTR      NRQSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDALPKYLNSPET 236 

tr|A0A0H3FLI2|A0A0H3FLI2_KLEAK      NRQSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDALPKYLNSPET 236 

tr|B1EG66|B1EG66_ESCAT              NRQSLINAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGNDTPKYLNSPET 236 

sp|P0ABS5|DNAG_ECOLI                NRQSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGNDTPKYLNSPET 236E. coli 
sp|P0ABS7|DNAG_SHIFL                NRQSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGNDTPKYLNSPET 236 

tr|A0A2S8DIE6|A0A2S8DIE6_SHIDY      NRQSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGNDTPKYLNSPET 236 

tr|A0A181WV76|A0A181WV76_KLEOX      NRQSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGNDTPKYLNSPET 236 

tr|A0A7D6UZE8|A0A7D6UZE8_9ENTR      NRQSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGNDTPKYLNSPET 236 

tr|Q31WW8|Q31WW8_SHIBS              NRQSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGNDTPKYLNSPET 236 

tr|A0A6N6K6Q7|A0A6N6K6Q7_9ENTR      NRKSLVDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDALPKYLNSPET 236 

tr|A0A2K9PDS0|A0A2K9PDS0_9ENTR      NRQSLVDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDALPKYLNSPET 236 

tr|D2TRR8|D2TRR8_CITRI              NRQSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGRVLGDALPKYLNSPET 236 

tr|A0A375A766|A0A375A766_9GAMM      NRATLTDAGMLVTND-NGRTYDRFRDRVMFPIRDKRGRVIAFGGRVMGDGTPKYLNSPET 236 

tr|A0A0A8FDQ0|A0A0A8FDQ0_9GAMM      DKTTLTDAGMLVTNE-NGRTYDRFRDRVMFPIRDKRGRVIAFGGRVMGDGTPKYLNSPET 236 

tr|A0A5B8IBB3|A0A5B8IBB3_9GAMM      NRATLTDAGMLVTNE-NGRTYDRFRDRVMFPIRDKRGRVIAFGGRVMGDGTPKYLNSPET 236 

tr|A0A6P1S8A6|A0A6P1S8A6_9GAMM      DRNVLNDVGMLVTND-QGRTYDRFRERVMFPIRDKRGRVIAFGGRVLGHDTPKYLNSPET 235 

tr|A0A0J5Y1V1|A0A0J5Y1V1_9GAMM      DRSTLNDAGMLVTND-QGRTYDRFRERVMFPIRDKRGRVIAFGGRVLGDGTPKYLNSPET 236 

tr|A0A2U1URG1|A0A2U1URG1_9GAMM      DRSALNDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIAFGGRVLGDSVPKYLNSPET 236 

tr|A0A2U1U876|A0A2U1U876_9GAMM      DRSALNDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIAFGGRVLGDGVPKYLNSPET 236 

tr|A0A2A2MCA0|A0A2A2MCA0_9GAMM      SRTALNDAGMLVNND-NGRTYDRFRDRVMFPIRDRRGRVIAFGGRILGDGTPKYLNSPET 236 

tr|A0A7Y7VPH3|A0A7Y7VPH3_9GAMM      DRESLMEAGMLVSND-SGRTYDRFRDRVMFPIRDKRGRVIGFGGRVLGNDTPKYLNSPET 236 

tr|A0A2N0VZJ4|A0A2N0VZJ4_9GAMM      DKASLIDAGMLVTND-NGRSYDRFRERVMFPIRDKRGRVIAFGGRVLGNDTPKYLNSPET 236 

tr|A0A6L6GQN6|A0A6L6GQN6_9GAMM      DKQSLIDAGMLVTND-QGRSYDRFRERVMFPIHDKRGRVIGFGGRVLGDAMPKYLNSPET 236 

tr|A0A0J9BHV4|A0A0J9BHV4_9GAMM      DRQSLIDAGMLVTND-QGRSYDRFRERVMFPIHDKRGRVIGFGGRVLGDGMPKYLNSPET 236 

tr|A0A2G8D6J3|A0A2G8D6J3_9GAMM      DRQSLIDAGMLVTND-QGRSYDRFRERVMFPIHDKRGRVIGFGGRVLGDGMPKYLNSPET 236 

                                     .  *  .*:*: *:  .  ***** *:****:*:*.***.:***::*.  ********* 

 

tr|A0A2G2IJM5|A0A2G2IJM5_9GAMM      PIFHKGKELYGLYEVRQAYKEIPQIVVVEGYMDVVALAQFGIDYAVASLGTSTSGXQMQT 297 

tr|A0A6G9QMK7|A0A6G9QMK7_9GAMM      PIFHKGNELYGLYELKQRHRDPQHVLIVEGYMDVVALAQFGVDYAVASLGTSTTAEQFQL 294 

tr|Q2BZN8|Q2BZN8_9GAMM              DIFHKGRELYGFYEVLQTHREPKRIMVVEGYMDVVALAQFGVDYAVASLGTSTTGDHIQS 298 

tr|A0A1Y2SHV2|A0A1Y2SHV2_9GAMM      EIFHKGRQLYGLYEAQQSHSTLTRLLVVEGYMDVVALAQFGIDYAVASLGTSTTAEHVQL 296 

tr|A0A1I3RFA7|A0A1I3RFA7_9GAMM      EIFHKGRQLYGLYEAQQNHDVLSKLLVVEGYMDVVALAQFGIDYAVASLGTSTTAEHIQL 296 

tr|A0A2D0JXU4|A0A2D0JXU4_9GAMM      EIFHKGRQLYGLYEAQQSHNTLSRLLVVEGYMDVVALAQFGIDYAVASLGTSTTAEHVQL 296 

tr|A0A4P8YDB7|A0A4P8YDB7_9ENTR      EIFHKGRQLYGLYEARQDTSDPARLLVVEGYMDVVALAQYDINYAVASLGTSTTADHIQL 296 

tr|A0A4R6E028|A0A4R6E028_9ENTR      DIFHKGRQLYGLYEAQQSQPEPARLLVVEGYMDVVALAQYGISYAVASLGTSTTADHIQL 296 

tr|A0A7Y7YTU5|A0A7Y7YTU5_9ENTR      DIFHKGRQLYGLYEAQQSQPEPARLLVVEGYMDVVALAQYGISYAVASLGTSTTADHIQL 296 

tr|A0A1Y4YBT2|A0A1Y4YBT2_PLUGE      DIFHKGRQLYGLYEAQQAAAEPQRLLVVEGYMDVVALAQYDINYAVASLGTSTTADHIQL 296 

tr|A0A3Z6P289|A0A3Z6P289_SALTU      DIFHKGRQLYGLYEAQQYSAEPQRLLVVEGYMDVVALAQYDINYAVASLGTSTTADHMHM 296 

tr|K8CEZ6|K8CEZ6_CROSK              DIFHKGRQLYGLYEVQQSDPNPPRLLVVEGYMDVVALSQYDINYAVASLGTATTAEHIQM 296 

tr|A0A6M5D934|A0A6M5D934_9ENTR      DIFHKGRQLYGLYEAQLDNDEPQRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296 

tr|A0A7U0KEK5|A0A7U0KEK5_9ENTR      DIFHKGRQLYGLYEAQQDNAEPPRLLVVEGYMDVVALAQYDINYAVASLGTSTTADHIQL 296 

tr|A0A2L2JF99|A0A2L2JF99_9ENTR      DIFHKGRQLYGLYEAQQDNAEPPRLLVVEGYMDVVALAQYDINYAVASLGTSTTADHIQL 296 

tr|A0A2N0CS13|A0A2N0CS13_9ENTR      DIFHKGRQLYGLYEAQQDNAEPRRLLVVEGYMDVVALAQYDINYAVASLGTSTTADHIQL 296 

tr|A0A6G7TJC2|A0A6G7TJC2_9ENTR      DIFHKGRQLYGLYEAQQDNAEPQRLLVVEGYMDVVALAQFDINYAVASLGTSTTADHIQL 296 

tr|A0A7T7YQ27|A0A7T7YQ27_9ENTR      DIFHKGRQLYGLYEAQQDNAEPSRLLVVEGYMDVVALAQFGINYAVASLGTSTTADHIQL 296 

tr|A0A0H3FLI2|A0A0H3FLI2_KLEAK      DIFHKGRQLYGLYEAQQDNAEPQRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296 

tr|B1EG66|B1EG66_ESCAT              DIFHKGRQLYGLYEAQQDNAEPNRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296 

sp|P0ABS5|DNAG_ECOLI                DIFHKGRQLYGLYEAQQDNAEPNRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296P4 
sp|P0ABS7|DNAG_SHIFL                DIFHKGRQLYGLYEAQQDNAEPNRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296 

tr|A0A2S8DIE6|A0A2S8DIE6_SHIDY      DIFHKGRQLYGLYEAQQDNAEPNRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296 

tr|A0A181WV76|A0A181WV76_KLEOX      DIFHKGRQLYGLYEAQQDNAEPNRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296 

tr|A0A7D6UZE8|A0A7D6UZE8_9ENTR      DIFHKGRQLYGLYEAQQDNAEPNRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296 

tr|Q31WW8|Q31WW8_SHIBS              DIFHKGRQLYGLYEAQQDNAEPNRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296 

tr|A0A6N6K6Q7|A0A6N6K6Q7_9ENTR      DIFHKGRQLYGLYEAQQDNADPQRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296 

tr|A0A2K9PDS0|A0A2K9PDS0_9ENTR      DIFHKGRQLYGLYEAQQDDADPQRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296 

tr|D2TRR8|D2TRR8_CITRI              DIFHKGRQLYGLYEAQQDNADPQRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296 

tr|A0A375A766|A0A375A766_9GAMM      EVFHKGRQLYGLYEAQQRHPTLKRLLVVEGYMDVVALAQFGIDYAVASLGTSTTADHIQL 296 

tr|A0A0A8FDQ0|A0A0A8FDQ0_9GAMM      EIFHKGRQLYGLYEAQQKNPELKRLLVVEGYMDVVALAQFGIDYAVASLGTSTTADHIQL 296 

tr|A0A5B8IBB3|A0A5B8IBB3_9GAMM      EIFHKGRQLYGLYEAQQKNPELKRLLVVEGYMDVVALAQFGIDYAVASLGTSTTADHIQL 296 

tr|A0A6P1S8A6|A0A6P1S8A6_9GAMM      GIFHKGRQLYGLYEAQQNHKDLKRLLVVEGYMDVVALAQFGIDYAVASLGTSTTAEHIQL 295 

tr|A0A0J5Y1V1|A0A0J5Y1V1_9GAMM      EIFHKGRQLYGLYEAQQNHPELKRLLVVEGYMDVVALAQFGIDYAVASLGTSTTADHIQL 296 

tr|A0A2U1URG1|A0A2U1URG1_9GAMM      EIFHKGRQLYGLYEAQQNHPELKRLLVVEGYMDVVALAQFGIDYAVASLGTSTTADHIQL 296 

tr|A0A2U1U876|A0A2U1U876_9GAMM      EIFHKGRQLYGLYEAQQNHPELKRLLVVEGYMDVVALAQFGIDYAVASLGTSTTADHIQL 296 

tr|A0A2A2MCA0|A0A2A2MCA0_9GAMM      DIFHKGRQLFGLYEAQQRHPELARLLVVEGYMDVVALAQFGIDYAVASLGTSTTSEHIQL 296 

tr|A0A7Y7VPH3|A0A7Y7VPH3_9GAMM      PIFHKGRQLYGLYEAQKNHPQPTRLLVVEGYMDVVALAQFGIDYAVASLGTSTTAEHVQL 296 

tr|A0A2N0VZJ4|A0A2N0VZJ4_9GAMM      EIFHKGRQLYGLYEAQLKAPSPARLLVVEGYMDVVALAQFGIDYAVASLGTSTTADHIQL 296 

tr|A0A6L6GQN6|A0A6L6GQN6_9GAMM      DIFHKGRQLYGLYEALKNHPEPAKLLVVEGYMDVVALAQFGVDYAVASLGTSTTAEHIQL 296 

tr|A0A0J9BHV4|A0A0J9BHV4_9GAMM      DIFHKGRQLYGLYEAQKNYPEPPKLLVVEGYMDVVALAQFGVDYAVASLGTSTTAEHIQL 296 

tr|A0A2G8D6J3|A0A2G8D6J3_9GAMM      DIFHKGRQLYGLYEAQKNYPEPPKLLVVEGYMDVVALAQFGVDYAVASLGTSTTAEHIQL 296  
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Fig. 4 MSA of primases from different eubacterial sources 
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A0A2G2IJM5_9GAMM, Moritella sp.  A0A6G9QMK7_9GAMM, Shewanella aestuarii 

Q2BZN8_9GAMM, Photobacterium sp.  A0A1Y2SHV2_9GAMM Xenorhabdus vietnamensis 

A0A1I3RFA7_9GAMM, Xenorhabdus mauleonii A0A2D0JXU4_9GAMM, Xenorhabdus sp. 

A0A4P8YDB7_9ENTR, Jejubacter calystegiae A0A4R6E028_9ENTR, Buttiauxella sp. 

A0A7Y7YTU5_9ENTR, Cedecea sp.   A0A1Y4YBT2_PLUGE, Pluralibacter gergoviae 

A0A3Z6P289_SALTU, Salmonella typhimurium K8CEZ6_CROSK, Cronobacter sakazakii 

A0A6M5D934_9ENTR, Kosakonia sp.  A0A7U0KEK5_9ENTR, Enterobacter hormaechei 

A0A2L2JF99_9ENTR, Lelliottia nimipressuralis A0A2N0VZJ4_9GAMM, Rahnella sp. 

A0A6G7TJC2_9ENTR, Leclercia sp.  A0A7T7YQ27_9ENTR, Klebsiella michiganensis 

A0A0H3FLI2_KLEAK, Klebsiella aerogenes  B1EG66_ESCAT, Escherichia albertii 

P0ABS5|DNAG_ECOLI, Escherichia coli (K12) P0ABS7|DNAG_SHIFL, Shigella flexneri 

A0A2S8DIE6_SHIDY, Shigella dysenteriae  A0A181WV76_KLEOX, Klebsiella oxytoca 

A0A7D6UZE8_9ENTR, Enterobacter hormaechei Q31WW8_SHIBS, Shigella boydii 

A0A6N6K6Q7_9ENTR, Citrobacter pasteurii A0A2K9PDS0_9ENTR, Citrobacter freundii 

D2TRR8_CITRI, Citrobacter rodentium  A0A375A766_9GAMM, Dickeya aquatic 

A0A0A8FDQ0_9GAMM, Dickeya zeae  A0A5B8IBB3_9GAMM, Dickeya poaceiphila 

A0A6P1S8A6_9GAMM, Pectobacterium polaris A0A0J5Y1V1_9GAMM Pectobacterium peruviense 

A0A2U1U876_9GAMM, Brenneria sp.  A0A2U1URG1_9GAMM, Brenneria nigrifluens 

A0A2A2MCA0_9GAMM, Hafnia paralvei  A0A7Y7VPH3_9GAMM, Pantoea sp. 

A0A2N0CS13_9ENTR, Cedecea lapagei  A0A0J9BHV4_9GAMM, Frankliniella occidentalis 

A0A2G8D6J3_9GAMM, Erwinia sp. 

 

 

tr|A0A2G2IJM5|A0A2G2IJM5_9GAMM      LFRNTSQVICCYDGDKAGRDAAWRALENALPQLRDGKELNFVFLPDGEDPDSLVRHQGKD 357 

tr|A0A6G9QMK7|A0A6G9QMK7_9GAMM      LVRSAKEVICCYDGDKAGREAAWRALETALPLLKPGDHVKFMFLPQGEDPDTMVRKIGKD 354 

tr|Q2BZN8|Q2BZN8_9GAMM              LFRQTSTVVCCYDGDRAGRDAAWRAMEQALPYLTDGRQLKFMFLPDGEDPDSCIRAEGKN 358 

tr|A0A1Y2SHV2|A0A1Y2SHV2_9GAMM      LFRTTDSVICCYDGDRAGRDAAWRTLETALPYLNDGRQLRFMFLPDGEDPDSLIRKEGQE 356 

tr|A0A1I3RFA7|A0A1I3RFA7_9GAMM      LFRTTDNVICCYDGDRAGRDAAWRALETALPYLNDGRQLRFMFLPDGEDPDSLVRKEGRE 356 

tr|A0A2D0JXU4|A0A2D0JXU4_9GAMM      LFRTTDSVICCYDGDRAGRTAAWRTLETALPYLNDGRQLRFMFLPDGEDPDSLVRKEGRE 356 

tr|A0A4P8YDB7|A0A4P8YDB7_9ENTR      LFRVTNTVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKT 356 

tr|A0A4R6E028|A0A4R6E028_9ENTR      LFRVTDTVVCCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

tr|A0A7Y7YTU5|A0A7Y7YTU5_9ENTR      LFRVTDTVVCCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRQEGKD 356 

tr|A0A1Y4YBT2|A0A1Y4YBT2_PLUGE      LFRVTHNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKA 356 

tr|A0A3Z6P289|A0A3Z6P289_SALTU      LFRATNNVICCYDGDRAGRDAAWRALETAMPYMTDGRQVRFMFLPDGEDPDTLVRKEGKA 356 

tr|K8CEZ6|K8CEZ6_CROSK              LFRVTNNVICCYDGDRAGRSAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRQEGKA 356 

tr|A0A6M5D934|A0A6M5D934_9ENTR      LFRVTKNVICCYDGDRAGRDAAWRALETALPYMSDGRQLRFMFLPDGEDPDTLVRKEGKA 356 

tr|A0A7U0KEK5|A0A7U0KEK5_9ENTR      LFRVTNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKA 356 

tr|A0A2L2JF99|A0A2L2JF99_9ENTR      LFRVTNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKA 356 

tr|A0A2N0CS13|A0A2N0CS13_9ENTR      LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKA 356 

tr|A0A6G7TJC2|A0A6G7TJC2_9ENTR      LFRVTNTVVCCYDGDRAGREAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKA 356 

tr|A0A7T7YQ27|A0A7T7YQ27_9ENTR      LFRVTNQVVCCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKD 356 

tr|A0A0H3FLI2|A0A0H3FLI2_KLEAK      LFRATNQVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRQEGKE 356 

tr|B1EG66|B1EG66_ESCAT              LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

sp|P0ABS5|DNAG_ECOLI                LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKE       356 

E. coli 
sp|P0ABS7|DNAG_SHIFL                LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

tr|A0A2S8DIE6|A0A2S8DIE6_SHIDY      LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

tr|A0A181WV76|A0A181WV76_KLEOX      LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

tr|A0A7D6UZE8|A0A7D6UZE8_9ENTR      LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

tr|Q31WW8|Q31WW8_SHIBS              LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

tr|A0A6N6K6Q7|A0A6N6K6Q7_9ENTR      LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

tr|A0A2K9PDS0|A0A2K9PDS0_9ENTR      LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

tr|D2TRR8|D2TRR8_CITRI              LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKA 356 

tr|A0A375A766|A0A375A766_9GAMM      LFRATDKVVCCYDGDRAGRDAAWRALETALPYLDDGRQLHFMFLPDGEDPDTLVRKEGHT 356 

tr|A0A0A8FDQ0|A0A0A8FDQ0_9GAMM      LFRATDQVVCCYDGDRAGRDAAWRALETALPYLDDGRQLRFMFLPDGEDPDTLVRQEGKA 356 

tr|A0A5B8IBB3|A0A5B8IBB3_9GAMM      LFRATDQVVCCYDGDRAGRDAAWRALETALPYLDDGRQLRFMFLPDGEDPDTLVRQEGKA 356 

tr|A0A6P1S8A6|A0A6P1S8A6_9GAMM      LFRATDLVVCCYDGDRAGREAAWRALETALPYLNDGRQLRFMFLPDGEDPDTLVRKEGKA 355 

tr|A0A0J5Y1V1|A0A0J5Y1V1_9GAMM      LFRATDLVVCCYDGDRAGREAAWRALETALPYLNDGRQLRFMFLPDGEDPDTLVRKEGKA 356 

tr|A0A2U1URG1|A0A2U1URG1_9GAMM      LFRVTDQVVCCYDGDRAGREAAWRALETALPYLNDGRQLRFMFLPDGEDPDTLVRKEGKV 356 

tr|A0A2U1U876|A0A2U1U876_9GAMM      LFRATDQVVCCYDGDRAGREAAWRALETALPYLNDGRQLRFMFLPDGEDPDTLVRKESKA 356 

tr|A0A2A2MCA0|A0A2A2MCA0_9GAMM      MFRTTDTVVCCYDGDNAGREAAWRALETALPFLSDGRQLKFMFLPDGEDPDTLVRKEGTA 356 

tr|A0A7Y7VPH3|A0A7Y7VPH3_9GAMM      LYRSTDTVICCYDGDRAGREAAWRTLETALPYMNDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

tr|A0A2N0VZJ4|A0A2N0VZJ4_9GAMM      MFRSTDNIVCCYDGDRAGREAAWRALETALPYLNDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

tr|A0A6L6GQN6|A0A6L6GQN6_9GAMM      LFRATGTVICCYDGDRAGREAAWRALETALPYMNDGRQLRFMFLPDGEDPDTLIRKEGKE 356 

tr|A0A0J9BHV4|A0A0J9BHV4_9GAMM      LFRATNTVICCYDGDRAGREAAWRALETALPYMNDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

tr|A0A2G8D6J3|A0A2G8D6J3_9GAMM      LFRATNTVICCYDGDRAGREAAWRALETALPYMNDGRQLRFMFLPDGEDPDTLVRKEGKE 356 

                                    : * :  ::******.*** ****::* *:* :  * .:.*:***:*****: :*  .   
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Active Site Analyses of Eubacterial Primases  

A great deal of information is available on the 

primase from E. coli. For example, X-ray 

crystallographic data of E. coli primase showed that 

it is a modular, cashew-shaped molecule with the 

dimensions o f  30 Å by 35 Å by 75 Å, and is 

composed of three distinct subdomains. The ZBM 

i s  located at the NTD and is in close proximity to 

the RNAP active site. The zinc ion is found to be 

coordinated by 3 Cys and 1 His residues and 

resembled a zinc-knuckle rather than the well- 

known zinc-finger of other primases. [9] These 

findings are further corroborated by the MSA 

analysis too. A ZBM with 3 Cys and 1 His residues 

(-CxxH --------------CxxC-) (highlighted in orange) 

are found at the NTD.  The involvement of the 

particular R221 (highlighted in dark blue) in catalysis 

was further proved by SDM experiments. [11] It is 

interesting to note that two very similar direct 

repeats of pentapeptides (marked by arrows and 

highlighted) are found upstream to the proposed 

catalytic amino acid K, (Fig. 4), suggesting a 

possible region for the first two purine binding sites 

during primer initiation. SDM analysis of 

bacteriophage P4 primase provided additional insight 

into the E. coli primase functional domains. The 

bacteriophage P4 DNA replication depends on the 

product of the α gene, which is a multifunctional 

enzyme and harbours three different activities, viz. 

origin of replication recognition, DNA helicase and 

primase activities. By SDM experiments, Ziegelin 

et al. could not detect any activity in the following 

3 mutant proteins of the phage P4 primase, viz. 

C35→G, C57→G and E214→Q (numbering from 

phage 4 primase). [11] (Similar amino acids are 

highlighted in dark blue in E. coli primase sequence  

 

 

in Fig. 4 and marked as SDM. Furthermore, 

mutagenesis experiments of phage P4 primase by 

Ziegelin et al. coupled with the observation that 

mutation of the invariant K241 of E. coli DnaG 

permitted transcription initiation, but inhibited the 

primer suggests its interaction with the DNA at the 

initiation site (highlighted in dark blue). [11] X-ray 

crystallographic data by Keck et al. showed the 

invariant Glu265, Asp309 could serve as the metal- 

binding residues and bind a Mg2+ in the E. coli 

primase. [9] Further insights on the E. coli primase 

are provided by SDM analysis of by Godson et al. 
[11] They have reported that each of the conserved 

amino acids on the E. coli primase, viz. Arg146, 

Arg221, Tyr230, Gly266, and Asp311 were involved in 

the process of catalysis. The invariant residues, 

Glu265 and Asp309, were also critical because a 

substitution of each amino acid irreversibly 

destroyed the catalytic activity (highlighted in dark 

blue). Furthermore, the E265→Q, D309→A, and 

D311→A mutant proteins of the NTD of E. coli 

primase expressed the whole P66 primase proteins 

but were unable to synthesize the primer RNA. Two 

E. coli primase mutant proteins, E
265

→Q and 

D
309

→A also showed no pRNA synthesis activity, 

even in the presence of Mn2+ that enhanced 

synthesis by wild-type primase and all the mutant 

primases. They found that the mutant proteins 

R146→A, R
221

→A, Y
230

→A, G266→A, and D
311

→A 

restored to some degree (but still not as high as that 

of wild-type primase) by using Mn2+ ions instead of 

Mg2+ in the pRNA synthesis reaction mixture. 

Further studies have shown that the catalytic core of 

the DnaG could accommodate up to three divalent 

metal ions that may vary from Mg2+ to Mn2+ and 

Fe2+. [11] The active sites of viral and eubacterial 

primases are shown in Table 1. 
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Table 1 Active sites of viral and eubacterial primases 

 

 

 

 

 

 

 

 

 

 

 

 

The highlighted amino acids are from SDM or X-ray crystallographic data. Seq., Sequence;  

ZBM, dark blue; metal-binding motif, Green. 

 

Based on the sequence similarities, SDM and X-ray 

crystallographic data, the proposed primase active 

site and the priming reactions are shown in Fig. 5. 

After binding to the DNA, primase should bind to 

two NTPs to generate the E-DNA-NTP-NTP 

quaternary complex, (the two NTPs used are purine 

nucleotides only). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 The proposed active site structure and priming reactions of eubacterial primases 

(numbering from E. coli primase) 

 

Primase   ZBM/Mg
2+

-binding site   Method   

Phage P4  -PC
35

PVCGGSDRFRFDDREGRGTWYC
57

NQCG-  -SDM- No primase activity.[10]  

Phage P4  -WIAE
214

GYATAL-                -SDM- No primase activity. [10] 

E. coli     -ACC
40

PFHNEKTPSFTVNGEKQFYHC
61

FGCG-  -By Seq. similarity with P4 phage [This work] 

E. coli   -LVVE
265

GYMDV-                 -SDM - No primase activity. [11]  

E. coli  -LVVE
265

GYMDV -   -CYD
309

GDR-        -X-ray - No primase activity. [9]  

E. coli        -CYD
309

GDR-  -SDM - No primase activity. [11]  

E. coli   -HK
241

GRQLY
246

GL-    -SDM - No primer Synthesis. [10]  

E. coli  -GR
214

VIGFGGR
221

VLGNDTPKY
230

-   -SDM- No primase activity.[11]  

E. coli         -CYDGD
311

R-   -SDM- No primase activity. [11]  

E. coli primase 1 
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Fig. 4 The proposed active site structure and reactions of eubacterial primases (numbering from E. coli) 
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Priming of Replication Initiation in     

Eukaryotes 

In eukaryotes, the DNA replication involves in an 

incredibly more sophisticated, but highly 

coordinated series of molecular events. These 

events may be divided into six major stages: 

Initiation, DNA unwinding, Primer synthesis, 

Elongation, Termination and the final finishing-up 

reactions like, primer removal, gap-filling, DNA 

repair, ligation, mismatch repair, etc. Initiation of 

replication in eukaryotes is much more complex 

than in bacteria and at least half a dozen proteins are 

involved at the initiation site. During the first step of 

initiation, a set of initiator proteins bind to the origin 

of replication. This binding triggers unwinding of 

the DNA double helix into two single-stranded 

DNA  strands by the replicative helicase. Because the 

group of proteins, the SSBs, keep the single strands 

 

stable until primer synthesis which is followed by 

the elongation process. A third family of proteins, 

the topoisomerases, reduce some of the torsional 

strain caused by the unwinding of the double helix. 

As in eubacteria, in eukaryotes also the RNA 

primase activity is essential to initiate the 

replication. The primase is a DdRp (EC 2.7.7.102)  

that synthesizes short RNA primers (RNA:DNA 

type). Unlike prokaryotes, a second primer 

DNA:DNA type is synthesized by a DNA pol 

(DdDp), which is the one that is further recognized 

and extended by the replicases, ε and δ (leading- and 

lagging-strands, respectively) to complete the 

replication process. This is in stark contrast to the 

bacterial initiation, where the RNA primer itself is 

recognized and extended by the DNA pol III to 

complete the replication process. 

 

 
Fig. 6 A schematic diagramme showing assembly of various proteins at the initiator complex of 

eukaryotic replication origin (G1 phase) 

The human primase subunits (PRIM1-48:PRIM2-58) and DNA pol subunits (A-180:B-70) make the 

heterotetramer. C, catalytic; R, Regulatory; Ori, origin of replication (an AT rich region). 

The primer usually starts with an A at its 5’-end, followed by a G with a free 3’–OH, as in prokaryotes. 

ORC, Origin of replication recognition complex with Cdc6; MCM Hel, (minichromosome maintenance 

helicase is a hexameric protein and is also known as the unwinding enzyme). (The MCM helicase catalyzes the 
separation of the DNA strands. The energy required for this process is generated by the hydrolysis of ATP). 

 

Thus, the eukaryotic primosome complexes are 

structurally different from the prokaryotic ones, 

even though they also follow a similar 

mechanism for priming DNA replication as in 

prokaryotes. For example, the primosome complex 

in eukaryotes is a heterotetramer made of two 

different enzyme activities and each having its 

own regulatory protein, e.g., the primase (a 

hetreodimer made of PRIM1 and PRIM2 

subunits) and DNA pol α (again a hetreodimer 

made of A and B subunits) as shown in Fig. 6. 

Prim2-Polα2 heterotetramer synthesizes short 

RNA primers (7-10 nts) on leading and lagging 

strands, which are further extended by the DNA 

pol α for making short DNA primers. In other 

words, the eukaryotic replication is initiated and 

completed by a multienzyme complex involving 4 

different polymerases, viz. primase, DNA pol α, 

DNA pol ε and DNA pol δ (Fig. 7). 

 

 

 

 

 

     Ori             -A(C) & B(R) 
PRIM2 (R)                                                            3’                        
PRIM1(C)                                    MCM Hel                            

ORC                                     
                  5’ 

Fig. 6 A schematic diagramme showing assembly of various proteins at the initiator complex of eukaryotic replication origin (G1 phase) 

https://enzyme.expasy.org/EC/2.7.7.102
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Fig. 7 A schematic diagramme showing eukaryotic replication process 

Blue lines, DNA strands; Red lines, RNA primers; Proliferating Cell Nuclear Antigen (PCNA) plays a key role 
in DNA replication and cell cycle regulation. It acts as a clamp to keep the polymerases on the DNA, 

enhancing the processivity. The DNA clamp loader, Replication Factor C (RFC), loads the PCNA to the DNA 

strands. [12] Both pol ε       and pol δ      function with the PCNA sliding clamp. [2]  

 

Separations of the DNA strands are initiated 

simultaneously in all chromosomes and at many 

different points along the genome at G1 phase. At the 
end of G1 phase, cell-cycle dependent kinase(s) triggers 

initiation of DNA replication at origins of replications. 

As a result, the double helices form “bubbles” at the 

separation zones. These bubbles or ‘replication units’ are 
called the replicons. In the nucleus of every human cell, 

~50,000 “replication bubbles” are formed. This 

simultaneous unwinding of DNA in many different sites 
at the same time helps in completing the replication 

process much faster than if performed progressively 

from one end to another end of the very long double 

helix of each chromosome. The site, where both strands 
are separated is called the replication fork. In each 

separation area, two forks are formed, which progress in 

opposite directions. These Okazaki fragments generated 
during the lagging-strand synthesis are joined together 

by a group of processing enzymes like FEN1 (flap 

endonuclease-1), 5’-exonuclease, RNase H2 and DNA 
ligase I to create a single continuous strand. [13] The 

FEN-1 and the 5’-exonuclease act cooperatively with 

DNA pol δ to remove all the RNA/DNA primers and 

maintain a nick that can be closed by DNA ligase I. [14]  

Figure 8 shows the MSA of the catalytic 

subunit of the RNA primases from various yeasts 

and higher fungi.  

 

The NTD and CTD are highly conserved, but only 

at a few regions. Apart from the Cys residues 

making the ZBM, there are many invariant Cs in 

the eukaryotic primase structure, which may play 

a crucial role in maintaining the 3D structure of the 

enzyme. The D111 and D113 (numbering from S. 

cerevisiae primase) of the –DID- motif are 

proposed to bind a Mg2+ to initiate the nucleophilic 

attack on the free 3'-hydroxyl end during synthesis 

of the RNA primer. The proposed template-

binding pair, catalytic amino acid and the ZBM are 

found at the NTD, whereas they are also identified 

at the CTD of primases from animal sources (Fig. 

9). The CTD is also not well conserved, except at 

the C-terminal ends. For example, the C-terminal 

ends are remarkably conserved with an invariant 

D/EF (with a few exceptions). Some of the 

common peptides in yeasts and human are 

highlighted in light yellow. Interestingly, the 

BLASTp analysis of human and candida albicans 

(a well-known fungal human pathogen) primases 

showed only 36.39% identity, suggesting again the 

highly pathogenic yeast primase could also serve 

as a good drug target.  

 

  

 

                                 5’                          3’ 
                                3’         SSBs                   5’ 
           polδ            
                                   
        Lagging-strand                                            Okazaki fragments                            
                       5’                                            polδ 
                      polε   3’             5’                                       
                          Leading-strand                     
                                PCNA                                 polε 
                             5’                       3’ 
                                3’                                                                                                               5’                                  

       Fig. 7 A schematic diagramme of eukaryotic replication 

Blue lines, DNA strands; Red lines, RNA primers; Proliferating Cell Nuclear Antigen (PCNA) plays a key 
role in DNA replication and cell cycle regulation. It acts as a clamp to keep the polymerases on the DNA, 
enhancing the processivity. The DNA clamp loader, Replication Factor C (RFC) loads the PCNA to DNA and the 
pol ε completes the leading strand synthesis [Doublié and Zahn 2014 [12].  Both pol ε       and pol δ      function 
with the PCNA sliding clamp. [Burgers, and. Kunkel, 2017 [2]. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/replicon
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CLUSTAL O (1.2.4) MSA of primases from various yeasts and higher fungi 

tr|R9X8Z6|R9X8Z6_ASHAC              NHSPKPQRDMVNRELAMAFRSGAYKRYNSFSSVQEFKQQIQKANPDRFEIGAVYNKPPRD 120 

tr|Q75ER1|Q75ER1_ASHGO              NHSPKPQRDMVNRELAMAFRSGAYKRYNSFGSVQEFKQQIQKANPDRFEIGAVYNKPPRD 120 

tr|A0A1G4MEW9|A0A1G4MEW9_LACFM      NHSPKPCRDMTHREFAMAFRSGAYKRYNSFNSVQEFKTQIQRGNPDRFEIGAIYNKPPRD 116 

tr|A0A0C7MKM8|A0A0C7MKM8_9SACH      NHSPKPGRDMMHRELAMAFRSGAYKRYNSFDSVQEFKAQIQRSNPDRFEIGAVYNKPPRQ 94 

tr|W0TJ26|W0TJ26_KLUMD              NHSPKPGRDIINREFAMAFRSGAYKRYNSFNSVQEFKAQIQKGNPDRFEIGAVYNKPPRE 118 

sp|P10363|PRI1_YEAST                NHSPKPSRDMINREFAMAFRSGAYKRYNSFNSVQDFKAQIEKANPDRFEIGAIYNKPPRE 92 

tr|G8ZZU9|G8ZZU9_TORDC              NHSPKPGRDIVNREFAMAFRSGAYKRYNSYNSVQEFKTQIEKANPDRFEIGAIYNKAPRE 99 

tr|A0A212MCQ6|A0A212MCQ6_ZYGBA      NHSPKLGRDIINREFAMSFRSGAYKRYNSYNSVQEFKNQIVKANPDRFEIGAVYNKPPQD 101 

tr|A0A1Z8JH28|A0A1Z8JH28_PICKU      NHSKVPNNDFTHREFAFEHQNGAYQRYNSFQDAAEFKKKVVKYNPTRFEIGAVYPVEPKD 96 

tr|A0A1B2JDX1|A0A1B2JDX1_PICPA      NHSPVPQTDFTMREFAFEFKSGAYQRYNSFVSAKEFKDTVVRVTPTRFEIGAVYSINPSK 163 

tr|A0A1V2L196|A0A1V2L196_CYBFA      NHSPKPQPDFTMREFAYEHRSGAYQRYNSFESLENFKQSVVRANPMRFEVGPVYAINPSK 140 

tr|A0A0H5BZM9|A0A0H5BZM9_CYBJN      NHSPKPQKDFTMREFAYEHRSGAYQRYNSFESPEDFKSSVVRVNPTRFEVGAVYAVNPSE 142 

tr|A0A510P6L1|A0A510P6L1_CANAR      NHSPKPTKDFTMREFAYEYRSGAYQRYNSYGSPEEFKKSVVTANPTRFEVGAVYAVNPKE 103 

tr|C5MJ98|C5MJ98_CANTT              SHSPKPTKDFTMREFAYEYRNKIYQRYNSFGTLEEFKKSVVTANPTRFEVGAVYKINPKE 104 

tr|C4YS43|C4YS43_CANAW              SHSPKPTKDFTMREFAYEYRSKIYQRYNSFGTLEEFKKSVVTANPTRFEIGAVYKINPKE 78 

                                    .*      *:  **:*  .:.  *:****:    :**  :   .* ***:* :*   * . 

tr|R9X8Z6|R9X8Z6_ASHAC              RDSVLKTEMKPLEKELVFDIDMDDYDDYRTCCSGAQVCDKCWKFIFLAMKVMNTSLVEDF 180 

tr|Q75ER1|Q75ER1_ASHGO              RDSVLKTEMKPLEKELVFDIDMDDYDDFRTCCSGAQVCDKCWKFIFLAMKVMNTSLIEDF 180 

tr|A0A1G4MEW9|A0A1G4MEW9_LACFM      RDSVLKTEMKPCEKEVVFDIDMDDYDAYRTCCSGANVCSKCWKFISLAMKIINIALSEDF 176 

tr|A0A0C7MKM8|A0A0C7MKM8_9SACH      MDSLLKADMKPLEKEVVFDIDMDDYDAHRTCCSGANVCSKCWKFISLAMKIINVALEEDF 154 

tr|W0TJ26|W0TJ26_KLUMD              RDSILKTEMKPIEKELVFDIDMDDYDSYRTCCSGAQVCQKCWKFITLAMKVINVSLEEDF 178 

sp|P10363|PRI1_YEAST                RDTLLKSELKALEKELVFDIDMDDYDAFRTCCSGAQVCSKCWKFISLAMKITNTALREDF 152 

tr|G8ZZU9|G8ZZU9_TORDC              RDTILKSEMKPLEKELVFDIDMDDYDTFRTCCSGAQVCERCWKFITLAMLVVNTTLTEDF 159 

tr|A0A212MCQ6|A0A212MCQ6_ZYGBA      RDSLLKSDMVPLEKELIFDIDMDDYDTFRTCCSGAQVCDKCWKFISLAMKIMETVLVDDF 161 

tr|A0A1Z8JH28|A0A1Z8JH28_PICKU      RKTVAKNMMKPLSKEMVLDIDLTDYDEIRTCCKGTSICDKCWKFITLAIKVVDVAIREDF 156 

tr|A0A1B2JDX1|A0A1B2JDX1_PICPA      RKTVSKNMMKPIEKEFVVDIDLTDYDDIRTCCSKTGICHKCWKFINVAIEIVDTALRDDF 223 

tr|A0A1V2L196|A0A1V2L196_CYBFA      RKSVPKSAMKALEKELVFDIDLTDYDEIRTCCSKTKICTKCWRFITAATKVLDAALREDF 200 

tr|A0A0H5BZM9|A0A0H5BZM9_CYBJN      RKTLPKSAMKPLEKELVFDIDLTDYDEIRTCCSKTQICTKCWKFITAATKVLDVALREDF 202 

tr|A0A510P6L1|A0A510P6L1_CANAR      RRNLLKSAMKPLSKELVFDIDLTDYDEIRTCCSGTDICKKCWKFIKIASEVLSHALKEDF 163 

tr|C5MJ98|C5MJ98_CANTT              RKNLPKTAFKPESKELVFDIDLTDYDDIRTCCQGTDICCKCWKFIQVGSKIIETALREDF 164 

tr|C4YS43|C4YS43_CANAW              RKNLPKQAFKPESKELVFDIDLTDYDDIRTCCQGTDICCKCWKFIQVGSKIIEAALREDF 138 

                                      .: *  :   .**.:.***: ***  ****. : :* :**:**  .  : .  : :** 

tr|R9X8Z6|R9X8Z6_ASHAC              GLEQFIWVFSGRRGAHCWISDPRARSLSDVQRKSVLDYMNVVRDRNS---EKRISFTRPY 237 

tr|Q75ER1|Q75ER1_ASHGO              GLEQFIWVFSGRRGAHCWISDPRARSLSDMQRKSVLDYMNVVRDRNL---EKRISFTRPY 237 

tr|A0A1G4MEW9|A0A1G4MEW9_LACFM      GYEDFIWIFSGRRGAHCWVSDKRARTLSDIQRRNVLDYMNVVRDRNV---GKRLNLKRPY 233 

tr|A0A0C7MKM8|A0A0C7MKM8_9SACH      GYTDYIWIFSGRRGAHCWVTDRRARQLNDIQRRSVLDYMNVVRDRNI---DKRQNLKRPY 211 

tr|W0TJ26|W0TJ26_KLUMD              GFEEFIWVFSGRRGAHCWISDKRARVMIDTYRKNMLDYVNVVRDRNI---EKRLNLVRPL 235 

tr|A0A7I9E8J8|A0A7I9E8J8_YEASX      GYKDFIWVFSGRRGAHCWVSDKRARALTDVQRRNVLDYVNVIRDRNT---DKRLALKRPY 209 

sp|P10363|PRI1_YEAST                GYKDFIWVFSGRRGAHCWVSDKRARALTDVQRRNVLDYVNVIRDRNT---DKRLALKRPY 209 

tr|C8ZAQ7|C8ZAQ7_YEAS8              GYKDFIWVFSGRRGAHCWVSDKRARALTDVQRRNVLDYVNVIRDRNT---DKRLALKRPY 209 

tr|A0A815ZF39|A0A815ZF39_YEASX      GYKDFIWVFSGRRGAHCWVSDKRARALTDVQRRNVLDYVNVIRDRNT---DKRLALKRPY 209 

tr|G8ZZU9|G8ZZU9_TORDC              AYEDFIWVFSGRRGAHCWVSDKRARILHDLQRRNVLDYVNVVRDRNA---DKRLSLKRPY 216 

tr|A0A212MCQ6|A0A212MCQ6_ZYGBA      GYEVFFWVFSGRRGAHCWVSDRRARTLNDLQRRNVLDYVNVVKDRSA---EKRIALKRPY 218 

tr|A0A1Z8JH28|A0A1Z8JH28_PICKU      GIENRIWVFSGRRGVHCWMSDSKIRFLKENGRRAFIEYLDILNVKGKSK-KGIFGLKKPY 215 

tr|A0A1B2JDX1|A0A1B2JDX1_PICPA      GFEHMIWVFSGRRGAHCWVSDQRARSMNDTLRKAVIDYLDVLNLKGGHK-NRNLTFRRPL 282 

tr|A0A1V2L196|A0A1V2L196_CYBFA      GFEHMIWVFSGRRGAHCWISDKRARMLDEPKRRAIVEYLDVLKTKG----SKRLNLRRPL 256 

tr|A0A0H5BZM9|A0A0H5BZM9_CYBJN      GFEHMIWVFSGRRGAHCWVSDKRARSLDESKRRAIVEYLDILKNKG----TKRLNLRRPL 258 

tr|A0A0L0NST6|A0A0L0NST6_CANAR      GFDHFIWVFSGRRGAHCWVSDARARSLDEATRKSIVEYLDVLGGRSHKMGRTSLSIKKPF 223 

tr|A0A510P6L1|A0A510P6L1_CANAR      GFDHFIWVFSGRRGAHCWVSDARARSLDEATRKSIVEYLDVLGGRSHKMGKTSLSIKKPF 223 

tr|C5MJ98|C5MJ98_CANTT              GFEHMVWVFSGRRGAHCWISDKRARELDESSRRAIVEYLDVLGAKTQ---QGTLNLRKPL 221 

tr|C4YS43|C4YS43_CANAW              GFEHLVWVFSGRRGAHCWVSDKRARELDETSRKAIIDYLDVLSSKNQ---NGSLNIKKPF 195 

                                    .    .*:******.***::* : * : :  *: .::*::::  :          : :*  

 

tr|R9X8Z6|R9X8Z6_ASHAC              VTKQTIHLLKAPFCIHPATGNVCVPITE-------------DFSPTS-VPKLIQLQHEME 390 

tr|Q75ER1|Q75ER1_ASHGO              VTKQTIHLLKAPFCIHPATGNVCVPITE-------------DFSPTG-VPKLIQLQHEME 390 

tr|A0A1G4MEW9|A0A1G4MEW9_LACFM      VTKQTIHLLKAPFCIHPATGNVCVPITE-------------GFTPSD-APRLIELQQQME 388 

tr|A0A0C7MKM8|A0A0C7MKM8_9SACH      VTKQTIHLLKAPFCIHPATGSVCVPITE-------------AFTPSD-APKLIKLQNELE 367 

tr|W0TJ26|W0TJ26_KLUMD              VTKQTIHLLKAPFCIHPATGNVCVPITE-------------AFSPEM-APKLITLQNEME 391 

tr|A0A7I9E8J8|A0A7I9E8J8_YEASX      VTKQTIHLLKAPFCIHPATGNVCVPIDE-------------SFAPEK-APKLIDLQTEME 362 

sp|P10363|PRI1_YEAST                VTKQTIHLLKAPFCIHPATGNVCVPIDE-------------SFAPEK-APKLIDLQTEME 362 

tr|C8ZAQ7|C8ZAQ7_YEAS8              VTKQTIHLLKAPFCIHPATGNVCVPIDE-------------SFAPEK-APKLIDLQTEME 362 

tr|A0A815ZF39|A0A815ZF39_YEASX      VTKQTIHLLKAPFCIHPATGNVCVPIDE-------------SFAPEK-APKLIDLQTEME 362 

tr|G8ZZU9|G8ZZU9_TORDC              VTKQTIHLLKSPFCIHPSTGNVCVPIDM-------------KFNPDQ-APKLITLQHEME 369 

tr|A0A212MCQ6|A0A212MCQ6_ZYGBA      VTKQTIHLLKAPFCVHPATGNVCVPIDE-------------KFTPAE-APKLLDLQNEME 371 

tr|A0A1Z8JH28|A0A1Z8JH28_PICKU      VSRQMNHLLKSPFCVHPGTGNVCVVFDPNE----------REFNPFTDAPNLQQIFS--- 361 

tr|A0A1B2JDX1|A0A1B2JDX1_PICPA      VSKLMGHLLKSPFCIHPKTGNVCVPFDPRV----------KEFWPDE-SPNLRSLQSELE 428 

tr|A0A1V2L196|A0A1V2L196_CYBFA      VTRQMIHLLKSPFCIHPGTGNICVPFDAS-----------WDFNPME-APNLHQIQKELI 406 

tr|A0A0H5BZM9|A0A0H5BZM9_CYBJN      VSRQMIHLLKSPFCIHPGTGNVCVPFDAN-----------KEFNPMT-SPNLRQIQGELL 408 

tr|A0A0L0NST6|A0A0L0NST6_CANAR      VSKQLIHLLKSPFCIHPGTGNVCVPFDPTKNLSGNIDDDEYGFNPMN-APNLSQLQDEID 394 

tr|A0A510P6L1|A0A510P6L1_CANAR      VSKQLIHLLKSPFCIHPGTGNVCVPFDPTKNLSGNSDDEEYGFNPMN-APNLSQLQDEID 394 

tr|C5MJ98|C5MJ98_CANTT              VSKQVIHLLKSPFCIHPGTGNVCVPFDPSSNISGNPADDDYGFNPMT-APNLRLLQTELE 394 

tr|C4YS43|C4YS43_CANAW              VSRQVIHLLKSPFCIHPGTGNVCVPFDPLKNISGNPADDDYGFNPKS-APNLRQIQNELE 365 

                                    *::   ****:***:** **.:** :                * *    *.*  :     
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Figure 9 shows the MSA of the catalytic subunit of 

the primases from animal sources. The N-terminal 

and C-terminal regions are highly conserved (with a 

few exceptions in some regions) unlike in yeasts and 

higher fungi. The primase catalytic subunit from 

various animal sources consists of a highly conserved 

template-binding pair (-YG-), the basic catalytic 

amino acid (R), a metal-binding catalytic triads (-

DxD-) (highlighted in yellow and green, 

respectively), and the invariant –Cs, Ds and H of the 

ZBM (highlighted in orange). The 6 conserved Cs, a 

H and a D in that region could possibly make 2 

ZBMs. Apart from the C residues that form the 

ZBMs, there are many invariant Cs in the eukaryotic 

primase structure, which may involve in disulphide 

bridges and contributing to the unique 3D structure of 

the protein. The D109, D111 (numbering from human 

primase) of the –DxD- triad could bind a catalytic 

Mg2+ ion. As in prokaryotes, the eukaryotic primases 

also initiate the primer only with purines, viz. an ATP 

or a GTP. [15] Therefore, the primase must have two 

NTP binding sites and are referred to as the initiation 

and elongation sites and the binding of one may help 

the binding of the other, initiating the nucleophilic 

attack on the 3'-hydroxyl end. Interestingly, both the 

animal and yeast primases’ ends mostly in the diad 

D/EF (Figs. 8, 9). The SDM experiments on the 

mouse and human primases are highlighted in dark 

blue.  

 

 

 

 

 

 

 

 

 

 
 
 

 
 

 

 
 

//C-terminal end of primases from yeasts and higher fungi 
tr|R9X8Z6|R9X8Z6_ASHAC              NHPEGE-----DIPEF 436 

tr|Q75ER1|Q75ER1_ASHGO              NHPEGE-----DIPEF 436 

tr|A0A1G4MEW9|A0A1G4MEW9_LACFM      EREDET---EI---DF 433 

tr|A0A0C7MKM8|A0A0C7MKM8_9SACH      EREEEA---VN---DF 412 

tr|W0TJ26|W0TJ26_KLUMD              EREEDS---KQ-SIDF 438 

sp|P10363|PRI1_YEAST                EREDDD---EPASLDF 409 

tr|G8ZZU9|G8ZZU9_TORDC              ERAEDG---ET-SLEF 416 

tr|A0A212MCQ6|A0A212MCQ6_ZYGBA      SREETD---AQ-SYEF 418 

tr|A0A1Z8JH28|A0A1Z8JH28_PICKU      NDE----------LDF 402 

tr|A0A1B2JDX1|A0A1B2JDX1_PICPA      NRDQSVDQDDKSLLEF 488 

tr|A0A1V2L196|A0A1V2L196_CYBFA      RDDNE------EDLEF 462 

tr|A0A0H5BZM9|A0A0H5BZM9_CYBJN      RDEQE------PDLEF 463 

tr|A0A510P6L1|A0A510P6L1_CANAR      REREP------DPLDF 463 

tr|C5MJ98|C5MJ98_CANTT              RAREE------DPLSF 455 

tr|C4YS43|C4YS43_CANAW              RSREE------DPLSF 424 

                                                     

Fig. 8 MSA of primases from different yeasts and higher fungi 

3803 

R9X8Z6_ASHAC, Ashbya aceri   Q75ER1_ASHGO, Ashbya gossypii 

A0A1G4MEW9_LACFM, Lachancea fermentati A0A0C7MKM8_9SACH, Lachancea lanzarotensis 

W0TJ26_KLUMD, Kluyveromyces marxianus P10363|PRI1_YEAST, Saccharomyces cerevisiae 

G8ZZU9_TORDC, Torulaspora delbrueckii  A0A212MCQ6_ZYGBA, Zygosaccharomyces bailii 

A0A1Z8JH28_PICKU, Pichia kudriavzevii  A0A1B2JDX1_PICPA, Komagataella pastoris 

A0A1V2L196_CYBFA, Cyberlindnera fabianii A0A0H5BZM9_CYBJN, Cyberlindnera jadinii 

A0A510P6L1_CANAR, Candida auris  C5MJ98_CANTT, Candida tropicalis 

C4YS43_CANAW, Candida albicans 
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CLUSTAL O (1.2.4) MSA of eukaryotic primases from animal sources  

tr|S4RXE6|S4RXE6_PETMA              -----MIAEAYDSSELPDLLAVYYRRLFPYGPYYRWLNYGGVEKNYFVNREFSFTLKDDI 55 

tr|A0A670KIZ7|A0A670KIZ7_PODMU      -------MADFEPGSLPDLLPLYYRRVFPFGLYGRWLRYGDVSKNYFQRREFSFTLRDDI 53 

tr|A0A670ZCJ0|A0A670ZCJ0_PSETE      -------MASFDPGSLPDLLRLYYRRLFPFGLYGRWLRYGDVSKNYFQRREFSFTLRDDI 53 

tr|A0A3B3XDX7|A0A3B3XDX7_9TELE      -----MPSSDYDPACLPDLLPLYYRRLFPFAQYYRWLNYGGVQKNYFQNREFSFTLKDDI 55 

tr|A0A4W4EQ59|A0A4W4EQ59_ELEEL      -----MPTSDYDPACLPDLLPLYYRRLFPFSQYYRWLTYGGVSKSYFQNREFSFTLKDDI 55 

tr|A0A6P6J5A1|A0A6P6J5A1_CARAU      -----MSNSDYDPACLPDLLPIYYRRLFPFSQYYRWLSYGGVSKNYFQNREFSFTLKDDI 55 

tr|F1QKT6|F1QKT6_DANRE              -----MPTSDYDSACLPDLLPLYYRRLFPFSQYFRWLSYGGVSKNYFQNREFSFTLKDDI 55 

tr|A0A674ERW0|A0A674ERW0_SALTR      -----MAAADYHQASLPDLLPLYYRRLFPFSQYHRWLNYGGVTKNYFQNREFSFTLKDDI 55 

tr|A0A665TRG3|A0A665TRG3_ECHNA      ----MPTSSEYDPDSLPDLLPLYYRRLFPFSQYYRWLYYGGVQKNYFQNREFSFTLKDDI 56 

tr|A0A3Q2YDY7|A0A3Q2YDY7_HIPCM      MPSASSSSSDYDPASLPDLLPLYYRRLFPFSQYYRWLSYGGVQKNYFQNREFSFTLKDDI 60 

tr|A0A3P9DJD8|A0A3P9DJD8_9CICH      -----MPSSDYDPASLPDLLPLYYRRLFPFSQYYRWLSYGGVQKNYFQNREFSFTLKDDI 55 

tr|I3KK59|I3KK59_ORENI              -----MPSSDYDPASLPDLLPLYYRRLFPFSQYYRWLSYGGVQKNYFQNREFSFTLKDDI 55 

tr|A0A6P8TRY8|A0A6P8TRY8_GYMAC      -----MPASDYDSACLPDILPLYYRRLFPFSQYYRWLNYGGVQKNYFQNREFSFTLKDDI 55 

tr|A0A6J2Q218|A0A6J2Q218_COTGO      -----MPSSDYDSACLPDILPLYYRRLFPFSQYYRWLNYGGVQKNYFQNREFSFTLKDDI 55 

tr|A0A7N8YL88|A0A7N8YL88_9TELE      -----MPSSDYDLASLPDLLPLYYRRLFPFSQYYRWLNYGGVQKNYFQNREFSFTLKDDI 55 

tr|A0A674MIZ2|A0A674MIZ2_TAKRU      -----MPSNVFDSANLPDLLPLYYRRLFPFSLYYRWLTYGGLQKNYFQNREFSFTLKDDI 55 

tr|Q6NVT9|Q6NVT9_XENTR              -----MDLSVYDPASLPDLLPLYYRRLFPFYQYFRWLNYGGVVKNYFHHREFSFTLKDDA 55 

tr|A0A3Q0D7A7|A0A3Q0D7A7_MESAU      -------MEAFDPAELPELLKLYYRRLFPYAPYYRWLNYGGVTKNYFQHREFSFTLKDDI 53 

tr|J3QN19|J3QN19_MOUSE              -------MEPFDPAELPELLKLYYRRLFPYAQYYRWLNYGGVTKNYFQHREFSFTLKDDI 53 

tr|O89045|O89045_RAT                -----YFMELFDPAELPELLKLYYRRLFPYAQYYRWLNYGGVTKNYFQHREFSFTLKDDI 55 

tr|A0A671ERV8|A0A671ERV8_RHIFE      -------MEAFDPAELPELLKLYYRRLFPYSQYYRWLNYGGVIKNYFQHREFSFTLKDDI 53 

tr|A0A6P3RH99|A0A6P3RH99_PTEVA      -------MEAFDPAELPELLKLYYRRLFPYAQYYRWLNYGGVIKNYFQHREFSFTLKDDI 53 

tr|A0A1S3FGZ5|A0A1S3FGZ5_DIPOR      -------MESFDPAELPELLKLYYRRLFPYAQYYRWLNYGGVVKNYFQHREFSFTLKDDI 53 

tr|G1SJS0|G1SJS0_RABIT              -------MESFDPAELPELLKLYYRRLFPYAQYYRWLNYGGVVKNYFQHREFSFTLKDDI 53 

tr|F6Y809|F6Y809_CALJA              -------METFDPTELPELLKLYYRRLFPYSQYYRWLNYGGVIKNYFQHREFSFTLKDDI 53 

tr|F6SCS2|F6SCS2_MACMU              -------METFDPTELPELLKLYYRRLFPYSQYYRWLNYGGVIKNYFQHREFSFTLKDDI 53 

tr|A0A2K6M7L7|A0A2K6M7L7_RHIBE      -------METFDPTELPELLKLYYRRLFPYSQYYRWLNYGGVIKNYFQHREFSFTLKDDI 53 

tr|G3RCL3|G3RCL3_GORGO              -------METFDPTELPELLKLYYRRLFPYSQYYRWLNYGGVIKNYFQHREFSFTLKDDI 53 

sp|P49642|PRI1_HUMAN                -------METFDPTELPELLKLYYRRLFPYSQYYRWLNYGGVIKNYFQHREFSFTLKDDI 53  

tr|H2R0Q8|H2R0Q8_PANTR              -------METFDPTELPELLKLYYRRLFPYSQYYRWLNYGGVIKNYFQHREFSFTLKDDI 53 

tr|A0A6D2VYJ6|A0A6D2VYJ6_PANTR      -------METFDPTELPELLKLYYRRLFPYSQYYRWLNYGGVIKNYFQHREFSFTLKDDI 53 

                                              :.   **::* :****:**:  * *** **.: *.** .*******:**  

 

tr|S4RXE6|S4RXE6_PETMA              YVRYQSFQNQADMEKEIQKCVPYKIDIGAVFSHKPNQHNSVKMGSFQALEKELVFDIDMT 115 

tr|A0A670KIZ7|A0A670KIZ7_PODMU      YVRYQSFNTPLELEKEIQKMCPYKIDIGAVYSHKPIQHNMVHLGAFQAQEKELVFDIDMT 113 

tr|A0A670ZCJ0|A0A670ZCJ0_PSETE      YVRYQSFNTPQELEKEIQKLCPYKIDIGAVYSCKPIQHNTVHMGAFQAQEKELVFDIDLT 113 

tr|A0A3B3XDX7|A0A3B3XDX7_9TELE      YVRYQSFSSQSELEKEMQKMNPYKIDIGAVYSHRPNQHNTVKSGSFQALEKELVFDIDMT 115 

tr|A0A4W4EQ59|A0A4W4EQ59_ELEEL      YVRYQSFSTQNELEKEIQKMNPYKIDIGAVYSHRPSQHNTVKSGAFQALEKELVFDIDMT 115 

tr|A0A6P6J5A1|A0A6P6J5A1_CARAU      YVRYQSFTTQNELEKEMQKMVPYKIDIGAVYSHRPSQHNAVKSGTFQALEKELVFDIDMT 115 

tr|F1QKT6|F1QKT6_DANRE              YVRYQSFSSQNELEKEMQKMVPYKIDIGAVYSHRPSQHNTVKSGTFQALEKELVFDIDMT 115 

tr|A0A674ERW0|A0A674ERW0_SALTR      YVRYQSFSTQNELEKEMQKMNPYKIDIGAVYSHRPNQHNTVKSGSFQALEKELVFDIDMT 115 

tr|A0A665TRG3|A0A665TRG3_ECHNA      YVRYQSFSSQAELEKEIQKMNPYKIDIGAVYSHKPNQHNTVKSGTFHALEKELVFDIDMT 116 

tr|A0A3Q2YDY7|A0A3Q2YDY7_HIPCM      YVRYQSFTSQNELEKEIQKTNPYKIDIGAVYSHRPNQHNTVKSGTFQALEKELVFDIDMT 120 

tr|A0A3P9DJD8|A0A3P9DJD8_9CICH      YVRYQSFSMQNELEKEMQKMNPYKIDVGAVYSHRPSQHNTVKSGTFQALEKELVFDIDMT 115 

tr|I3KK59|I3KK59_ORENI              YVRYQSFSTQNELEKEMQKMNPYKIDVGAVYSHRPSQHNTVKSGTFQALEKELVFDIDMT 115 

tr|A0A6P8TRY8|A0A6P8TRY8_GYMAC      YVRYQSFTTQNELEKEMQKINPYKIDIGAIYSHRPNQHNTVKSGTFQALEKELVFDIDMT 115 

tr|A0A6J2Q218|A0A6J2Q218_COTGO      YVRYQSFSTQTELEKEMQKMNPYKIDIGAIYSHRPNQHNTVKSGTFQALEKELVFDIDMT 115 

tr|A0A7N8YL88|A0A7N8YL88_9TELE      YVRYQSFTTQTELEKEMHKMNPYKIDIGAVYSHRPNQHNTVKSGTFQALEKELVFDIDMT 115 

tr|A0A674MIZ2|A0A674MIZ2_TAKRU      YVRYQSFSTQTELEKEMQKINPYKIDIGAVYSHRPIQHNTVKSGTFQALEKELVFDIDMT 115 

tr|Q6NVT9|Q6NVT9_XENTR              YVRYQSFNNQSELEKEMQKMCPYKIDIGAVYSHKPSLHNTVKSGTFQAQEKELVFDIDMT 115 

tr|A0A3Q0D7A7|A0A3Q0D7A7_MESAU      YIRYQSFSNQSELEKEMQKMNPYKIDIGAVYSHRPSQHSTVKLGAFQAQEKELVFDIDMT 113 

tr|J3QN19|J3QN19_MOUSE              YIRYQSFNNQSELEKEMQKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVFDIDMT 113SDM 

tr|O89045|O89045_RAT                YIRYQSFNNQSDLEKEMQKMNPYKIDIGAVYSHRPSQHNTVKLGAFQAQEKELVFDIDMT 115 

tr|A0A671ERV8|A0A671ERV8_RHIFE      YIRYQSFNNQNDLEKEMQKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVFDIDMT 113 

tr|A0A6P3RH99|A0A6P3RH99_PTEVA      YIRYQSFNNQSDLEKEMQKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVFDIDMT 113 

tr|A0A1S3FGZ5|A0A1S3FGZ5_DIPOR      YVRYQSFNNQNELEKEMQKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVFDIDMT 113 

tr|G1SJS0|G1SJS0_RABIT              YIRYQSFNNQNDLEKEMQKMNPYKIDIGAVYSHRPSQHSTVKLGAFQAQEKELVFDIDMT 113 

tr|F6Y809|F6Y809_CALJA              YVRYQSFNNQSDLEKEMQKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVFDIDMT 113 

tr|F6SCS2|F6SCS2_MACMU              YIRYQSFNNQSDLEKEMQKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVFDIDMT 113 

tr|A0A2K6M7L7|A0A2K6M7L7_RHIBE      YIRYQSFNNQSDLEKEMQKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVFDIDMT 113 

tr|G3RCL3|G3RCL3_GORGO              YIRYQSFNNQSDLEKEMQKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVFDIDMT 113 

sp|P49642|PRI1_HUMAN                YIRYQSFNNQSDLEKEMQKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVFDIDMT 113SDM 

tr|H2R0Q8|H2R0Q8_PANTR              YIRYQSFNNQSDLEKEMQKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVFDIDMT 113 

tr|A0A6D2VYJ6|A0A6D2VYJ6_PANTR      YIRYQSFNNQSDLEKEMQKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVFDIDMT 113 

                                    *:*****    ::***::*  *****:**::* :*  *. *: *:*:* *********:* 
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tr|S4RXE6|S4RXE6_PETMA              DYDDVRSCCSSADICPNCWPLMTIAIKVIDRALSEDFGFDHRLWVYSGRRGVHCWVCDIA 175  

tr|A0A670KIZ7|A0A670KIZ7_PODMU      DYDDVRRCCSSAEICPKCWTLMTIAIRIIDRALVEDFGIKHRLWVYSGRRGVHCWVCDES 173  

tr|A0A670ZCJ0|A0A670ZCJ0_PSETE      DYDDVRQCCSSAEICSKCWTLMTIAIHIIDRALVEDFGIQHRLWVYSGRRGVHCWVCDEA 173 

tr|A0A3B3XDX7|A0A3B3XDX7_9TELE      DYDDVRSCCSAADICSKCWTLMTIAIRILDRSLRQDFGFHHLLWVYSGRRGVHCWVCDEA 175 

tr|A0A4W4EQ59|A0A4W4EQ59_ELEEL      DYDDVRSCCSAADICSKCWTLMTIAIRILDRALREDFGFQHLLWVYSGRRGVHCWVCDEA 175 

tr|A0A6P6J5A1|A0A6P6J5A1_CARAU      DYDDVRRCCSAADICSKCWTLMTIAIRILDRALREDFGFHHLLWVYSGRRGVHCWVCDDA 175 

tr|F1QKT6|F1QKT6_DANRE              DYDDVRRCCSAADICSKCWTLMTIAIRILDRALREDFGFHHLLWVYSGRRGVHCWVCDDA 175 

tr|A0A674ERW0|A0A674ERW0_SALTR      DYDDVRSCCSGADICPKCWTLMTIAIRILDRALRDDFGFRHCLWVYSGRRGVHCWVCDEA 175 

tr|A0A665TRG3|A0A665TRG3_ECHNA      DYDDVRTCCSAADICSKCWTLMTIAIRILDRALRDDFGFQHLLWVYSGRRGVHCWVCDEA 176 

tr|A0A3Q2YDY7|A0A3Q2YDY7_HIPCM      DYDDVRSCCSAADICSKCWTLMTIAIQILDRALRDDFGFQYLLWVYSGRRGFHCWVCDEA 180 

tr|A0A3P9DJD8|A0A3P9DJD8_9CICH      DYDDVRSCCSAADICSKCWTLMTIAIRILDRALQDDFGFQHRLWVYSGRRGVHCWVCDEA 175 

tr|I3KK59|I3KK59_ORENI              DYDDVRSCCSAADICSKCWTLMTIAIHILDRALRDDFGFQHRLWVYSGRRGVHCWVCDEA 175 

tr|A0A6P8TRY8|A0A6P8TRY8_GYMAC      DYDDVRSCCSAAEICPKCWTLMTIAIRVLDRALRDDFGFQHLLWVYSGRRGVHCWVCDEA 175 

tr|A0A6J2Q218|A0A6J2Q218_COTGO      DYDDVRSCCSAADICCKCWTLMTIAIHILDRALREDFGFQHLLWVYSGRRGVHCWVCDEA 175 

tr|A0A7N8YL88|A0A7N8YL88_9TELE      DYDDVRSCCSAADICSKCWTLMTIAIRILDRALRDDFGFQHLLWVYSGRRGVHCWVCDEA 175 

tr|A0A674MIZ2|A0A674MIZ2_TAKRU      DYDDVRSCCSAADICCKCWTLMTIAIRILDRALREDFGFQHLLWVYSGRRGVHCWVCDEA 175 

tr|Q6NVT9|Q6NVT9_XENTR              DYDDVRRCCSSADICPKCWTLMTIAVRILDRALAEDFGFQHRLWVYSGRRGVHCWVCDDS 175 

tr|A0A3Q0D7A7|A0A3Q0D7A7_MESAU      DYDDVRRCCSSADICSKCWTLMTMAIRIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDES 173 

tr|J3QN19|J3QN19_MOUSE              DYDDVRRCCSSADICSKCWTLMTMAMRIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDES 173SDM 

tr|O89045|O89045_RAT                DYDDVRRCCSSADICSKCWTLMTMAMRIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDES 175 

tr|A0A671ERV8|A0A671ERV8_RHIFE      DYDDVRRCCSSADICSKCWTLMTMAIHIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDAS 173 

tr|A0A6P3RH99|A0A6P3RH99_PTEVA      DYDDVRRCCSSADICSKCWTLMTMAIRIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDES 173 

tr|A0A1S3FGZ5|A0A1S3FGZ5_DIPOR      DYDDVRRCCSSADICSKCWTLMTMAIRIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDES 173 

tr|G1SJS0|G1SJS0_RABIT              DYDDVRRCCSSADICSKCWTLMTMAILIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDES 173 

tr|F6Y809|F6Y809_CALJA              DYDDVRRCCSSADICPKCWTLMTMAIRIIDRALEEDFGFKHRLWVYSGRRGVHCWVCDES 173 

tr|F6SCS2|F6SCS2_MACMU              DYDDVRRCCSSADICPKCWTLMTMAIRIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDES 173 

tr|A0A2K6M7L7|A0A2K6M7L7_RHIBE      DYDDVRRCCSSADICPKCWTLMTMAIRIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDES 173 

tr|G3RCL3|G3RCL3_GORGO              DYDDVRRCCSSADICPKCWTLMTMAIRIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDES 173 

sp|P49642|PRI1_HUMAN                DYDDVRRCCSSADICPKCWTLMTMAIRIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDES 173SDM 
tr|H2R0Q8|H2R0Q8_PANTR              DYDDVRRCCSSADICPKCWTLMTMAIRIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDES 173 

tr|A0A6D2VYJ6|A0A6D2VYJ6_PANTR      DYDDVRRCCSSADICPKCWTLMTMAIRIIDRALKEDFGFKHRLWVYSGRRGVHCWVCDES 173 

                                    ****** ***.*:** :** ***:*: ::**:* :***: : *********.****** : 

 

tr|S4RXE6|S4RXE6_PETMA              ---NITARHYVSEVMLQFCYPRLDVNVSKGINHLLKSPFSIHPKTGRVCVPIDVARVDEF 342 

tr|A0A670KIZ7|A0A670KIZ7_PODMU      KKHDSKMAHTESEIMLQYCFPRLDMNVSKGINHLLKSPFSVHPKTGRISVPIDLKKLDEF 330 

tr|A0A670ZCJ0|A0A670ZCJ0_PSETE      AVFRLNCKEAEREIMLQYCFPRLDMNVSKGINHLLKSPFSVHPKTGRISVPIDLKKLDDF 328 

tr|A0A3B3XDX7|A0A3B3XDX7_9TELE      -TTAKKWQYFEKEIMLQYCYPRLDVNVSKGVNHLLKSPFSVHPKTGRISVPIDLKDVEKF 333 

tr|A0A4W4EQ59|A0A4W4EQ59_ELEEL      -MSSKKGGYFEKEIMLQYCYPRLDVNVSKGVNHLLKSPFSIHPKTGRVSVPIDVRNVDKF 342 

tr|A0A6P6J5A1|A0A6P6J5A1_CARAU      -NSKKGGQYFDKEIMLQYCYPRLDVNVSKGVNHLLKSPFSVHPKTGRISVPIDLKELNTF 342 

tr|F1QKT6|F1QKT6_DANRE              -SSKKGGQYYDKEIMLQYCYPRLDVNVSKGVNHLLKSPFSVHPKTGRISVPIDLKELDTF 342 

tr|A0A674ERW0|A0A674ERW0_SALTR      -MTAKKGHYFEMEIMLQYCYPRLDVNVSKGVNHLLKSPFSVHPKTGRISVPIDLRELDRF 343 

tr|A0A665TRG3|A0A665TRG3_ECHNA      -GDDKKQQYFQEEIMLQYCYPRLDVNVSKGVNHLLKSPFSVHPKTGRISVPIDLKELDKF 341 

tr|A0A3Q2YDY7|A0A3Q2YDY7_HIPCM      -ATAKKGQHFEKEIMLQYCYPRLDVNVSKGVNHLLKSPFSVHPKTGRISVPMDLTELDTF 346 

tr|A0A3P9DJD8|A0A3P9DJD8_9CICH      -STAKKGQYFENEIMLQYCYPRLDANVSKGVNHLLKSPFSVHPKTGRISVPIDVSELDKF 341 

tr|I3KK59|I3KK59_ORENI              -STAKKGQYFEKEIMLQYCYPRLDANVSKGVNHLLKSPFSVHPKTGRISVPIDVSELDKF 341 

tr|A0A6P8TRY8|A0A6P8TRY8_GYMAC      -GTSKKGQHFEKEIMLQYCYPRLDVNVSKGVNHLLKSPFSVHPKTGRISVPIDLKELETF 341 

tr|A0A6J2Q218|A0A6J2Q218_COTGO      -GTSKKGQYFEEEIMLQYCYPRLDVNVSKGVNHLLKSPFSVHPKTGRISVPMDLKELETF 348 

tr|A0A7N8YL88|A0A7N8YL88_9TELE      -ATGKKGQHFEKEIMLQYCYPRLDVNVSKGVNHLLKSPFSVHPKTGRISVPMDINRLETF 328 

tr|A0A674MIZ2|A0A674MIZ2_TAKRU      -GAAKKGQHFEKEIMLQYCYPRLDVNVSKGVNHLLKSPFSVHPKTGRISVPIDLEELDSF 342 

tr|Q6NVT9|Q6NVT9_XENTR              ---LRRHSNIPKEIMLQFCYPRLDVNVSKGLNHLLKSPFSVHPKTGRISVPIDTKKLDQF 341 

tr|A0A3Q0D7A7|A0A3Q0D7A7_MESAU      MKNDKCGPWLEWEIMVQYCFPRLDINVSKGINHLLKSPFSVHPKTGRISVPIDFQKVDQF 341 

tr|J3QN19|J3QN19_MOUSE              MKNDKCGPWLEWEVMLQYCFPRLDVNVSKGVNHLLKSPFSVHPKTGRISVPIDFHKVDQF 342 

tr|O89045|O89045_RAT                TKNDKCGPWLEWEIMLQYCFPRLDINVSKGVNHLLKSPFSVHPKTGRISVPIDFQKVDQF 343 

tr|A0A671ERV8|A0A671ERV8_RHIFE      IKNNKCGPWLDCEIMLQYCFPRLDINVSKGINHLLKSPFSVHPKTGRISVPIDLQKVDQF 341 

tr|A0A6P3RH99|A0A6P3RH99_PTEVA      IKSDKYGPWLEWEIMLQYCFPRLDINVSKGINHLLKSPFSVHPKTGRISVPIDLQKVDQF 341 

tr|A0A1S3FGZ5|A0A1S3FGZ5_DIPOR      ---SNCGLWLEWEIMLQYCFPRLDINVSKGINHLLKSPFSVHPKTGRISVPIDLQNVDQF 333 

tr|G1SJS0|G1SJS0_RABIT              TKNDKCAPWLEWEIMLQYCFPRLDINVSKGINHLLKSPFSVHPKTGRISVPINLQKVDQF 342 

tr|F6Y809|F6Y809_CALJA              IKNDKCGPWLEWEIMLQYCFPRLDINVSKGINHLLKSPFSVHPKTGRISVPIDLHTLDQF 342 

tr|F6SCS2|F6SCS2_MACMU              IKNDKYGPWLEWEIMLQYCFPRLDINVSKGINHLLKSPFSVHPKTGRISVPIDLQKVDQF 338 

tr|A0A2K6M7L7|A0A2K6M7L7_RHIBE      IKNDKYGPWLEWEIMLQYCFPRLDINVSKGINHLLKSPFSVHPKTGRISVPIDLQKVDQF 342 

tr|G3RCL3|G3RCL3_GORGO              IKNDKYGPWLEWEIMLQYCFPRLDINVSKGINHLLKSPFSVHPKTGRISVPIDLQKVDQF 342 

sp|P49642|PRI1_HUMAN             283IKNDKYGPWLEWEIMLQYCFPRLDINVSKGINHLLKSPFSVHPKTGRISVPIDLQKVDQF 342 SDM 

tr|H2R0Q8|H2R0Q8_PANTR              IKNDKYGPWLEWEIMLQYCFPRLDINVSKGINHLLKSPFSVHPKTGRISVPIDLQKVDQF 342 

tr|A0A6D2VYJ6|A0A6D2VYJ6_PANTR      IKNDKYGPWLEWEIMLQYCFPRLDINVSKGINHLLKSPFSVHPKTGRISVPIDLQKVDQF 342 

                                                *:*:*:*:**** *****:*********:******:.**::   :: * 
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Fig. 9 MSA analysis of primases from animal sources  

 

  

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

The proposed active site amino acids in bacterial 

and eukaryotic primases are shown in Table 2. 

The prokaryotic primases differ in having a 

pentapeptide repeat (shown by arrows) and a 

metal-binding site between the repeats and the 

proposed catalytic pairs. The yeast primases 

differ in the template-binding pair. 

Table 2. Proposed active and MBSs of the primases from prokaryotic and eukaryotic organisms 
 

 

 

 

 

 

//C-terminal end of primases from animal sources 
tr|S4RXE6|S4RXE6_PETMA              RVFERFVDKLEASWKGELLKKSDLKK-------EF------------------------ 430 

tr|A0A670KIZ7|A0A670KIZ7_PODMU      KVFEQFLEEMEKSHKKERLKNTLALQKI-------CTAALLHPSL-------------- 418 

tr|A0A670ZCJ0|A0A670ZCJ0_PSETE      KVFEQFLEEMEKSYKGQRLKNSGKGLLPKDANSNFPSPNCFSDIS----VMVTWAVT-- 429 

tr|A0A3B3XDX7|A0A3B3XDX7_9TELE      KYFDQFLAGMADSWKGKLRRQSGEFNT-GDIFTNFMLDLFLC-----------FLIFFL 437 

tr|A0A4W4EQ59|A0A4W4EQ59_ELEEL      KLFDQFLDAMAHTRKGEILKKSDLQK-------EF------------------------ 422 

tr|A0A6P6J5A1|A0A6P6J5A1_CARAU      KVFDRFLEAMARSRKGDMLKKSDLQK-------DF------------------------ 425 

tr|F1QKT6|F1QKT6_DANRE              KVLDRFLDSMARSRKGEMLKKSDLQK-------DF------------------------ 425 

tr|A0A674ERW0|A0A674ERW0_SALTR      KLFDQFLEGMAHSRKGELLKNSDLQK-------DF------------------------ 425 

tr|A0A665TRG3|A0A665TRG3_ECHNA      KYFDQFLDGIACTWKGELLKKSDLQK-------QF------------------------ 424 

tr|A0A3Q2YDY7|A0A3Q2YDY7_HIPCM      KYFDAFLDGVSQSWKGELLRKSDLQK-------EF------------------------ 429 

tr|A0A3P9DJD8|A0A3P9DJD8_9CICH      KYFDQFLDGMARSWKGERLRNSDLQK-------EF------------------------ 426 

tr|I3KK59|I3KK59_ORENI              KYFDQFLDGMARSWKAERLRKSDLQK-------EF------------------------ 426 

tr|A0A6P8TRY8|A0A6P8TRY8_GYMAC      KCFDQFLDVMSRSWKGELLKKSDLQK-------DF------------------------ 426 

tr|A0A6J2Q218|A0A6J2Q218_COTGO      KYFDQFLDGMARSWKGELLKKSDLQK-------DF------------------------ 433 

tr|A0A7N8YL88|A0A7N8YL88_9TELE      KYFDQFLDGMASSWKGELLRKSDLQK-------EF------------------------ 406 

tr|A0A674MIZ2|A0A674MIZ2_TAKRU      KHFDQFLAQMAQSWKGDLLKKSDLQK-------QF------------------------ 425 

tr|Q6NVT9|Q6NVT9_XENTR              KVFEQFLDKLDQSRKGELLSKSDLKK-------EF------------------------ 420 

tr|A0A3Q0D7A7|A0A3Q0D7A7_MESAU      KVFEQFLENLDKSRKGELLKKSDLQK-------DF------------------------ 419 

tr|J3QN19|J3QN19_MOUSE              KVFEQFLENLDKSRKGELLKKSDLQK-------DF------------------------ 418 

tr|O89045|O89045_RAT                KVFEQFLENLDKSRKGALLKKSDL----------------------------------- 415 

tr|A0A671ERV8|A0A671ERV8_RHIFE      KVFEQFLENLDKSRKGELLKKSDLQK-------DF------------------------ 419 

tr|A0A6P3RH99|A0A6P3RH99_PTEVA      KVFEQFLENLDKSRKGELLRKSDLQK-------DF------------------------ 419 

tr|A0A1S3FGZ5|A0A1S3FGZ5_DIPOR      KVFEQFLENLDKSRKGELLKKSDLQR-------DF------------------------ 411 

tr|G1SJS0|G1SJS0_RABIT              KVFEQFLENLDKSRKGELLKKSDLQK-------DF------------------------ 420 

tr|F6Y809|F6Y809_CALJA              KVFECFLENLDKSRKGELLKKSDLQK-------DF------------------------ 420 

tr|F6SCS2|F6SCS2_MACMU              KVFEHFLENLDKSRKGELLKKSERDFI-------NLDKSRKGELLKKSDLQKDF----- 435 

tr|A0A2K6M7L7|A0A2K6M7L7_RHIBE      KVFEHFLENLDKSRKGELLKKSDLQK-------DF------------------------ 420 

tr|G3RCL3|G3RCL3_GORGO              KVFEHFLENLDKSRKGELLKKSDLQK-------DF------------------------ 420 

sp|P49642|PRI1_HUMAN                KVFEHFLENLDKSRKGELLKKSDLQK-------DF------------------------ 420 

tr|H2R0Q8|H2R0Q8_PANTR              KVFEHFLENLDKSRKGELLKKSDLQK-------DF------------------------ 423 

tr|A0A6D2VYJ6|A0A6D2VYJ6_PANTR      KVFEHFLENLDKSRKGELLKKSDLQK-------DF------------------------ 420 

                                    : :: *:  :  : *     ::                                      

S4RXE6_PETMA, Petromyzon marinus  A0A670KIZ7_PODMU, Podarcis muralis 

A0A670ZCJ0_PSETE, Pseudonaja textilis  A0A3B3XDX7_9TELE, Poecilia Mexicana 

A0A4W4EQ59_ELEEL, Electrophorus electricus A0A6P6J5A1_CARAU, Carassius auratus 

F1QKT6_DANRE, Danio rerio   A0A674ERW0_SALTR, Salmo trutta  

A0A665TRG3_ECHNA, Echeneis naucrates  A0A3Q2YDY7_HIPCM, Hippocampus comes 

A0A3P9DJD8_9CICH, Maylandia zebra  I3KK59_ORENI, Oreochromis niloticus 

A0A6P8TRY8_GYMAC, Gymnodraco acuticeps A0A6J2Q218_COTGO, Cottoperca gobio 

A0A7N8YL88_9TELE, Mastacembelus armatus A0A674MIZ2_TAKRU, Takifugu rubripes 

Q6NVT9_XENTR, Xenopus tropicalis  A0A3Q0D7A7_MESAU, Mesocricetus auratus 

J3QN19_MOUSE, Mus musculus   O89045_RAT, Rattus norvegicus 

A0A671ERV8_RHIFE, Rhinolophus ferrumequinum A0A6P3RH99_PTEVA, Pteropus vampyrus 

A0A1S3FGZ5_DIPOR, Dipodomys ordii  G1SJS0_RABIT, Oryctolagus cuniculus 

F6Y809_CALJA, Callithrix jacchus   F6SCS2_MACMU, Macaca mulatta 

A0A2K6M7L7_RHIBE, Rhinopithecus bieti  G3RCL3_GORGO, Gorilla gorilla  

P49642|PRI1_HUMAN, Homo sapiens  H2R0Q8_PANTR, Pan troglodytes 

A0A6D2VYJ6_PANTR, Pan troglodytes 
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Active Site Analyses of Eukaryotic Primases 

Through a combination of genetic, molecular 

biological, biochemical and X-ray crystallographic 

analyses, significant advances have been made in 

understanding the essential roles played by the 

eukaryotic primase during replication. The human 

primase consists of a small catalytic subunit 

(PRIM1-p48) and a large regulatory subunit 

(PRIM2-p58). Unlike in prokaryotes, the primase is 

associated to an additional enzyme, DNA pol α, in 

the primosome complex. The DNA pol α is 

composed of a larger catalytic subunit A (p180) and 

a smaller regulatory subunit B (p70). The smaller 

subunit B connects the primase to the DNA pol α.  

The primase synthesizes RNA primers of 7–10 nts in 

length, which are then translocated to the active site 

of DNA pol α which is further extended by 20–30 

deoxynucleotides of DNA primers. Only the DNA 

primers are extended by the replicative DNA pols ε 

and δ (Fig. 7). [16]  

    Crystallographic details on the structures 

for full-length human primase alone and within 

the primosome complex have been reported. [17, 18] 

The Crystallographic data showed the putative 

active sites, including three invariant D residues 

(D109, D111, and D306) in the catalytic subunit, p48. 

The proposed catalytic amino acid R and template-

binding –YG- pair are based on the sequence 

similarity with other DNA/RNA polymerases. [3, 

19] Further insights on the primase active sites were 

provided by SDM experiments on mouse and 

human primases. For example, the SDM analysis 

of the mutant proteins of mouse primase indicated 

that residues 104-111 were most critical for primer 

synthesis and formed part of the active site. Ala 

substitution in the three invariant D residues, viz. 

D105→A, D109→A and D111→A (highlighted in 

dark blue (Fig. 9) produced proteins with no 

detectable activity in direct primase assays, 

indicating that these residues might form part of a 

conserved carboxylic triad which is also observed 

in the active sites of DNA polymerases and reverse 

transcriptases. Furthermore, mutation of two 

residues, R162 and R163 of mouse primase (Fig. 9) 

caused an increase in KM(NTP) and suggested that 

the initiation and elongation may use the same 

active site. [20]  

     The human primase was also subjected to 

SDM analysis. Vaithilingam et al., found that the 

two residues (S160 and H166, highlighted in dark 

blue) which are in direct contact with the 

nucleotide that were previously unrecognized as 

critical to the human primase active site. [21] 

Interestingly, all the 5 amino acids are found in the 

highly conserved block. Kilkenny et al. also 

reported similar findings with the human primase. 
[22] With SDM they found that in human primase 

also the Ala mutants in the catalytic triad D109, 

D111, and D306, lost all their ability to synthesize 

RNA primers. Furthermore, Ala mutation, viz. 

H166→A (highlighted in dark blue) abolished 

primer synthesis by human primase, as reported 

previously for the equivalent residue in archaeal 

and prokaryotic prim-fold polymerases. The 

particular H is found in the ZBM by MSA analysis. 

Interestingly, the H315→A mutant (highlighted in 

dark blue) was almost impaired and lead to the loss 

of primer synthesis. The important role of K318 in 

NTP binding is highlighted by the inability of the 

K318→A mutant (highlighted in dark blue) to 

perform synthesis of RNA primers. 
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These results suggest the initial two NTPs could 

possibly bind in the highly conserved block of 

amino acids from 300 to 334 (Fig. 9). As 

BLASTp analysis showed no significant 

similarity between the bacterial and human 

primases, the bacterial primases could serve as a 

good candidate as drug targets.  In addition to, 

the CTD of the regulatory subunit of the 

eukaryotic primases revealed an iron-sulphur 

(4Fe-4S) cluster coordinated by four Cys 

residues that are essential for primer synthesis. 
[23, 24] Mart´ınez-Jim´enez et al. found by deletion 

mutagenesis, that the ZBM was important for  

 

 

NTP-binding during initiation. [25] They found 

that in the deletion mutant ΔZMB (Δ410-560), 

the ZBM was required for the binding and 

selection of the first nucleotide (preferentially an 

A) of the new primer strand. This was evident, 

when a preformed dimer *pAG was provided as 

primer, as it was similarly elongated by the wild-

type and the ΔZBM mutant, suggesting that the 

ZBM is dispensable once the dimer is formed. [25]   

Based on the SDM, X-ray crystallographic data 

and sequence similarity in MSAs, the proposed 

amino acids at the active site and the primase 

reactions of  the human primase are shown in Fig. 

10.

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Fig. 10 The proposed active site structure of human primase and the priming reactions 

(numbering from H. sapiens)
  

DNA-Priming by DNA Polymerase  in 

Eukaryotes: Structural Features 

Unlike the prokaryotic replication initiation 

complex, the eukaryotic replication initiation 

complex uses an additional priming enzyme in the 

initiation process. The second enzyme of the 

eukaryotic replication initiation process is the 

DNA pol , which is predominantly found in 

proliferating cells as it is coupled to replication in 

eukaryotic cells. During the S phase of the cell- 

 

cycle, the DNA polymerase  complex (composed 

of a catalytic subunit POLA1, a regulatory subunit 

POLA2 and two primase subunits PRIM1 and 

PRIM2) is recruited to the replication forks via 

direct interactions with WDHD1 (which acts as a 

replication initiation factor bringing together the 

MCM helicase and the DNA polymerase 

/primase complex to initiate DNA replication).  
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The eukaryotic RNA primase forms a tight 

complex with DNA pol α and it passes newly 

synthesized RNA primer to the DNA pol α, via a 

direct handoff. Now the DNA polymerase  

complex initiates synthesis of DNA primers on the 

short RNA primers on both leading- and lagging-

strands which are subsequently transferred to 

polymerase δ band polymerase ε for elongation of 

the lagging- and leading-strands, respectively. In 

fact, the large, p58 subunit of the eukaryotic RNA 

primase passes the newly generated RNA primer-

template from the primase to the DNA pol α. [26] 

Thus, DNA pol α is involved both in DNA 

replication and cell-cycle regulation and hence, is 

tightly synchronized with the cell-cycle 

progression. [27] Therefore, this is known as the 

initiator polymerase of eukaryotic genome 

replication during cell division. DNA pol  is a 

DdDp (EC 2.7.7.7) (also known as pol A in human 

and as pol I in yeasts). As mentioned elsewhere, 

the primase-DNA pol α complex is a 

heterotetramer, composed of two primase subunits 

and two polymerase subunits. [12] The two 

polymerase subunits are known as A with a 

molecular mass of 180 kDa, (the catalytic subunit), 

and B with a molecular mass of 68 kDa, (the 

regulatory subunit). The larger subunit A 

possesses the polymerase activity, whereas the 

smaller B subunit interacts with subunit A. Its 

interaction with A is important for the nuclear 

import of the DNA pol .  As such, the DNA pol 

α is a low-fidelity enzyme with an error rate of 

10−4–10−5 as compared to the error rates of 10−6–

10−7 of the main replicative DNA polymerases, 

viz. pol δ and pol ε. This is because, although DNA 

pol α contains an exonuclease domain, no 

proofreading activity has been observed and its 

errors are, therefore, corrected by the other 

proofreading-proficient enzyme DNA pol δ. [28] 

The DNA pol   exhibits a preference for an RNA 

primer whereas the other two replicative 

polymerases, viz. pol δ and pol ε use only the DNA 

primers for further elongation. Therefore, the  

 

intermediate step of synthesizing DNA primers in 

eukaryotes is performed by the DNA pol . It has 

two ZBMs, but reported to be devoid of any 

exonuclease function. [28] Like RNA primases, the 

DNA primase can start with dATP and dGTP. 

Figure 11 shows the MSA analysis of the 

DNA pol  from animal sources. Although their 

primary structures are markedly different from other 

DNA polymerases, the crystal structures are found 

to be remarkably similar in overall shape. For 

example, all DNA polymerases, irrespective of their 

source, have a common protein-fold that resembles 

the shape of a half-opened "right hand" with three 

distinct domains, “thumb”, “palm” and “fingers” 

with analogous functions.  

The catalytic centre is located on the 

“palm” domain, with two conserved D residues. The 

palm domain also shows the highly conserved- 
864DFNSLYPS871- which form a short helix and 

involve in dNTP binding. Many Cs are conserved 

but 8 of them (highlighted in orange) form the two 

ZBMs and are found as direct and inverted repeats 

(–CX2C---------CX4C-) and (–CX4C-------CX2C-) 

and perform two different functions as discussed 

elsewhere (Fig. 11). The NTD is highly rich in 

acidic amino acids (highlighted in red); there are at 

least two completely conserved direct repeats of 

triads, 3D/Es (marked with arrows) suggesting a 

possible role in the polymerase function, maybe 

binding to highly basic histone proteins on the 

chromosomes. A highly conserved 8 amino acid-

motif consisting of 4Ls and 4Ks, arranged 

consecutively (marked with arrows) is also 

observed suggesting an important role in the 

polymerase function. The two invariant –DxD- 

motifs, viz. -YGDTDS-and –DID- are implicated in 

metal-binding and are reported in other DNA 

polymerases too. [3] The middle and the C-terminal 

regions are highly conserved in all (data not shown). 

By sequence similarity, the proposed amino acids in 

the PR active site of DNA pol α (Table 4) are 

highlighted in light blue, even though the activity is 

reported to be muted. [28]  

 
 

 

 

https://enzyme.expasy.org/EC/2.7.7.102
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CLUSTAL O (1.2.4) MSA of the DNA polymerase α from animal sources  

 

tr|A0A6P8GL87|A0A6P8GL87_CLUHA      EKVGRKSALEQLKRAKKGEKVKYELEECENVYEEVDEAQYSRMVRDRQDDDWIIDDDGMG 94 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      EKTGRKSALEQLKRAKKGEKVKYEVEDLTSVYEEVDEEQYSRMVRERQDDDWIIDDDGTG 120 

tr|A0A6P8T108|A0A6P8T108_GYMAC      EKTGRKSALEQLKKAKRGEKIKYEVEKFSSVYEEVDEQQYSEMVRGRQEDDWIIDDDGTG 94 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      EKVGRKSALEQLKKAKMGEKIKYEVKEFSSVYEEVDEDEYSKMVRERQEDDWIIDDDGTG 88 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      EKVGRKSALEQLKKAKMGEKIKYKVEEFSHVYEEVDEEQYSKLVQERQEDDWIIDDDGTG 95 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      SKKGRQEALERLKKAKAGEKIKYEVEEFTGIYDEIDEEQYSKIVRERQDDDWIVDDDGVG 92 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      SKKGRQEALERLKKAKAGEKIKYEVEEFTGIYDEIDEEQYSKIVRERQDDDWIVDDDGVG 92 

sp|P33609|DPOLA_MOUSE               SKKGRQEALERLKKAKAGEKYKYEVEDLTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

sp|O89042|DPOLA_RAT                 SKKGRQEALERLKKAKAGEKYKYEVEDLTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      SKKGRQEALERLKKAKAGEKYKYEVEDFTSVYEEVDEEQYSRLVQARQDDDWIVDDDGIG 86 

tr|G1T8Z5|G1T8Z5_RABIT              SKKGRQEALERLKKAKAGEKYKYEVEDFTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 89 

tr|H0UXU4|H0UXU4_CAVPO              SKKGRQEALERLKKAKAGEKYKYEVEDFTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

tr|G3RT59|G3RT59_GORGO              SKKGRQEALERLKKAKAGEKYKYEVEDFTGVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 93 

sp|P09884|DPOLA_HUMAN               SKKGRQEALERLKKAKAGEKYKYEVEDFTGVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 86 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      SKKGRQEALERLKKAKAGEKYKYEVEDFTGVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

tr|K7CUU4|K7CUU4_PANTR              SKKGRQEALERLKKAKAGEKYKYEVEDFTGVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      SKRGRQEALERLKRAKAGEKYKYEVEDFTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

tr|A0A6J0A827|A0A6J0A827_ACIJB      SKRGRQEALERLKRAKAGEKYKYEVEDFTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      SKRGRQEALERLKRAKAGEKYKYEVEDFTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 114 

tr|F6ZMX7|F6ZMX7_HORSE              SKKGRQEALERLKKAKAGEKYKYEVEDLTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      SKKGRQEALERLKRAKAGEKYKYEVEDFTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      SKKGRQQALERLKRAKAGEKYKYEVEDFTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

tr|A0A452EXN8|A0A452EXN8_CAPHI      SKKGRQEALERLKRAKAGEKYKYEVEDFTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 86 

tr|L8IUV3|L8IUV3_9CETA              SKKGRQQALERLKRAKAGEKYKYEVEDFTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 79 

tr|A0A452EXY8|A0A452EXY8_CAPHI      SKKGRQEALERLKRAKAGEKYKYEVEDFTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

tr|W5Q828|W5Q828_SHEEP              SKKGRQEALERLKRAKAGEKCKYEVEDFTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      SKKGRQEALERLKRAKAGEKCKYEVEDFTSVYEEVDEEQYSKLVQARQDDDWIVDDDGIG 92 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      SKKGHQEALERLKKAKAGEKLKYEVEEFTGVYDEVDEEQYSKMVRDRQDDDWIIDDDGIG 77 

tr|A0A151N032|A0A151N032_ALLMI      SKKGHQEALERLKKAKAGEKLKYEVEEFTGVYDEVDEEQYSKMVRDRQDDDWIIDDDGIG 87 

tr|A0A663MCX2|A0A663MCX2_ATHCN      SRRGQQEALERLKKVKAGEKIKYEVEEFTGVYDEIDEEEYSKMVRERQDDDWIVDDDGIG 87 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      NRRGQQEALERLKKAKAGEKLKYEVEEFTGVYDEIDEDEYSKMVRDRQDDDWIVDDDGIG 88 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      SRRGQQEALERLKKAKAGEKIKYEVEEFTSVYDEIDEEEYSKMVRERQDDDWIVDDDGMG 77 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      SRRGQQEALERLKKAKAGEKLKYEVEEFTGVYDEIDEDEYSKMVRERQDDDWIVDDDGIG 77 

                                    .: *::.***:**:.* *** **:::.   :*:*:** :**.:*: **:****:**** * 

 

tr|A0A6P8GL87|A0A6P8GL87_CLUHA      YVEDGREIFDEELDDDALK-GAKGKAGSKAGDAGAKKNMKKVSLAKPNSIKSLFMNSNVK 153 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      YVEDGREIFDEDLADDVLEKGAKGKVGAKG--ADSKNNIKKAAVAKPNSIKNLFMNSNVK 178 

tr|A0A6P8T108|A0A6P8T108_GYMAC      YVEDGREIFDDDLDDDVVEN-NKGKAGSKG--AASKKNMKKSVVAKSNTIKSLFMNSNVK 151 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      YVEDGREIFDDDLDDDVVED----KRGAKG--ADSRKNVKKSVVAKPNSIKSLFMNSNVK 142 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      YVEDGREIFDDDLDDDVVEK--RGKGGAKG--AESKKTVKKAAVTKPNTIKSLFMNSNVK 151 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      YVEDGREIFDEDLEDDALNSDKKR-RKDVA-STYDKNKLKKTLVSKPNNIKSMFMANTGK 150 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      YVEDGREIFDEDLEDDALNSDEKR-RKDTA-STYDENKLKKTLVSKPNTIKSMFVANTGK 150 

sp|P33609|DPOLA_MOUSE               YVEDGREIFDDDLEDDALDTCGK-GSDGKA-HRKDRKDVKKPSVTKPNNIKAMFIASAGK 150 

sp|O89042|DPOLA_RAT                 YVEDGREIFDDDLEDDALDTCGE-GSDGKA-HRKDRKDVKKPSVTKPNNIKAMFIASAGK 150 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      YVEDGREIFDDDLEDDALDSREKG--KDKA-QNKEKRNVKKAAVTKPNNIKSMFIASAGK 143 

tr|G1T8Z5|G1T8Z5_RABIT              YVEDGREIFDDDLEDDTLDASEK-GKDVKT-HSKGKRNVKKPSVTKPNNIKTMLIAGAGK 147 

tr|H0UXU4|H0UXU4_CAVPO              YVEDGREIFDDDLDDDAFDTSEK-GKDGKT-YNKDKKNVKKPTVTKPNNIKSMFIASAGK 150 

tr|G3RT59|G3RT59_GORGO              YVEDGREIFDDDLEDDALDADEK-GKDGKA-RNKDKRNVKKLAVTKPNNIKSMFIACAGK 151 

sp|P09884|DPOLA_HUMAN               YVEDGREIFDDDLEDDALDADEK-GKDGKA-RNKDKRNVKKLAVTKPNNIKSMFIACAGK 144 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      YVEDGREIFDDDLEDDALDADEK-GKDGKA-RNKDKRNVKKLAVTKPNNIKSMFIACAGK 150 

tr|K7CUU4|K7CUU4_PANTR              YVEDGREIFDDDLEDDALDADEK-GKDGKA-RNKDKRNVKKLAVTKPNNIKSMFIACAGK 150 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      YVEDGREIFDDDLEDDALDTYEK-GKDEKA-RTKDRRNVKKTVVTKPNNIKSLFIASAGK 150 

tr|A0A6J0A827|A0A6J0A827_ACIJB      YVEDGREIFDDDLEDDALDSYEK-GKDEKA-RTKDRRNVKKTVVTKPNNIKSLFIASAGK 150 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      YVEDGREIFDDDLEDDALDSYEK-GKDEKA-RTKDRRNVKKAVVTKPNNIKSLFIASAGK 172 

tr|F6ZMX7|F6ZMX7_HORSE              YVEDGREIFDDDLEDDALDSHEKAGKDDKA-RNKDKRNVKKAVVTRPNSIKSMFMASAGR 151 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      YVEDGREIFDDDLEDHALDSHEK-GKNNKA-CSKDKRNVKKAMVTKPNNIKSMFMASAGR 150 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      YVEDGREIFDDDLEDDALDSHEK-GKDNKA-CNKDKRTVKRAAVTKPNNIKSMFIASAGR 150 

tr|A0A452EXN8|A0A452EXN8_CAPHI      YVEDGREIFDDDLEDDALDSHEK-GKDDKA-CNKDKRTVKRAAVTKPNNIKSMFIANAGR 144 

tr|L8IUV3|L8IUV3_9CETA              YVEDGREIFDDDLEDDALDSHEK-GKDNKA-CNKDKRTVKRAAVTKPNNIKSMFIASAGR 137 

tr|A0A452EXY8|A0A452EXY8_CAPHI      YVEDGREIFDDDLEDDALDSHEK-GKDDKA-CNKDKRTVKRAAVTKPNNIKSMFIANAGR 150 

tr|W5Q828|W5Q828_SHEEP              YVEDGREIFDDDLEDDALDSHEK-GKDDKA-CNKDKRTVKRAAVTKPNNIKSMFIANAGR 150 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      YVEDGREIFDDDLEDDALDSHEK-GKDDKA-CNKDKRTVKRAAVTKPNNIKSMFIANAGR 150 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      YVEDGREIFDEDLEDDALLPSKK-GKGDKT---NDKKNVKKSVVSKPNTIKSMFIASAGK 133 

tr|A0A151N032|A0A151N032_ALLMI      YVEDGREIFDEDLEDDALLPSKK-GKGDKT---NDKKNVKKSVVTKPNTIKSMFIASAGK 143 

tr|A0A663MCX2|A0A663MCX2_ATHCN      YVEDGREIFDEDLDDDALGSNKK-GRGGKT-STVDKKNVKKSVVSKPNTIKSMFIASAGK 145 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      YVEDGREIFDEDLDDDALSSNKK-GKGGRT-STVDRKNMKKSVVSKPNTIKSMFIASAGK 146 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      YVEDGREIFDEDLDDDALGSNKK-GKGGKT-CTVDKKNVKKSVVSKPNTIKSMFIASAGK 135 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      YVEDGREIFDEDLDDDALGSSRK-GKGGKT-SAVGKKNVKKSVVSKPNTIKSMFIASAGK 135 

                                    **********::* *...                 .. :*:  ::: *.** :::    : 
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tr|A0A6P8GL87|A0A6P8GL87_CLUHA      LGFDLEVLLQRISVCKVPHWSKIGRLRRANMPKLGGRGGYAEKSATCGRLVCDVQTSAKE 708 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      FGFDLEVLLQRITVCKVPHWSKIGRLKRSNMPKLGGRSGFAEKSATCGRLVCDVEISAKE 734 

tr|A0A6P8T108|A0A6P8T108_GYMAC      FGFDLEVILQRINVCKVPHWSKIGRLRRSNMPKLGGRGSFAEKSATCGRLVCDVEISAKE 711 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      FGFDLEVLLQRINVCKVPHWSKIGRLRRSNMPKLGGRSAFAEKNATCGRLVCDVEISAKE 578 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      FGFDLEVLLQRINVCKVPHWSKIGRLRRANMPKLGGRSLFAEKNATCGRLVCDVEISAKE 702 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      YGFDLELLLQRINFCKVPHWSKIGRLRRSNMPKLGGRSGFAEKNATCGRMVGDIEISAKE 713 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      YGFDLELLLQRINFCKVPHWSKIGRLRRSNMPKLGGRSGFAEKNATCGRMVCDVEISAKE 712 

sp|P33609|DPOLA_MOUSE               CSFELEVLLQRINECKVPYWSKIGRLRRSNMPKLGSRSGFGERNATCGRMICDVEISAKE 703 

sp|O89042|DPOLA_RAT                 CGFELEVLLQRINECKVPFWSKIGRLRRSNMPKLGSRSGFGERNATCGRMICDVEISVKE 706 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      YGFELEVLLQRINVCKVPYWSKIGRLKRSNMPKLGGRSGFGERNATCGRMICDVEISAKE 698 

tr|G1T8Z5|G1T8Z5_RABIT              YGFDLEVLLQRINMCKVPHWSKIGRLKRFSMPKLGGRSGFGERNATCGRMICDVEISAKE 704 

tr|H0UXU4|H0UXU4_CAVPO              YGFELEVLLQRINVCKVPHWSKIGRLKRSNMPKLGSRSGFGERNATCGRMICDVEISAKE 705 

tr|G3RT59|G3RT59_GORGO              YGFELEVLLQRINVCKAPHWSKIGRLKRSNMPKLGGRSGFGERNATCGRMICDVEISAKE 706 

sp|P09884|DPOLA_HUMAN               YGFELEVLLQRINVCKAPHWSKIGRLKRSNMPKLGGRSGFGERNATCGRMICDVEISAKE 699 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      YGFELEVLLQRINVCKAPHWSKIGRLKRSNMPKLGGRSGFGERNATCGRMICDVEISAKE 705 

tr|K7CUU4|K7CUU4_PANTR              YGFELEVLLQRINVCKAPHWSKIGRLKRSNMPKLGGRSGFGERNATCGRMICDVEISAKE 705 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      YGFELEVLLQRINVCKVPHWSKIGRLKRSNMPKLGGRSGLGERNATCGRMICDVEISAKE 705 

tr|A0A6J0A827|A0A6J0A827_ACIJB      YGFELEVLLQRINVCKVPHWSKIGRLKRSNMPKLGGRSGLGERNATCGRMICDVEISAKE 705 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      YGFELEVLLQRINVCKVPHWSKIGRLKRSNMPKLGGRSGLGERNATCGRMICDVEISAKE 727 

tr|F6ZMX7|F6ZMX7_HORSE              YGFELEVLLQRINVCKVPHWSKIGRLKRSNMPKLGGRSGFGERNATCGRMICDVEISAKE 706 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      YGFELEVLLQRINVCKVPYWSKIGRLKRSNMPKLGGRSGFGERNATCGRMICDVEISAKE 705 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      YGFELEVLLQRINVCKVPFWSKIGRLKRSNMPKLGGRSGFGEKNATCGRMICDVEISAKE 705 

tr|A0A452EXN8|A0A452EXN8_CAPHI      YGFELEVLLQRINVCKVPFWSKIGRLKRSNMPKLGGRSGFGEKNATCGRMICDVEISAKE 703 

tr|L8IUV3|L8IUV3_9CETA              YGFELEVLLQRINVCKVPFWSKIGRLKRSNMPKLGGRSGFGEKNATCGRMICDVEISAKE 692 

tr|A0A452EXY8|A0A452EXY8_CAPHI      YGFELEVLLQRINVCKVPFWSKIGRLKRSNMPKLGGRSGFGEKNATCGRMICDVEISAKE 692 

tr|W5Q828|W5Q828_SHEEP              YGFELEVLLQRINVCKVPFWSKIGRLKRSNMPKLGGRSGFGEKNATCGRMICDVEISAKE 705 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      YGFELEVLLQRINVCKVPFWSKIGRLKRSNMPKLGGRSGFGEKNATCGRMICDVEISAKE 705 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      YGFDLEVLLQRINVCKVPHWSKIGRLRRSNMPKLGGRGGFAERNAACGRMICDVEISAKE 715 

tr|A0A151N032|A0A151N032_ALLMI      YGFDLEVLLQRINACKVPHWSKIGRLRRSNMPKLGGRGGFAERNAACGRMICDVEISAKE 725 

tr|A0A663MCX2|A0A663MCX2_ATHCN      YGFDLEVLLQRINVCKVPHWSKIGRLRRSNMPKLGGRGGFAERNAACGRMICDVEISAKE 609 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      YGFDLEVLLQRINLCKVPHWSKIGRLRRSNMPKLGGRGGFAERSAACGRMICDVEISAKE 737 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      YGFDLEVLLQRINACKVPHWSKIGRLRRSNMPKLGGRGGFAERNAACGRMICDVEISAKE 717 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      YGFDLEVLLQRINVCKVPHWSKIGRLRRSNMPKLGGRGGFAERNAACGRMICDVEISAKE 716 

                                     .*:**::****. **.*.*******:* .*****.*.  .*:.*:***:: *:: *.** 

 

tr|A0A6P8GL87|A0A6P8GL87_CLUHA      LIRCKSYHLTELASQVLKTERAVIPQENIRNFYSDSPHLLYVLELTWMDAKLILQIMCEL 768 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      LIRCKSYHLTELAAQVLKTERATIPAENIKNLYSDSPHLLYLLELTWTDAKLILQIMCEL 794 

tr|A0A6P8T108|A0A6P8T108_GYMAC      LIRCKSYHLTELAAQVLKTERATIPQEDIKNLYSDSPHLLYLLELTWMDAKLILQMMCEL 771 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      LIRCKSYHLTELTAQVLKTERITVPQEDIKNLYSDSPHLLYLLELTWTDAKLILLIMCEL 638 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      LIRCKSYHLTELAAQVLKVERVTVPQEEVKNLYSDSPHLLYLLELTWTDAKLILQIMCEL 762 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      LIHCKSYHLSELVSQILKTERVAIPAEEVRNMYSDSHQLLYMLENTWIDSKYILQIMYEL 773 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      LIHCKSYHLSELVSQILKTERVTIPAEEIRNMYSDSHHLLYMLENTWIDSKYILQIMCEL 772 

sp|P33609|DPOLA_MOUSE               LIHCKSYHLSELVQQILKTERIVIPTENIRNMYSESSYLLYLLEHIWKDARFILQIMCEL 763 

sp|O89042|DPOLA_RAT                 LIHCKSYHLSELVQQILKTERIVIPTENIRNMYSEPSHLLYLLEHIWKDARFILQIMCEL 766 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      LIRCKSYHLSELVQQILKTERVVISMENVRNMYSEPSHLLYLLEHTWKDARFILQIMCEL 758 

tr|G1T8Z5|G1T8Z5_RABIT              LIRCKSYHLSELVQQILKTERTVIPMENVQNMYSEPSHLLYLLEHTWKDAKFILQIMCEL 764 

tr|H0UXU4|H0UXU4_CAVPO              LIHCKSYHLSELVQQILKTERIIIPVENMRNMYSESSHLLYLLEHTWKDAKFILQIMCEL 765 

tr|G3RT59|G3RT59_GORGO              LIRCKSYHLSELVQQILKTERVVIPMENIQNMYSESSQLLYLLEHTWKDAKFILQIMCEL 766 

sp|P09884|DPOLA_HUMAN               LIRCKSYHLSELVQQILKTERVVIPMENIQNMYSESSQLLYLLEHTWKDAKFILQIMCEL 759 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      LIRCKSYHLSELVQQILKTERVVIPMENIQNMYSESSQLLYLLEHTWKDAKFILQIMCEL 765 

tr|K7CUU4|K7CUU4_PANTR              LIRCKSYHLSELVQQILKTERVVIPMENIQNMYSESSQLLYLLEHTWKDAKFILQIMCEL 765 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      LIRCKSYHLSELVQQILKSERVVIPVENVRNMYSESSHLLYLLEHTWKDARFILQIMCEL 765 

tr|A0A6J0A827|A0A6J0A827_ACIJB      LIRCKSYHLSELVQQILKSERVVIPVENVRNMYSESSHLLYLLEHTWKDARFILQIMCEL 765 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      LIRCKSYHLSELVQQILKSERVVIPVENVRNMYSESSHLLYLLEHTWKDARFILQIMCEL 787 

tr|F6ZMX7|F6ZMX7_HORSE              LIRCKSYHLSELVQQILKTERIVIPMENVQNMYSESSHLLYLLEHTWKDARFILQIMCEL 766 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      LIRCKSYHLSELVQQILKTERVVIPMENVRNMYSDSSHLLYLLEHTWKDARFILQIMCEL 765 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      LIRCKSYHLSELVQQILKTERIVIPIETIRNMYSDSSHLLYLLEHTWKDARFILQIMCEL 765 

tr|A0A452EXN8|A0A452EXN8_CAPHI      LIRCKSYHLSELVQQILKTERIVIPIENIRNMYSDSSHLLYLLEHTWKDARFILQIMCEL 763 

tr|L8IUV3|L8IUV3_9CETA              LIRCKSYHLSELVQQILKTERIVIPIETIRNMYSDSSHLLYLLEHTWKDARFILQIMCEL 752 

tr|A0A452EXY8|A0A452EXY8_CAPHI      LIRCKSYHLSELVQQILKTERIVIPIENIRNMYSDSSHLLYLLEHTWKDARFILQIMCEL 752 

tr|W5Q828|W5Q828_SHEEP              LIRCKSYHLSELVQQILKTERIVIPIENIRNMYSDSSHLLYLLEHTWKDARFILQIMCEL 765 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      LIRCKSYHLSELVQQILKTERIVIPIENIRNMYSDSSHLLYLLEHTWKDARFILQIMCEL 765 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      LIRCKSYHLSELVHQILKTERITIPPEEIRIMYSNSPHLMCMLENSWTDAKFILQIMCEL 775 

tr|A0A151N032|A0A151N032_ALLMI      LIRCKSYHLSELVHQILKTERITIPPEEIRNMYSNSPHLMCMLENSWTDAKFILQIMCEL 785 

tr|A0A663MCX2|A0A663MCX2_ATHCN      LIRCKSYHLSELVRQILKTERITVLPEEIRNMYSDSPRLMFMLENTWTDAKFILQIMCEL 669 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      LIRCKSYHLSELVHQILKTERVTILPEEIRNMYSDSPHLLFMLENTWTDAKFILQIMCEL 797 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      LIRCKSYHLSELVHQILKTERIAILPEEIRNMYSDSPHLMFMLENTWTGAKFILQIMCEL 777 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      LIRCKSYHLSELVRQILKKERVTILPEEIRNMYSESPRLMFMLENTWTDARFILQIMCEL 776 

                                    **:******:**. *:** **  :  * :: :**:   *: :**  * .:: ** :* ** 
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tr|A0A6P8GL87|A0A6P8GL87_CLUHA      NVLPLALQITNIAGNVMSRTLMGGRAERNEFLLLHAFHEKNYIVPDKQIFKKPQHDLAED 828 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      NVLPLALQITNIAGNVLSRTLMGGRSERNEYLLLHAFHDKNYIVPDKPSFKKAQQELTEG 854 

tr|A0A6P8T108|A0A6P8T108_GYMAC      NVLPLALQITNIAGNVMSRTLMGGRAERNEFLLLHAFHDKNYIVPDKLSFKKTQMEMGEG 831 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      NVLPLALQITSIAGNVMSRTLMGGRSERNEFLLLHAFHEKDYIVPDKPSFKKAQLETAEG 698 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      NVLPLALQITNIAGNVLSRTLMGGRSERNEYLLLHAFHDKNYIVPDKPSFKKAQLEMGDG 822 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      NVLPLALQITNIAGNVMSRTLMGGRAERNEYLLLHAFYEKDYIVPDKQLFKKQ--KHLEE 831 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      NVLPLALQITNIAGNVMSRTLMGGRAERNEYLLLHAFYEKDYIVPDKQLFKKQ--KHLEE 830 

sp|P33609|DPOLA_MOUSE               NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQKLGDE 823 

sp|O89042|DPOLA_RAT                 NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQKPGDE 826 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      NVLPLALQITNIAGNIMSRTLMGGRAERNEFLLLHAFYENNYIVPDKQIFRKPQQKLVDE 818 

tr|G1T8Z5|G1T8Z5_RABIT              NVLPLALQITNIAGNVMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQKLGDE 824 

tr|H0UXU4|H0UXU4_CAVPO              NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQKLGDE 825 

tr|G3RT59|G3RT59_GORGO              NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQKLGDE 826 

sp|P09884|DPOLA_HUMAN               NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQKLGDE 819 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQKLGDE 825 

tr|K7CUU4|K7CUU4_PANTR              NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQKLGDE 825 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQKLGDE 825 

tr|A0A6J0A827|A0A6J0A827_ACIJB      NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQKLGDE 825 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQKLGDE 847 

tr|F6ZMX7|F6ZMX7_HORSE              NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQKLGDE 826 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQLFRKPQQKPGDE 825 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQTFRKPQQKLGDE 825 

tr|A0A452EXN8|A0A452EXN8_CAPHI      NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQTFRKPQQKLGDE 823 

tr|L8IUV3|L8IUV3_9CETA              NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQTFRKPQQKLGDE 812 

tr|A0A452EXY8|A0A452EXY8_CAPHI      NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQTFRKPQQKLGDE 812 

tr|W5Q828|W5Q828_SHEEP              NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQTFRKPQQKLGDE 825 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQTFRKPQQKLGDE 825 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      NVLPLALQITNISGNIMSRTMMGGRSERNEYLLLHAFYERDYIVPDKQVFKKPQQKLVDE 835 

tr|A0A151N032|A0A151N032_ALLMI      NVLPLALQITNISGNIMSRTMMGGRSERNEYLLLHAFYERDYIVPDKQVFKKPQQKLVDE 845 

tr|A0A663MCX2|A0A663MCX2_ATHCN      NVLPLALQITNISGNVMSRTMMGGRSERNEFLLLHAFHEKDYIVPDKQVFKKAPQKLVDE 729 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      NVLPLALQITNISGNVMSRTMMGGRSERNEFLLLHAFHEKDYIVPDKQVFKKPVQKLVDE 857 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      NVLPLALQITNISGNVMSRTMMGGRSERNEFLLLHAFHEKDYIVPDKQVFKKPLQKLVDE 837 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      NVLPLALQITNISGNVMSRTMMGGRSERNEFLLLHAFHEKDYIVPDKQVFKKPLQKLVDE 836 

**********.*:**::***:****:****:******::.:******  *:*   .  :  

 

 

tr|A0A6P8GL87|A0A6P8GL87_CLUHA      EDEDGAGKVTAKKTRRKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTI 888 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      EEEGDSGKG--KSRRKKAAYAGGLVLDPKVGFYDKFVLLLDFNSLYPSIIQEFNICFTTV 912 

tr|A0A6P8T108|A0A6P8T108_GYMAC      EE--DGGKG--K-RKKKAAYAGGLVLDPKVGFYDKFVLLLDFNSLYPSIIQEFNICFTTV 886 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      EDDVDAGKG--K-RKKKAAYAGGLVLDPKVGFYDKFVLLLDFNSLYPSIIQEFNICFTTV 755 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      EEDVDAGKG--K-RKKKAAYSGGLVLDPKVGFYDQFVLLLDFNSLYPSIIQEFNICFTTV 879 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      DEDLENDQNKSKLGRKKAAYSGGLVLEPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 891 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      DEDLENDQNKSKLGRKKAAYSGGLVLEPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 890 

sp|P33609|DPOLA_MOUSE               DEEIDGDTNKYKKGRKKATYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 883 

sp|O89042|DPOLA_RAT                 DEEIDGDTNKYKKGRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 886 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      DEDIDGDTSKYKKGRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 878 

tr|G1T8Z5|G1T8Z5_RABIT              D-EMDGDTDKYKKGRRKAAYAGGLVLDPKVGFYDKFVLLLDFNSLYPSIIQEFNICFTTV 883 

tr|H0UXU4|H0UXU4_CAVPO              EEEIDGDTSKYKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 885 

tr|G3RT59|G3RT59_GORGO              DEEIDGDTNKYKKGRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 886 

sp|P09884|DPOLA_HUMAN               DEEIDGDTNKYKKGRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 879 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      DEEIDGDTNKYKKGRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 885 

tr|K7CUU4|K7CUU4_PANTR              DEEIDGDTNKYKKGRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 885 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      DEDLDGDANKYKKGRKKAAYAGGLVLDPKAGLYDKFILLLDFNSLYPSIIQEFNICFTTV 885 

tr|A0A6J0A827|A0A6J0A827_ACIJB      DEDLDGDANKYKKGRKKAAYAGGLVLDPKAGLYDKFILLLDFNSLYPSIIQEFNICFTTV 885 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      DEDIDGDANKYKKGRKKAAYAGGLVLDPKAGLYDKFILLLDFNSLYPSIIQEFNICFTTV 907 

tr|F6ZMX7|F6ZMX7_HORSE              DEDIDGDTNKYKKGRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 886 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      DEDIDGDTNKYKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 885 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      DEDIDGDTNKYKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 885 

tr|A0A452EXN8|A0A452EXN8_CAPHI      DEDIDGDTSKYKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 883 

tr|L8IUV3|L8IUV3_9CETA              DEDIDGDTNKYKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 872 

tr|A0A452EXY8|A0A452EXY8_CAPHI      DEDIDGDTSKYKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 872 

tr|W5Q828|W5Q828_SHEEP              DEDIDGDTNKYKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 885 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      DEDIDGDTNKYKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 885 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      DEDFE-DQTKSKTGRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 894 

tr|A0A151N032|A0A151N032_ALLMI      DEDFE-DQTKSKTGRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 904 

tr|A0A663MCX2|A0A663MCX2_ATHCN      DEDFE-DQNKSKIGKKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 788 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      DEDLE-DQNKSNIGKKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 916 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      DEDFE-DQNKSKIGKKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 896 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      DEDID-DQNKSKIGKKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSIIQEFNICFTTV 895 

                                    :     .    :  ::**:*:*****:**.*:**:*:**********************: 
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tr|A0A6P8GL87|A0A6P8GL87_CLUHA      QRVASTTHKKT-EDDDQDEIPEIPDPDLEMGILPKEIRKLVERRRQVKQLMKQPDLNPDL 947 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      QREAHSTRKKT-EEHDPDEIPEVPDADLEMGILPKEIRKLVERRKQVKQLMKAQDINPDL 971 

tr|A0A6P8T108|A0A6P8T108_GYMAC      QREAYNAKKKNNEEDGSDDIPEVPDQSLEMGILPKEIRKLVERRKQVKQLMKQQDLNSDL 946 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      QREAQNSQKKK-EVDDPEEIPEIPDPNLEMGILPKEIRKLVERRKQVKGLMKQQDINPDL 814 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      QREAQNSRRKR-EEDESEEIPEIPDPGLEMGILPKEIRKLVERRKQVKQLMKQQDINPDL 938 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      HRMSFSVHKKT-EDGD-------------------------------------------- 906 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      HRMSFSVHKKT-EDGEQEEIPELPDSSLEMGILPKEIKKLVERRHQVKQLMKQPDLHPDL 949 

sp|P33609|DPOLA_MOUSE               QRVTSEVQKAT-EDEEQEQIPELPDPNLEMGILPREIRKLVERRKQVKQLMKQQDLNPDL 942 

sp|O89042|DPOLA_RAT                 QRVASETLKAT-EDEEQEQIPELPDPNLDMGILPREIRKLVERRKQVKQLMKQQDLNPDL 945 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      QRVASEAQKVT-EGEEQEQIPELPDPSLEMGILPREIRKLVERRKQVKQLMKQQDLNPDL 937 

tr|G1T8Z5|G1T8Z5_RABIT              QRVVSEAQKVT-EDGEQEQIPELPDPGLEMGILPREIRKLVERRKHVKQLMKQQDLNPDL 942 

tr|H0UXU4|H0UXU4_CAVPO              QRVASELQKAA-EDGEEEQIPELPDASLEMGILPREIRKLVERRKQVKQLMKQQDLNPDL 944 

tr|G3RT59|G3RT59_GORGO              QRVASEAQKVT-EDGEQEQIPELPDPSLEMGILPREIRKLVERRKQVKQLMKQQDLNPDL 945 

sp|P09884|DPOLA_HUMAN               QRVASEAQKVT-EDGEQEQIPELPDPSLEMGILPREIRKLVERRKQVKQLMKQQDLNPDL 938 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      QRVASEAQKVT-EDGEQEQIPELPDPSLEMGILPREIRKLVERRKQVKQLMKQQDLNPDL 944 

tr|K7CUU4|K7CUU4_PANTR              QRVASEAQKVT-EDGEQEQIPELPDPSLEMGILPREIRKLVERRKQVKQLMKQQDLNPDL 944 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      QRVASEAHKAT-EDGEQEQIPELPDPNLEMGILPREIRKLVERRKQVKQLMKQQDLNPDL 944 

tr|A0A6J0A827|A0A6J0A827_ACIJB      QRVASEAHKAT-EDGEQEQIPELPDPNLEMGILPREIRKLVERRKQVKQLMKQQDLNPDL 944 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      QRVASEAHKAT-EDGEQEQIPELPDPNLEMGILPREIRKLVERRKQVKQLMKQQDLNPDL 966 

tr|F6ZMX7|F6ZMX7_HORSE              QRVASEAQRVT-EDGEQEQIPELPDPSLEMGILPREIRKLVERRKQVKQLMKQQDLNPDL 945 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      QRVASEAQKVT-EDGEQEQIPELPDPSLEMGILPREIRKLVERRRQVKQLMKQQDLNPDL 944 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      QRVASEAQKVV-EDGEQEQIPELPDPSLEMGILPREIRKLVERRRQVKQLMKQQDLNPDL 944 

tr|A0A452EXN8|A0A452EXN8_CAPHI      QRVASEAQKVV-EDGEQEQIPELPDPSLEMGILPREIRKLVERRRQVKQLMKQQDLNPDL 942 

tr|L8IUV3|L8IUV3_9CETA              QRVASEAQKVV-EDGEQEQIPELPDPSLGMGILPREIRKLVERRRQVKQLMKQQDLNPDL 931 

tr|A0A452EXY8|A0A452EXY8_CAPHI      QRVASEAQKVV-EDGEQEQIPELPDPSLEMGILPREIRKLVERRRQVKQLMKQQDLNPDL 931 

tr|W5Q828|W5Q828_SHEEP              QRVASEAQKVV-EDGEQEQIPELPDPSLEMGILPREIRKLVERRRQVKQLMKQQDLNPDL 944 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      QRVASEAQKVV-EDGEQEQIPELPDPSLEMGILPREIRKLVERRRQVKQLMKQQDLNPDL 944 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      QRVSSDVQKRT-EEGEEEEIPELPDSSLEMGILPKEIRKLVERRRQVKQLMKQPHLNPDL 953 

tr|A0A151N032|A0A151N032_ALLMI      QRVSSDVQKRT-EEGEEEEIPELPDSSLEMGILPKEIRKLVERRRQVKQLMKQPHLNPDL 963 

tr|A0A663MCX2|A0A663MCX2_ATHCN      QRLSSEAQKRA-EVEEEEEIPELPDPSLEMGVLPKEIRKLVERRRQVKQLMKQPDLNPDL 847 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      QRLSSEAQKRA-EGEEEEEIPELPDPSVEMGVLPKEIRKLVERRRQVKQLMKQPDLNPDL 975 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      QRLSSEAQKRA-EVKEEEEIPELPDPSLEMGVLPKEIRKLVERRRQVKQLMKQPDLNPDL 955 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      QRLSSEAQKRA-EVEEEEEIPELPDPSLEMGILPKEIKKLVERRRQVKQLMKQPDLNPDL 954 

                                    :*      :   *                                                 

 

tr|A0A6P8GL87|A0A6P8GL87_CLUHA      HMQYDIRQKALKLTANSMYGCLGFSFSRFYAKPLAAMVTHKGRE-------------ILL 994 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      YLQYDIRQKALKLTANSMYGCLGFSFSRFYAKPLAALVTHKGRE-------------ILM 1018 

tr|A0A6P8T108|A0A6P8T108_GYMAC      YLQYDIRQKALKLTANSMYGCLGFSFSRFYAKPLAALVTHKGRE-------------ILM 993 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      YLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTHKGRE-------------ILM 861 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      YMQYDIRQKALKLTANSMYGCLGFSFSRFYAKPLAALVTHKGRE-------------ILM 985 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      --QYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTFKGRE-------------ILL 951 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      YLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTFKGRE-------------ILM 996 

sp|P33609|DPOLA_MOUSE               VLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 989 

sp|O89042|DPOLA_RAT                 VLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 992 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      VLQYDIRQKALKLTANSMYGCLGFSFSRFYAKQLAALVTYKGRE-------------ILM 984 

tr|G1T8Z5|G1T8Z5_RABIT              VLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGREETQTPTVFIFVCLILM 1002 

tr|H0UXU4|H0UXU4_CAVPO              ALQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTFKGRE-------------ILM 991 

tr|G3RT59|G3RT59_GORGO              ILQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE---------------- 989 

sp|P09884|DPOLA_HUMAN               ILQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 985 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      ILQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 991 

tr|K7CUU4|K7CUU4_PANTR              ILQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 991 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      VLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 991 

tr|A0A6J0A827|A0A6J0A827_ACIJB      VLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 991 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      VLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 1013 

tr|F6ZMX7|F6ZMX7_HORSE              VLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 992 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      VLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 991 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      HLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 991 

tr|A0A452EXN8|A0A452EXN8_CAPHI      HLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 989 

tr|L8IUV3|L8IUV3_9CETA              HLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 978 

tr|A0A452EXY8|A0A452EXY8_CAPHI      HLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 978 

tr|W5Q828|W5Q828_SHEEP              HLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 991 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      HLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTYKGRE-------------ILM 991 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      YLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTHKGRE-------------ILM 1000 

tr|A0A151N032|A0A151N032_ALLMI      YLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTHKGRE-------------ILM 1010 

tr|A0A663MCX2|A0A663MCX2_ATHCN      YLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTHKGRE-------------ILM 894 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      YLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTHKGRE-------------ILM 1022 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      YLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTHKGRE-------------ILM 1002 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      YLQYDIRQKALKLTANSMYGCLGFSYSRFYAKPLAALVTHKGRE-------------ILM 1001 

                                      ***********************:****** ***:**.****  
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tr|A0A6P8GL87|A0A6P8GL87_CLUHA      HTKDMVQRMNLDVIYGDTDSIMINTNSTNLDEVFKLGNKV-------------------- 1034 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      HTKDMVQKMNLEVIYGDTDSIMINTNSSSLEEVYKLGNKV-------------------- 1058 

tr|A0A6P8T108|A0A6P8T108_GYMAC      HTKDLVQKMNLEVIYGDTDSIMINTNSKSLEEVYKLGNKV-------------------- 1033 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      HTKDMVQKMNLEVIYGDTDSIMINTNSKCLDEVFKLGNKV-------------------- 901 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      HTKDMVQKMNLEVIYGDTDSIMINTNSKSLEEVFKLGNKVCVDTLQQEKLWFLWVFEQTT 1045 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      HTKEMVQKMNLEVIYGDTDSIMINTNLTKLEEVFKLGNKI-------------------- 991 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      HTKEMVQKMNLEVIYGDTDSIMINTNLTKLEEVFKLGNKI-------------------- 1036 

sp|P33609|DPOLA_MOUSE               HTKDMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1029 

sp|O89042|DPOLA_RAT                 HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1032 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      HTKDMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1024 

tr|G1T8Z5|G1T8Z5_RABIT              HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKI-------------------- 1042 

tr|H0UXU4|H0UXU4_CAVPO              HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1031 

tr|G3RT59|G3RT59_GORGO              --------MNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1021 

sp|P09884|DPOLA_HUMAN               HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1025 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1031 

tr|K7CUU4|K7CUU4_PANTR              HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1031 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVYKLGNKV-------------------- 1031 

tr|A0A6J0A827|A0A6J0A827_ACIJB      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVYKLGNKV-------------------- 1031 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVYKLGNKV-------------------- 1053 

tr|F6ZMX7|F6ZMX7_HORSE              HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1032 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      HTKDMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1031 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1031 

tr|A0A452EXN8|A0A452EXN8_CAPHI      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1029 

tr|L8IUV3|L8IUV3_9CETA              HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1018 

tr|A0A452EXY8|A0A452EXY8_CAPHI      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1018 

tr|W5Q828|W5Q828_SHEEP              HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1031 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKV-------------------- 1031 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKI-------------------- 1040 

tr|A0A151N032|A0A151N032_ALLMI      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLEEVFKLGNKI-------------------- 1050 

tr|A0A663MCX2|A0A663MCX2_ATHCN      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLDEVFKLGNKI-------------------- 934 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLDEVFKLGNKI-------------------- 1062 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLDEVFKLGNKI-------------------- 1042 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      HTKEMVQKMNLEVIYGDTDSIMINTNSTNLDEVFKLGNKV-------------------- 1041 

                                            ***:************** . *:**:*****:    
     

 

tr|A0A6P8GL87|A0A6P8GL87_CLUHA      -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALMVEHHGEGRFTTKQELKGLD 1087 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      -------KAEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEPLGGGRYSTKQELKGLD 1111 

tr|A0A6P8T108|A0A6P8T108_GYMAC      -------KAEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVENHGEGRYSVKQELKGLD 1086 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      -------KAEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEQHGEGRFSVKQELKGLD 954 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      LLFCFQVKAEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEHHGDGRYSVKQELKGLD 1105 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      -------KSEINKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEPAGDGKYITKQELKGLD 1044 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEPAGDGKYITKQELKGLD 1089 

sp|P33609|DPOLA_MOUSE               -------KSEVNKLYKLLEIDIDAVFKSLLLLKKKKYAALVVEPTSDGNYITKQELKGLD 1082 

sp|O89042|DPOLA_RAT                 -------KNEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEPTSDGNYITKQELKGLD 1085 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      -------KSEVNKLYKLLEIDIDGIFKSLLLLKKKKYAALVVEPTSDGNYATKQELKGLD 1077 

tr|G1T8Z5|G1T8Z5_RABIT              -------KNEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEPTSDGNYITKQELKGLD 1095 

tr|H0UXU4|H0UXU4_CAVPO              -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEPASDGNYVTKQELKGLD 1084 

tr|G3RT59|G3RT59_GORGO              -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEPTSDGNYVTKQELKGLD 1074 

sp|P09884|DPOLA_HUMAN               -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEPTSDGNYVTKQELKGLD 1078 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEPTSDGNYVTKQELKGLD 1084 

tr|K7CUU4|K7CUU4_PANTR              -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEPTSDGNYVTKQELKGLD 1084 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      -------KSEVNKLYRLLEIDIDGVFKSLLLLKKKKYAALVVEPTSDGNYITKQELKGLD 1084 

tr|A0A6J0A827|A0A6J0A827_ACIJB      -------KSEVNKLYRLLEIDIDGVFKSLLLLKKKKYAALVVEPTSDGNYITKQELKGLD 1084 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALVVEPTLDGNYITKQELKGLD 1106 

tr|F6ZMX7|F6ZMX7_HORSE              -------KSEVNRLYKLLEIDIDGVFKSLLLLKKKKYAALVVEPTSDGNYFTKQELKGLD 1085 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      -------KSEVNKLYKLLEIDIDGIFKSLLLLKKKKYAALVVEPTVDGNYVTKQEVKGLD 1084 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      -------KSEVNKLYKLLEIDIDGIFKSLLLLKKKKYAALIVEPTSDGNYVTKQEVKGLD 1084 

tr|A0A452EXN8|A0A452EXN8_CAPHI      -------KSEVNKLYKLLEIDIDGIFKSLLLLKKKKYAALIVEPTSDGNYVTKQEVKGLD 1082 

tr|L8IUV3|L8IUV3_9CETA              -------KSEVNKLYKLLEIDIDGIFKSLLLLKKKKYAALIVEPTSDGNYVTKQEVKGLD 1071 

tr|A0A452EXY8|A0A452EXY8_CAPHI      -------KSEVNKLYKLLEIDIDGIFKSLLLLKKKKYAALIVEPTSDGNYVTKQEVKGLD 1071 

tr|W5Q828|W5Q828_SHEEP              -------KSEVNKLYKLLEIDIDGIFKSLLLLKKKKYAALIVEPTSDGNYVTKQEVKGLD 1084 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      -------KSEVNKLYKLLEIDIDGIFKSLLLLKKKKYAALIVEPTSDGNYVTKQEVKGLD 1084 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALTVEPTGDGKYITKQELKGLD 1093 

tr|A0A151N032|A0A151N032_ALLMI      -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALTVEPTGDGKYVTKQELKGLD 1103 

tr|A0A663MCX2|A0A663MCX2_ATHCN      -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALTVEPTGDGKYITKQELKGLD 987 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      -------KSEVNKLYKLLEIDIDGIFKSLLLLKKKKYAALTVEPTGDGKYVTKQELKGLD 1115 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALTVEPTGDGKYITKQELKGLD 1095 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      -------KSEVNKLYKLLEIDIDGVFKSLLLLKKKKYAALTVEPTGDGKYVTKQELKGLD 1094 

                                           * *:*:**:*******.:*************** **    *.: .***:**** 
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                  Zn1(CysA) 
tr|A0A6P8GL87|A0A6P8GL87_CLUHA      DGLLGAPAQLTDEERYRDCERFTFTCPQCGTDNIYDNVFEGAGSKIEPSLLRCCQVSCEG 1327 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      DGFLGAPVQLTDEEKYKDCERFTFTCPLCTTDNVYDNVFEGAGTMVEAAMLRCCNPTCGG 1351 

tr|A0A6P8T108|A0A6P8T108_GYMAC      NRMLGAPVQLTDEERYKDCESFTFTCPQCSTDNIYTCVFEGAGLKCEPSLLRCCHLPCGE 1326 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      DGLLGVPVQLTDEERYKDCERFTFTCPQCGTDNVYDSVFEGAGSKVEPSLMRCCHIPCGG 1194 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      DGMLGAPVQLTDEERYRDCERFTFTCPSCGTDNMYDNVFEGAGNKVEPGLMRCCHIPCQS 1345 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      D-LFGGPIQQTDEEKYKDCKRFKFACPKCGTENIYDNVFRYLDGKFKASVLCCNPEGCNE 1283 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      D-LFGGPVQQTDEEKYKDCKRFKFACPKCGTENIYDNVFRYLGGKFKASVLCCNPEGCNE 1328 

sp|P33609|DPOLA_MOUSE               DALLGGPAQLTDEEKYKDCEKFKCLCPSCGTENIYDNVFEGSGLDMEPSLYRCSNVDCKV 1321 

sp|O89042|DPOLA_RAT                 DALLGGPAQLTDEEKYKDCEKFKCLCPSCGTENIYDNVFEGSGMDMEPSLNRCSNIDCKA 1324 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      DDLRGGLAQLTDEEKYRDCERFKCPCPVCGTENIYDSVFEGSGTDMELSLYRCSNINCNA 1316 

tr|G1T8Z5|G1T8Z5_RABIT              DALLGGPAQLTDEEKYKDCEKFKCPCPTCGTENIYDNVFDGLGADMEPSLYRCSNINCKA 1334 

tr|H0UXU4|H0UXU4_CAVPO              DALLGGPAQLTDEEKYRDCEKFKCPCPACGTENIYDSVFDGSGTDMEPSLYRCSNIDCKA 1323 

tr|G3RT59|G3RT59_GORGO              DALLGGPAQLTDEEKYRDCERFKCPCPTCGTENIYDNVFDGSGTDMEPSLYRCSNIDCKA 1313 

sp|P09884|DPOLA_HUMAN               DALLGGPAQLTDEEKYRDCERFKCPCPTCGTENIYDNVFDGSGTDMEPSLYRCSNIDCKA 1317 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      DALLGGPAQLTDEEKYRDCERFKCPCPTCGTENIYDNVFDGSGTDMEPSLYRCSNIDCKA 1323 

tr|K7CUU4|K7CUU4_PANTR              DALLGGPAQLTDEEKYRDCERFKCPCPTCGTENIYDNVFDGSGTDMEPSLYRCSNIDCKA 1323 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      DALLGGPAQLTDEEKYRDCERFKCPCPTCGTENIYDSVFDGSGTDIEPSLYRCSNIDCKA 1323 

tr|A0A6J0A827|A0A6J0A827_ACIJB      DALLGGPAQLTDEEKYRDCERFKCPCPTCGTENIYDSVFDGSGTDIEPSLYRCSNIDCKA 1323 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      DALLGGPAQLTDEEKYRDCERFKCPCPTCGTENIYDSVFDGSGTDIEPSLYRCSNIDCKA 1345 

tr|F6ZMX7|F6ZMX7_HORSE              DALLGGPAQLTDEEKYRDCERFKCPCPTCGTENIYDSVFDGSGKDMEPSLYRCSNIDCKA 1324 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      DALLGGPAQLTDEEKYRDCERFKCPCPICGTENIYDSVFDGSGTDMEPSLYRCSNIDCKA 1323 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      DALLGGPAHLTDEEKYKDCERFKCPCPTCGTENIYDSVLDGSGTDMEPSLYRCSNINCKA 1323 

tr|A0A452EXN8|A0A452EXN8_CAPHI      DALLGGPAHLTDEEKYKDCERFKCPCPTCGTENIYDSVFDGSGTDMEPSLYRCSNINCKA 1321 

tr|L8IUV3|L8IUV3_9CETA              DALLGGPAHLTDEEKYKDCERFKCPCPTCGTENIYDSVLDGSGTDMEPSLYRCSNINCKA 1310 

tr|A0A452EXY8|A0A452EXY8_CAPHI      DALLGGPAHLTDEEKYKDCERFKCPCPTCGTENIYDSVFDGSGTDMEPSLYRCSNINCKA 1310 

tr|W5Q828|W5Q828_SHEEP              DALLGGPAHLTDEEKYKDCERFKCPCPTCGTENIYDSVFDGSGTDMEPSLYRCSNINCKA 1323 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      DALLGGPAHLTDEEKYKDCERFKCPCPTCGTENIYDSVFDGSGTDMEPSLYRCSNINCKA 1323 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      DAFLGGLAQLTDEEKYRDCERFKFPCPKCGTENIYDNVFDGSGQFLEPSLQQCSKKECNE 1333 

tr|A0A151N032|A0A151N032_ALLMI      DAFLGGLAQLTDEEKYRDCERFKFPCPKCGTENIYDNVFDGSGQFLEPSLQQCSKKECNE 1343 

tr|A0A663MCX2|A0A663MCX2_ATHCN      DALVGGPAQLTDEEKYRDCERFKFCCLRCGTENIYDNVFDGSGRFIEASLQRCSKTECEE 1227 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      DALVGGPAQLTDEEKYRDCERFKFCCLKCGTENIYDNVFDGSGRFIEPSLQRCSKTECDE 1355 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      DALVGGPAQLTDEEKYRDCERFKFCCLKCGTENIYDNVFDGSGRFIEASLQRCSKTECDE 1335 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      DALVGGPAQLTDEEKYRDCERFKFCCLKCGTENIYDNVFDGSGQFIEPSLQRCSKTECEE 1334 

                                    : : *   : ****:*:**: *.  *  * *:*:*  *:   .   : .:  *    *  

 

 

             Zn2 (CysB, 4Fe-4S) 

tr|A0A6P8GL87|A0A6P8GL87_CLUHA      RPVDHHTQIGNKLLLDVRRHIRKYYSGWLHCEDQACPHRSRRLPIFFSRSGPICPGCSKY 1387 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      RPLDYPTHISNKLLLDIRKHIRKYYSGWLVCEDQACQNRTRRLPISFSRSGPICPACTRS 1411 

tr|A0A6P8T108|A0A6P8T108_GYMAC      RPIDQAVNICNKLLLDIRRHIKKYYSGWLLCEDQACMNRTRRLPIAFSRHGPICPACTRA 1386 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      SPADYVVNIRNKLVLDIRRHIKRYYAGWLVCEDQACQNRTRRLPIAFSRHGPICPACSRA 1254 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      RPIDHPVHISNKLLLDIRRHIKKYYSGWLVCEDQACQNRTRRLPIAFSRHGPICPACSRA 1405 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      NLLNYSMQINNKLILDIRGFIKKYYCSWLRCEEQTCQYRICRLPLHFSRNGPLCPVCKKA 1343 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      NLLNYSMQINNKLILDIRGFIKKYYCSWLRCEEQTCQYRTRRLPLHFSRNGPLCPVCKKA 1388 

sp|P33609|DPOLA_MOUSE               SPLTFMVQLSNKLIMDIRRCIKKYYDGWLICEEPTCCSRLRRLPLHFSRNGPLCPVCMKA 1381 

sp|O89042|DPOLA_RAT                 SPATFMVQLSNKLIMDIRRCIKKYYDGWLICEEPTCRNRIRRLPLHFSRNGPLCPACMKA 1384 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      SPMNFLVQLNNKLILDIRRCIKKYYEGWLICEEPTCRNRTRRLPLQFSRNGPLCQVCMKA 1376 

tr|G1T8Z5|G1T8Z5_RABIT              SPLTFVVQLCNKLVMDIRRCIKKYYDGWLVCEEPMCRNRTRHLPLQFSRNGPLCPACTKA 1394 

tr|H0UXU4|H0UXU4_CAVPO              SPLTFVVQLSNRLIMDIRRCIKKYYDGWLLCEEPTCRNRTRHLPLQFSRSGPLCPACMKA 1383 

tr|G3RT59|G3RT59_GORGO              SPLTFTVQLSNKLIMDIRRFIKKYYDGWLTCEEPTCRNRTRHLPLQFSRTGPLCPACMKA 1373 

sp|P09884|DPOLA_HUMAN               SPLTFTVQLSNKLIMDIRRFIKKYYDGWLICEEPTCRNRTRHLPLQFSRTGPLCPACMKA 1377 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      SPLTFTVQLSNKLIMDIRRFIKKYYDGWLICEEPTCRNRTRHLPLQFSRTGPLCPACMKA 1383 

tr|K7CUU4|K7CUU4_PANTR              SPLTFTVQLSNKLIMDIRRFIKKYYDGWLICEEPTCRNRTRHLPLQFSRTGPLCPACMKA 1383 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      SPLTFMVQLSNKLIMDIRRCIKKYYEGWLMCEEPACRNRTRRLPLQFSRNGPLCQVCMKA 1383 

tr|A0A6J0A827|A0A6J0A827_ACIJB      SPLTFMVQLSNKLIMDIRRCIKKYYEGWLMCEEPACRNRTRRLPLQFSRNGPLCQVCMKA 1383 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      SPLTFMVQLSNKLIMDIRRCIKKYYEGWLMCEEPACRNRTRRLPLQFSRNGPLCQVCMKA 1405 

tr|F6ZMX7|F6ZMX7_HORSE              SPLTFMVQLSNKLIMDIRRCIKKYYEGWLICEEPTCRNRTRHLPLQFSRNGPLCQVCMKA 1384 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      SPLTFMVQLSNKLIMDIRRCIKKYYEGWLICEEPTCRNRTRHLPLQFSRNGPLCQVCMKA 1383 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      SPLTFMVQLSNKLIMDIRRCIKKYYEGWLICEEPTCRNRTRHLPLQFSRNGPLCQVCMKA 1383 

tr|A0A452EXN8|A0A452EXN8_CAPHI      SPLTFMVQLSNKLIMDIRRCIKKYYEGWLICEEPTCRNRTRHLPLQFSRNGPLCQVCMKA 1381 

tr|L8IUV3|L8IUV3_9CETA              SPLTFMVQLSNKLIMDIRRCIKKYYEGWLICEEPTCRNRTRHLPLQFSRNGPLCQVCMKA 1370 

tr|A0A452EXY8|A0A452EXY8_CAPHI      SPLTFMVQLSNKLIMDIRRCIKKYYEGWLICEEPTCRNRTRHLPLQFSRNGPLCQVCMKA 1370 

tr|W5Q828|W5Q828_SHEEP              SPLTFMVQLSNKLIMDIRRCIKKYYEGWLICEEPTCRNRTRHLPLQFSRNGPLCQVCMKA 1383 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      SPLTFMVQLSNKLIMDIRRCIKKYYEGWLICEEPTCRNRTRHLPLQFSRNGPLCQVCMKA 1383 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      LPFCHVTQMNNKLLLDIRCYLKKYYNGWLICEDPACQNRTRRLPLSFSRNGPLCQACRKA 1393 

tr|A0A151N032|A0A151N032_ALLMI      LPFCHVTQMNNKLLLDIRCYLKKYYNGWLICEDPACQNRTRRLPLSFSRNGPLCQACRKA 1403 

tr|A0A663MCX2|A0A663MCX2_ATHCN      PPFNYVVQMSNKLLLDIRRYIGKYYNGWLICEEPTCRNRTRRLPLSFSRSGPVCQDCRKA 1287 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      PPFNYVVQMNNKLLLDIRRYIRKYYNGWLICEEPTCQNRTRRLPLSFSRSGPVCQACKKA 1415 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      PPFNYVVQMNNKLLLDIRRYLRKYYNGWLICEEPTCQNRTRRLPLSFSRSGPMCQACRKA 1395 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      PPFNYVVQMSNKLLLDIRRYLRKYYSGWLICEEPTCQNRTRRLPLSFSRSGPVCQACRKA 1394 

                                           :: *:*::*:*  : :** .** **:  *  *  :**: *** **:*  * :  
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Figure 12 shows the MSA analysis of DNA pol α from 

different yeasts. The N-terminal and C-terminal 

regions are not conserved significantly and the N-

terminal region showed lots of gaps in alignment as it 

is not conserved (data not shown). However, after 

~250 amino acids from the N-terminal, a stretch of 

highly conserved acidic amino acids is seen 

(highlighted in red) as found in animal sources, 

suggesting a possible role in binding to the basic 

histone proteins of the chromosomes. After the 

middle half, few conserved peptides are observed 

(data not shown). The invariant –SLYPS- is found 

around after ~850 amino acids, as found in the DNA 

pol α from animal sources (Fig. 11). It has the typical 

temple-binding -YG- pair and the catalytic amino acid 

–KL/v- (highlighted in yellow).  Three ZBMs are also 

found but placed apart; one in the middle and two at 

the C-terminal regions (highlighted in orange) and, 

however, the structure of ZBMs, CysA and CysB are 

significantly different from animal sources. A highly 

conserved peptide with consecutive L and K residues 

–LLLHAKKK- is also observed as in the DNA pol α 

from animals (Fig. 11). The two-in-one site, -

YGDTDS- and the Mg2+-binding (-DID-) are also 

found as in the DNA poly α from animal sources (Fig. 

11).  Even though the PR activity is reported to be 

absent. [28] The proposed PR active site amino acids 

are highlighted in light blue and compared with the 

other PR active sites from bacteria and viruses (Table 

4).  

 

 

 
 

 

 

 

 

//End of C-terminal of DNA pol α from animals 
tr|A0A6P8GL87|A0A6P8GL87_CLUHA      DRTLTSSSYSEVNLAKLFQAFTALK------------ 1470 

tr|A0A1S3NC92|A0A1S3NC92_SALSA      DRSLLASGYSEVNLSKLFQAFTSLK------------ 1494 

tr|A0A6P8T108|A0A6P8T108_GYMAC      DNALATSGYSEINLAKLFQAFSSLK------------ 1469 

tr|A0A3P9D2Z3|A0A3P9D2Z3_9CICH      NTAMYLQTT--DTFSSIFSG----------------- 1326 

tr|A0A3P9MI28|A0A3P9MI28_ORYLA      EKALAASGYSEVNLAKLFQAFSSLK------------ 1487 

tr|A0A6J1UIR0|A0A6J1UIR0_9SAUR      DKWLSMSSYSEVNLGKLFQTFSIVKSGDQSST----- 1432 

tr|A0A6P9D0I8|A0A6P9D0I8_PANGU      DKWLSMNSYSEVNLGKLFQTFSIVKSGDESSTLKCCL 1482 

sp|P33609|DPOLA_MOUSE               EQFLSWSGYSEVNLSKLFANYAGKS------------ 1465 

sp|O89042|DPOLA_RAT                 EHFLSWSG----------------------------- 1451 

tr|A0A7J8AWU5|A0A7J8AWU5_RHIFE      EHFLSQSGYTEVNLSKLFADCAVRS------------ 1461 

tr|G1T8Z5|G1T8Z5_RABIT              EQFLLRSGYSEVNLSKLFADCAVKS------------ 1479 

tr|H0UXU4|H0UXU4_CAVPO              EKFLSRSGYSEVNLSKLFADCAMKS------------ 1467 

tr|G3RT59|G3RT59_GORGO              EQFLSRSGYSEVNLSKLFAGCAVKS------------ 1458 

sp|P09884|DPOLA_HUMAN               EQFLSRSGYSEVNLSKLFAGCAVKS------------ 1462 

tr|A0A6D2XUY8|A0A6D2XUY8_PANTR      EQFLSRSGYSEVNLSKLFAGCAVKS------------ 1468 

tr|K7CUU4|K7CUU4_PANTR              EQFLSRSGYSEVNLSKLFAGCAVKS------------ 1468 

tr|A0A6P6ITS8|A0A6P6ITS8_PUMCO      EQFLSRSGYSEVNLSKLFADCAVRP------------ 1468 

tr|A0A6J0A827|A0A6J0A827_ACIJB      EQFLSRSGYSEVNLSKLFADCAVRP------------ 1468 

tr|A0A6P4TPK1|A0A6P4TPK1_PANPR      EQFLSRSGYSEVNLSKLFADCAVRP------------ 1490 

tr|F6ZMX7|F6ZMX7_HORSE              EQFLSRSGYSEVNLSKLFADCAVKS------------ 1469 

tr|A0A2Y9M558|A0A2Y9M558_DELLE      EQFLSQSGYSEVNLSKLFADCAVRS------------ 1468 

tr|A0A3Q1LMS8|A0A3Q1LMS8_BOVIN      ------------------------------------- 1424 

tr|A0A452EXN8|A0A452EXN8_CAPHI      EQFLSQSGYSEVNLSRLFADCAVWS------------ 1466 

tr|L8IUV3|L8IUV3_9CETA              EQFLSQSGYSEVNLSKLFADCAVWS------------ 1455 

tr|A0A452EXY8|A0A452EXY8_CAPHI      EQFLSQSGYSEVNLSRLFADCAVWS------------ 1455 

tr|W5Q828|W5Q828_SHEEP              EQFLSQSGYSKVNLSRLFADCAVWS------------ 1468 

tr|A0A6P3TAR3|A0A6P3TAR3_SHEEP      EQFLSQSGYSEVNLSRLFADCAVWS------------ 1468 

tr|A0A1U7R9B9|A0A1U7R9B9_ALLSI      DTFLSMSSYSEVNLGKLFQTICTAKSVGDASNERQ-- 1488 

tr|A0A151N032|A0A151N032_ALLMI      DTFLSMSSYSEVNLGKLFQTICTAKYVGDASNERQ-- 1498 

tr|A0A663MCX2|A0A663MCX2_ATHCN      ---------STINIEETFFIR-EKMMAQERH------ 1355 

tr|A0A6J0I7H9|A0A6J0I7H9_9PASS      ------------------------------------- 1422 

tr|A0A7K5Y128|A0A7K5Y128_9CHAR      DKCLSTSGYSEVNLGKLFTVS-IGRAVGESNNERQ-- 1489 

tr|A0A7L0MV49|A0A7L0MV49_9PSIT      DKCLSMSGYSEVNLGKLFTIS-IGRSVGESNNERQ-- 1487 

                                                                          

Fig. 11 MSA of DNA polymerase α catalytic subunit from animal sources 
A0A6P8GL87_CLUHA, Clupea harengus   A0A1S3NC92_SALSA, Salmo salar  

A0A6P8T108_GYMAC, Gymnodraco acuticeps  A0A3P9D2Z3_9CICH, Maylandia zebra 

A0A3P9MI28_ORYLA, Oryzias latipes   A0A6J1UIR0_9SAUR, Notechis scutatus  

A0A6J0I7H9_9PASS, Lepidothrix coronate  A0A6P9D0I8_PANGU, Pantherophis guttatus 

P33609|DPOLA_MOUSE Mus musculus   O89042|DPOLA_RAT, Rattus norvegicus  

A0A7J8AWU5_RHIFE, Rhinolophus ferrumequinum G1T8Z5_RABIT, Oryctolagus cun  

H0UXU4_CAVPO, Cavia porcellus   G3RT59_GORGO, Gorilla gorilla gorilla  

P09884|DPOLA_HUMAN, Homo sapiens   A0A6D2XUY8_PANTR, Pan troglodytes 

K7CUU4_PANTR, Pan troglodytes   A0A6P6ITS8_PUMCO, Puma concolor  

A0A6J0A827_ACIJB, Acinonyx jubatus   A0A6P4TPK1_PANPR, Panthera pardus  

F6ZMX7_HORSE, Equus caballus    A0A2Y9M558_DELLE, Delphinapterus leucas  

A0A3Q1LMS8_BOVIN, Bos tauru   A0A452EXN8_CAPHI, Capra hircus  

A0A452EXY8_CAPHI, Capra hircus   L8IUV3_9CETA, Bos mutus  

W5Q828_SHEEP, Ovis aries    A0A6P3TAR3_SHEEP, Ovis aries  

A0A1U7R9B9_ALLSI, Alligator sinensis   A0A151N032_ALLMI, Alligator mississippiensis 

A0A663MCX2_ATHCN, Athene cunicularia   A0A7K5Y128_9CHAR, Dromas ardeola  

A0A7L0MV49_9PSIT, Amazona guildingii  
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CLUSTAL O 1.2.4) MSA analysis DNA polymerase α from different yeasts  

 

tr|A0A7D9GZJ1|A0A7D9GZJ1_DEKBR      ADADLDDSSDDDDIVVAKR-RTTAFVDRD-V-NLSSSKAKPI-LKHPLNSSPFKDT--DV 328 

tr|A0A1E3NHX3|A0A1E3NHX3_9ASCO      NDFDD-DDDEDDDIIISKRKKVSAVIDRK-M-KAVD--------SSPLKNAKQL----DI 313 

tr|R9XN45|R9XN45_ASHAC              -----ADDSDEEEVYLGRKAIRSAAASRH-V-TFGAKFK---SVSSPVAGKSIDIPHSDP 283 

tr|I6NDM1|I6NDM1_ERECY              SNASFDDNDSDDDIQFGRRTVKTVASDRK-V-TFTTAVP---NSSSPH-----VIAHGTP 312 

tr|A0A109UYK0|A0A109UYK0_9SACH      KAEDFLDDDSDDEIQFTRRPVRSVAVNRE-V-TFHSTSA---ASQI--------VPPPSE 295 

tr|A0A1G4J8L9|A0A1G4J8L9_9SACH      QSESESEEEEEEEVKATRRTVRTAAIRRA-V-NFNIGQD---AQSSPF-----VTAPNTP 311 

tr|A0A0P1KX40|A0A0P1KX40_9SACH      -GGQSSEEDSDEDITIRRRTIRSAAASQR-A-NVDVRSS---VQSSPF-----VTAPPTP 302 

tr|A0A1G4KH46|A0A1G4KH46_9SACH      NIDGDDDDDSDDEIQLGRRTIRTAAAAKR-A-NFNMSSI---TPSSPF-----TTAPGTP 311 

tr|A0A1G4KMB7|A0A1G4KMB7_9SACH      LSDKDDEEESDEEINIGRRTVRNAAAIKR-I-NINAGSN---SSSSPF-----VTAPGTP 321 

tr|A0A1S7HLF8|A0A1S7HLF8_9SACH      EICSTIEDDSDDDITFGRKTVRSVAAIRQ-V-NISSKSN---SPTSPF-----VTAPATP 279 

tr|A0A1Q3A9M9|A0A1Q3A9M9_ZYGRO      ESNDDNDDESDDDIFVGRRTVRRVAAKRE-V-NLSSKSN---PLASPV-----VA-PGTP 290 

tr|A0A5P2U3L1|A0A5P2U3L1_KLULC      SED--ESEDDEDDIHFGRKKFKSIAAQRQ-M-NISAQ-TAPLTSSPTY-----VTAPNTP 277 

tr|W0TGP7|W0TGP7_KLUMD              SVEDEDDEDDEDEIHFNRRKVKSVAAQRQ-L-NIHAKAAVPVTSSPTY-----VTAPNTP 281 

sp|P13382|DPOA_YEAST                LADEEDDEDSDEDIILKRRTMRSVTTTRR-V-NIDSRSN---PSTSPF-----VTAPGTP 314 

tr|A0A0L8VIK5|A0A0L8VIK5_9SACH      LADEEDDEDSDEDIILKRRTMRSVTTTRR-V-NIDSRSN---PSTSPF-----VTAPGTP 314 

tr|A0A7G7JEL9|A0A7G7JEL9_CANGB      STNIDSDDSDEDNVIVTKRKMRTATAVRK-V-NLDSKSA---LSSSPY-----VTTPGTP 297 

tr|A0A1B2JAV2|A0A1B2JAV2_PICPA      SLDDIQDEESDEELLISRRARTANTEISREINMRASVIEEK-----T--------ADADP 279 

tr|C4R232|C4R232_KOMPG              SLDQTQDEESDEELLISRRARTANTEISREVNMRASVIEEK-----A--------ADADS 280 

tr|A0A642UJM6|A0A642UJM6_DIURU      PATQESESDSDDDIV-VVRPRAAAVAPRPKMSTISSIKANV--------------LQSSP 274 

tr|A0A1E4U1L7|A0A1E4U1L7_PACTA      DNEEEEDDDDDDDIIVSRRPRAATSRVDRSV-NLAATKKLP-----TVKS---THLNSSP 338 

tr|A0A1V2L9F2|A0A1V2L9F2_CYBFA      TMDVDEEESDEDDIVVVKRPRVSTTAVNR-SVNLTAAKANE-----PKEE---RQISSPP 289 

tr|A0A2Z1Y943|A0A2Z1Y943_9ASCO      FDDEDDVSSSEDEIVVTRKPRAS-GAVRKTLGVVSSVKLTP--------------SAASI 293 

tr|A0A1D8PK28|A0A1D8PK28_CANAL      VNDNDDEDDSDDDIVYSRKPRAA-VVKKNQVDTVSAVKANQ--------------LPSSP 301 

tr|C4YQI4|C4YQI4_CANAW              VNDNDDEDDSDDDIVYSRKPRAA-VVKKNQVDTVSAVKANQ--------------LPSSP 301 

tr|G8Y7L3|G8Y7L3_PICSO              EKEDASSDDSDEDVIVTRRPRAV-GKNRNNDVNFTSVNETK--------------IKTNA 281 

tr|A0A0V1Q5J4|A0A0V1Q5J4_9ASCO      EDEDEIDDDSEDEVIVTRRPRAA-SANKHKAANFSAVKASN--------------IASSS 299 

tr|A5DC55|A5DC55_PICGU              EPKSQPESDSEDEVVVARRPKSA--VSRTTMSTLTAVRTSE--------------LPSSS 271 

tr|A0A512UAU0|A0A512UAU0_9ASCO      EPVSEDDSESEDEIVMRRRQRT-TVAAPKTAANISSVKTAS--------------LPAKS 305 

tr|A0A1L0D0V4|A0A1L0D0V4_9ASCO      -LKEESESDD-DDVVVRRRPRT-SAPVRETVATISTVKAAD--------------L---- 280 

tr|A0A0L0NRD1|A0A0L0NRD1_CANAR      EPASESDSED-DDIVVAKRPRAAAAPARNTGATISAVKASG--------------L---- 278 

                                           ... :::    :      

                                 

 

  Zn1 

tr|A0A7D9GZJ1|A0A7D9GZJ1_DEKBR      QGRLICDIANNMGQSLTPKCQSWDLAEMYEIYCKKKYTPMEVNLANPAFGEDAGRLLAAF 793 

tr|A0A1E3NHX3|A0A1E3NHX3_9ASCO      AGRLLCDISNDMGQSLTPKCQSWELAEMYEVVCRDKYSPMEVNLANPLVAEDANKLLAAI 775 

tr|R9XN45|R9XN45_ASHAC              SGRLLCDISNEMGQSLTPKCQSWELGEMYQVVCQREYKPLEINFNDARYHEDANFLVLAL 720 

tr|I6NDM1|I6NDM1_ERECY              SGRLLCDVSNEMGQSLTQKCQNWELTEMYQVACQKDHKAIEINFNDVRFQEDVSLFVLAL 750 

tr|A0A109UYK0|A0A109UYK0_9SACH      SGRLLCDISNEMGQSLTPKCQSWELGEMYQVTCNKEHKFLDVDYSDAQYHDNANCLVLAL 733 

tr|A0A1G4J8L9|A0A1G4J8L9_9SACH      SGRLLCDISNEMGQSLTPKCQNWELPEMYFVACQKDHKSLDINFQASQYQSDVNAFILAL 753 

tr|A0A0P1KX40|A0A0P1KX40_9SACH      SGRLLCDISNEMGQSLTPKCQSWDLSEMYQVTCQKEQRTLEINYQNPQYQNDVNSMIMAL 734 

tr|A0A1G4KH46|A0A1G4KH46_9SACH      AGRLLCDISNEMGQSLTPKCQSWDLSEMYQVTCQKEHKSLEVNYQSPQYQNDVNSMVLAL 744 

tr|A0A1G4KMB7|A0A1G4KMB7_9SACH      GGRLLCDISNEMGQSLTPKCQSWELAEMYQVTCQKEHKAMEINYQSPQYQSDVNSMILAL 754 

tr|A0A1S7HLF8|A0A1S7HLF8_9SACH      SGRLLCDIANDMGQSLTPKCQTWDLSEMFEVACNKEHKSLDINYQNPQYQTDAETMTMAL 718 

tr|A0A1Q3A9M9|A0A1Q3A9M9_ZYGRO      AGRLLCDIANDMGQSLTPKCQTWDLPEMYLVACGKETTPLDINYQNPHYREDADTMAMAL 728 

tr|A0A5P2U3L1|A0A5P2U3L1_KLULC      AGRLLCDISNEMGQSLTPKCQNWELNEMYQVSCGIERKSLEINYLNPIYQEDESQMLLAL 711 

tr|W0TGP7|W0TGP7_KLUMD              AGRLLCDISNEMGQSLTQKCQNWELNEMYQISCGIERKSLEINYLSPIYQEDESQMILAL 715 

sp|P13382|DPOA_YEAST                SGRLICDIANEMGQSLTPKCQSWDLSEMYQVTCEKEHKPLDIDYQNPQYQNDVNSMTMAL 751 

tr|A0A0L8VIK5|A0A0L8VIK5_9SACH      SGRLICDIANEMGQSLTPKCQSWDLSEMYQVTCEKEHKPLDIDYQNPQYQNDVNSMTMAL 751 

tr|A0A7G7JEL9|A0A7G7JEL9_CANGB      AGRLICDIGNEMGQSLTPKCQNWDLAEMYQVTCQVDHKPLEINYQNTQYQDDVNLLTMAL 737 

tr|A0A1B2JAV2|A0A1B2JAV2_PICPA      QGRLLCDIGNDMGQSLTTKCQSWDLPEMYQSVCGKNFKPSEIALNNPQLSENVNLLLTIA 717 

tr|C4R232|C4R232_KOMPG              HGRLLCDIGNDMGQSLTTKCQSWDLPEMYQSVCGKTFKPSEIALNNPQLSENVNLLLTVA 718 

tr|A0A642UJM6|A0A642UJM6_DIURU      AGRLLCDIAGDLGRSLSTKCTSWELSEMYRVVCGKQYAGMEVNWANMS---NPDYFMTVL 694 

tr|A0A1E4U1L7|A0A1E4U1L7_PACTA      QGRLLCDIANEMGQSLTTKCQSWDLSEMYQVVCKKTSIDFEINLSNPKILEDANTLMINL 791 

tr|A0A1V2L9F2|A0A1V2L9F2_CYBFA      AGRLLCDIANEMGQSLTTKCQSWELPEMYEVVCKKKLLSPEYNLNNPVFQEDAKQMLLVL 732 

tr|A0A2Z1Y943|A0A2Z1Y943_9ASCO      QGRLLCDIANEMGQSLTPKCQSWDLVEMYDIVCNRKHPSLEINYQEPKYAEDASFFMMAL 732 

tr|A0A1D8PK28|A0A1D8PK28_CANAL      QGRLLCDIANEMGQSLTMKCQSWDLHEMYDVVCHKKHSPVEINYQNLKYAEDAHLFLMAL 741 

tr|C4YQI4|C4YQI4_CANAW              QGRLLCDIANEMGQSLTMKCQSWDLHEMYDVVCHKKHSPVEINYQNLKYAEDAHLFLMAL 741 

tr|G8Y7L3|G8Y7L3_PICSO              QGRLLCDIANEMGQSLTPKCQSWDLNEMYEVICGKKLPQLEVNYQNSRYSDDANFLLIAL 724 

tr|A0A0V1Q5J4|A0A0V1Q5J4_9ASCO      QGRLLCDIANEMGQSLTPKCQSWDLNEMYDVVCHKKQIPLEINFHNPRYAEDASFLLMAL 745 

tr|A5DC55|A5DC55_PICGU              QGRLLCDIANEMGQSLTTKCQSWDLSEMLDVVCHKKHTALEINFTNPRYAEDASFLLMAL 712 

tr|A0A512UAU0|A0A512UAU0_9ASCO      QGRLLCDIANELGQSLTPKCQSWDLPEMYEVVCNEKHTSPEINFHNPRYAEDASFLLMPL 747 

tr|A0A1L0D0V4|A0A1L0D0V4_9ASCO      QGRLLCDIANELGQSLTPKCQSWDLPEMYNVVCHKQHSAMEINFQNPRYAEDASFLLMPL 719 

tr|A0A0L0NRD1|A0A0L0NRD1_CANAR      QGRLLCDIANELGQSLTTKCQSWDLPEMYSVVCQKQYNAVELNFLNPRYAEDAGFLLMSL 718 

                                     ***:**:..::*:**: ** .*:* **    *       :          :   :     
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tr|A0A7D9GZJ1|A0A7D9GZJ1_DEKBR      MDFNSLYPSIIQEFNICFTTVDRSKLTE-----DELPEVPSPEIPRGVLPKLLHELVSRR 957 

tr|A0A1E3NHX3|A0A1E3NHX3_9ASCO      MDFNSLYPSIIQEFNICFTTIERSNLGE-----DELPKVPTK-SAMGVLPKLLQQLVTRR 947 

tr|R9XN45|R9XN45_ASHAC              MDFNSLYPSIIQEFNICFTTVERNPHDI-----DELPPVPTE-AKAGVLPRLLANLVERR 891 

tr|I6NDM1|I6NDM1_ERECY              MDFNSLYPSIIQEFNICFTTVERDPGDI-----EQLPEVPPSGIVQGVLPKLLANLVQRR 922 

tr|A0A109UYK0|A0A109UYK0_9SACH      MDFNSLYPSIIQEYNICFTTVDRNPENT-----DELPEVPSSDMAQGVLPKLLANLVQRR 905 

tr|A0A1G4J8L9|A0A1G4J8L9_9SACH      MDFNSLYPSIIQEFNICFTTVKRDPNNI-----EELPNVPSTEEAQGVLPKLLANLVQRR 922 

tr|A0A0P1KX40|A0A0P1KX40_9SACH      MDFNSLYPSIIQEYNICFTTVERDPSNI-----DELPDVPSSEMSQGVLPRLLANLVQKR 906 

tr|A0A1G4KH46|A0A1G4KH46_9SACH      MDFNSLYPSIIQEFNICFTTVDRDPNNI-----EELPNVPSSDSKQGVLPRLLANLVDRR 916 

tr|A0A1G4KMB7|A0A1G4KMB7_9SACH      MDFNSLYPSIIQEYNICFTTVERDPNNI-----EELPNVPDSEIKQGVLPRLLANLVQRR 926 

tr|A0A1S7HLF8|A0A1S7HLF8_9SACH      MDFNSLYPSIIQEFNICFTTVRRNLEDT-----DELPKVPSGDEDYGVLPRLLANLVQRR 890 

tr|A0A1Q3A9M9|A0A1Q3A9M9_ZYGRO      MDFNSLYPSIIQEFNICFTTVDRNLEDT-----DELPEVPSNGGSMGVLPRLLANLVQRR 901 

tr|A0A5P2U3L1|A0A5P2U3L1_KLULC      MDFNSLYPSIIQEFNICFTTVDRNPQDI-----EELPDVPSREKSQGVLPRLLANLVQRR 877 

tr|W0TGP7|W0TGP7_KLUMD              MDFNSLYPSIIQEFNICFTTVTRDPNNI-----EELPDVPSQDNPQGVLPRLLANLVQRR 881 

sp|P13382|DPOA_YEAST                MDFNSLYPSIIQEFNICFTTVDRNKEDI-----DELPSVPPSEVDQGVLPRLLANLVDRR 917SDM 

tr|A0A0L8VIK5|A0A0L8VIK5_9SACH      MDFNSLYPSIIQEFNICFTTVDRNKEDI-----DELPSVPPSEVDQGVLPRLLANLVDRR 917 

tr|A0A7G7JEL9|A0A7G7JEL9_CANGB      MDFNSLYPSIIQEFNICFTTVDRDVENI-----DELPEVPSADKAQGVLPRLLANLVERR 903 

tr|A0A1B2JAV2|A0A1B2JAV2_PICPA      LDFNSLYPSIIQEFNICFTTVERESGNV-----DTIPPVPVQNIQQGVLPKLLANLVSRR 888 

tr|C4R232|C4R232_KOMPG              LDFNSLYPSIIQEFNICFTTVERESGNV-----DTIPPVPVQNSQQGVLPRLLANLVSRR 889 

tr|A0A642UJM6|A0A642UJM6_DIURU      MDFNSLYPSIIQEFNICFTTVARDDYNRTHDEQNDMPSYPERDQNPGILPKLLNTLVSRR 868 

tr|A0A1E4U1L7|A0A1E4U1L7_PACTA      MDFNSLYPSIIQEFNICFTTVNRSLSNQ-----DEIPSVPDLGIEQGVLPRLLATLVNRR 964 

tr|A0A1V2L9F2|A0A1V2L9F2_CYBFA      MDFNSLYPSIIQEFNICFTTVERDASDI-----DALPEVPATSVSQGVLPRLLNTLVTRR 907 

tr|A0A2Z1Y943|A0A2Z1Y943_9ASCO      MDFNSLYPSIIQEFNICFTTIERTQFNITHDEDHDMPQLPEKDLNMGVLPKLLNSLVSRR 909 

tr|A0A1D8PK28|A0A1D8PK28_CANAL      MDFNSLYPSIIQEFNICFTTVNRDRFNVTHDENKDMPILPERDTESGVLPRLLNTLVSRR 918 

tr|C4YQI4|C4YQI4_CANAW              MDFNSLYPSIIQEFNICFTTVNRDRFNVTHDENKDMPILPERDTESGVLPRLLNTLVSRR 918 

tr|G8Y7L3|G8Y7L3_PICSO              MDFNSLYPSIIQEFNICFTTVDRDQYNLTLDEDRDLPFLPDGDSSQGVLPRLLNTLVSRR 901 

tr|A0A0V1Q5J4|A0A0V1Q5J4_9ASCO      MDFNSLYPSIIQEYNICFTTVDRDNYNAAKIDEGDLPDIPDRDVAQGVLPRLLNALVSRR 922 

tr|A5DC55|A5DC55_PICGU              MDFNSLYPSIIQEYNICFTTVDRDDFNVSHDEEKDMPVLPDRESVQGVLPRLLNTLVSRR 889 

tr|A0A512UAU0|A0A512UAU0_9ASCO      MDFNSLYPSIIQEFNICFTTVMRDNYNITHDEDKDMPEIPERDSDAGVLPRLLNTLVSRR 924 

tr|A0A1L0D0V4|A0A1L0D0V4_9ASCO      MDFNSLYPSIIQEFNICFTTVERDSYNISHDEERDLPSIPERDSEAGVLPRLLNTLVSRR 896 

tr|A0A0L0NRD1|A0A0L0NRD1_CANAR      MDFNSLYPSIIQEFNICFTTVERTAYNISHDEERDLPDIPERDSDAGVLPRLLNALVSRR 895 

                                    :************:******: *            :*  *      *:**:**  ** :* 

 

tr|A0A7D9GZJ1|A0A7D9GZJ1_DEKBR      REVKKLLKDPRISTQERIQYDIKQRALKVTANSMYGCLGYANSRFYAKPLAMLVTNRGRE 1017 

tr|A0A1E3NHX3|A0A1E3NHX3_9ASCO      REVKSLMKDPKLSAIEKAQLDIKQMALKVTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 1007 

tr|R9XN45|R9XN45_ASHAC              REVKKLMNAE-ADPHKKAECDIRQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 950 

tr|I6NDM1|I6NDM1_ERECY              REVKKLMKLE-IDPQKKAECDIRQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 981 

tr|A0A109UYK0|A0A109UYK0_9SACH      YEVKKLMKTE-TDPHRKAECDIRQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 964 

tr|A0A1G4J8L9|A0A1G4J8L9_9SACH      REVKKIMSTE-TNLEKKTQCDIRQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 981 

tr|A0A0P1KX40|A0A0P1KX40_9SACH      REVKKLLKTE-SDPHKRTQCDIRQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 965 

tr|A0A1G4KH46|A0A1G4KH46_9SACH      REVKKLLKAE-TDPHKRVQCDIRQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 975 

tr|A0A1G4KMB7|A0A1G4KMB7_9SACH      REVKKLLKTE-SDPHKRVQCDIRQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 985 

tr|A0A1S7HLF8|A0A1S7HLF8_9SACH      REVKRIMATE-TDPHKRTQCDIKQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 949 

tr|A0A1Q3A9M9|A0A1Q3A9M9_ZYGRO      REVKKIMATE-KDPHKRTQCDIKQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 960 

tr|A0A5P2U3L1|A0A5P2U3L1_KLULC      REVKNLMKTE-NDASKKAQYDIRQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 936 

tr|W0TGP7|W0TGP7_KLUMD              REVKNLMKNE-NDPAKRAQYDIRQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 940 

sp|P13382|DPOA_YEAST                REVKKVMKTE-TDPHKRVQCDIRQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 976 

tr|A0A0L8VIK5|A0A0L8VIK5_9SACH      REVKKVMKTE-TDPHKRVQCDIRQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 976 

tr|A0A7G7JEL9|A0A7G7JEL9_CANGB      REVKKIMKTE-TDPHKRLQCDIRQQALKLTANSMYGCLGYVNSRFYARPLAMLVTNKGRE 962 

tr|A0A1B2JAV2|A0A1B2JAV2_PICPA      REVKKLLKDPKIGSIEKAQFDIKQQALKLTANSMYGCLGYVNSRFYARPLAMLVTSKGRE 948 

tr|C4R232|C4R232_KOMPG              REVKKLLKDSKIGPVEKAQFDIKQQALKLTANSMYGCLGYVNSRFYARPLAMLVTSKGRE 949 

tr|A0A642UJM6|A0A642UJM6_DIURU      REVKKLLKDPKLTPQQRAQFDVKQTALKLTANSMYGCLGYVQSRFYAKPLAMLVTNKGRE 928 

tr|A0A1E4U1L7|A0A1E4U1L7_PACTA      REVKKLLKDSKSTQAEKIQYDIKQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 1024 

tr|A0A1V2L9F2|A0A1V2L9F2_CYBFA      REVKKLLKDPSSTPIERAQYDIKQQALKLTANSMYGCLGYVNSRFYAQPLAMLVTNKGRE 967 

tr|A0A2Z1Y943|A0A2Z1Y943_9ASCO      REVKKLLKAPSLTNFERAQFDIKQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 969 

tr|A0A1D8PK28|A0A1D8PK28_CANAL      REVKKLLKDPKNTPFQKAQYDIKQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 978 

tr|C4YQI4|C4YQI4_CANAW              REVKKLLKDPKNTPFQKAQYDIKQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 978 

tr|G8Y7L3|G8Y7L3_PICSO              REVKKLLKDPKITKSEKAQYDIKQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 961 

tr|A0A0V1Q5J4|A0A0V1Q5J4_9ASCO      REVKKLLKDPKNTAIERAQYDIKQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 982 

tr|A5DC55|A5DC55_PICGU              REVKKLLKDPKNSLVERAQYDIKQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 949 

tr|A0A512UAU0|A0A512UAU0_9ASCO      REVKKLLKDSRISSSERAQYDIKQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 984 

tr|A0A1L0D0V4|A0A1L0D0V4_9ASCO      REVKKLLKNPKITPEERAQYDIKQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 956 

tr|A0A0L0NRD1|A0A0L0NRD1_CANAR      REVKKLLKNPKNTPHERAQYDIKQQALKLTANSMYGCLGYVNSRFYAKPLAMLVTNKGRE 955 

                                     *** ::        .: : *::* ***:***********.:*****:*******.:*** 
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tr|A0A7D9GZJ1|A0A7D9GZJ1_DEKBR      ILMDTRHLAESLGMRVVYGDTDSVMVDTGCDTMKEALKFAEDFRKRVNDRYKLLEIGIDN 1077 

tr|A0A1E3NHX3|A0A1E3NHX3_9ASCO      ILLDTRQLAESSGLTVVYGDTDSVMIDTRCDSFAEAIKIGNGFKEKVNERYKLLEIDIDN 1067 

tr|R9XN45|R9XN45_ASHAC              ILMNTRQLAESLGLAVVYGDTDSVMIDTGCDNYKEALNIGENFKKLVNERYRLLEIDIDN 1010 

tr|I6NDM1|I6NDM1_ERECY              ILMNTRQLAESLALSVIYGDTDSVMIDTGCDNYKESVNIGENFKKLVNERYKLLEIDIDN 1041 

tr|A0A109UYK0|A0A109UYK0_9SACH      ILMNTRQLAESLALKVVYGDTDSVMIDTGCDNYKDAFNIGENFKKLVNERYKLLEIDIDN 1024 

tr|A0A1G4J8L9|A0A1G4J8L9_9SACH      ILMNTRQLAESLALAVVYGDTDSVMLNSGCDEYAEAIKIGNNFKKLVNERYRLLEIDIDN 1041 

tr|A0A0P1KX40|A0A0P1KX40_9SACH      ILMNTRQLAESLALTVVYGDTDSVMIDTGSDSYTEAIKIGENFKKLVNERYRLLEIDTDN 1025 

tr|A0A1G4KH46|A0A1G4KH46_9SACH      ILMNTRQLAESLTLAVIYGDTDSVMIDTGCDVYGDAIKIGENFKKLVNERYRLLEIDIDN 1035 

tr|A0A1G4KMB7|A0A1G4KMB7_9SACH      ILMNTRQLAESLALAVIYGDTDSVMINTGCDSYSDAIKIGDNFKKLVNERYRLLEIDIDN 1045 

tr|A0A1S7HLF8|A0A1S7HLF8_9SACH      ILMNTRQLAESLDLTVVYGDTDSVMIDSNCDNYADAIKVGNNFKKLVNERYKLLEIDIDN 1009 

tr|A0A1Q3A9M9|A0A1Q3A9M9_ZYGRO      ILMNTRQLAESLELTVVYGDTDSVMIDSKCDNYADAIKVGNDFKKLVNERYKLLEIDIDN 1020 

tr|A0A5P2U3L1|A0A5P2U3L1_KLULC      ILMNTRQLAESLGLTVVYGDTDSVMISTGCDNYMDAIKIGENFKKLVNERYSLLEIDIDN 996 

tr|W0TGP7|W0TGP7_KLUMD              ILMNTRQLAESLGLTVVYGDTDSVMISTGCDNYKDAIKIGENFKKLVNERYSLLEIDIDN 1000 

sp|P13382|DPOA_YEAST                ILMNTRQLAESMNLLVVYGDTDSVMIDTGCDNYADAIKIGLGFKRLVNERYRLLEIDIDN 1036SDM 

tr|A0A0L8VIK5|A0A0L8VIK5_9SACH      ILMNTRQLAESMNLLVVYGDTDSVMIDTGCDNYADAIKIGLGFKKLVNERYRLLEIDIDN 1036 

tr|A0A7G7JEL9|A0A7G7JEL9_CANGB      ILMNTRQLAESMNLIVVYGDTDSVMIDTNCDNYHDAIKIGNNFKTLVNERYRLLEIDIDN 1022 

tr|A0A1B2JAV2|A0A1B2JAV2_PICPA      ILMDTRQLAESLGLKVVYGDTDSVMIDSGTIDYQEAIAIGEDLKAKVNERYSLLEIDIDN 1008 

tr|C4R232|C4R232_KOMPG              ILMDTRQLAESLGLKVVYGDTDSVMIDSGTIDYQEAIAIGEDLKAKVNERYSLLEIDIDN 1009 

tr|A0A642UJM6|A0A642UJM6_DIURU      ILMDTRQLAESEGLKVVYGDTDSVMINSGCANYKDAVKIGNDFKGKVNEKYKLLEIDIDN 988 

tr|A0A1E4U1L7|A0A1E4U1L7_PACTA      ILMDTRQLAESLGLRVIYGDTDSVMIDTGSIDYKEALAIGSEFKAKVNERYRLLEIDVDN 1084 

tr|A0A1V2L9F2|A0A1V2L9F2_CYBFA      ILMDTRQLAESLGLRVVYGDTDSVMIDTGCDTLKDAIKIGEDFKIKVNERYRLLEIDIDN 1027 

tr|A0A2Z1Y943|A0A2Z1Y943_9ASCO      ILMDTRQLAESNGLRVVYGDTDSVMIDTGVQDYKEAFMIGEKFKVQVNERYRLLEIDIDN 1029 

tr|A0A1D8PK28|A0A1D8PK28_CANAL      ILMDTRQLAESSSLRVVYGDTDSVMIDTGASSYQEAIKIGEQFKVQVNERYRLLEIDIDN 1038 

tr|C4YQI4|C4YQI4_CANAW              ILMDTRQLAESSSLRVVYGDTDSVMIDTGASSYQEAIKIGEQFKVQVNERYRLLEIDIDN 1038 

tr|G8Y7L3|G8Y7L3_PICSO              ILMDTRQLAESIGLRVVYGDTDSVMIDTGVEDLKEAIKIGEEFKVQVNERYKLLEIDIDN 1021 

tr|A0A0V1Q5J4|A0A0V1Q5J4_9ASCO      ILMDTRQLAESIGLRVVYGDTDSVMIDTGVDNFKEAIKIGEEFKIQVNERYKLLEIDIDN 1042 

tr|A5DC55|A5DC55_PICGU              ILMDTRQLAESIGLRVVYGDTDSVMIDTGVTDFKEAIKIGEQFKLHVNERYKLLEIDIDN 1009 

tr|A0A512UAU0|A0A512UAU0_9ASCO      ILMDTRQLAESIGLRVVYGDTDSVMIDTGASSLQEALKIGEDFKVQVNERYKLLEIDTDN 1044 

tr|A0A1L0D0V4|A0A1L0D0V4_9ASCO      ILMDTRQLAELIGLRVVYGDTDSVMIDTGVVTLAEALKIGEEFKVQVNERYKLLEIDTDN 1016 

tr|A0A0L0NRD1|A0A0L0NRD1_CANAR      ILMDTRQLAELIGLRVVYGDTDSVMIDTGVNTLQEALKIGDEFKVQVNERYKLLEIDTDN 1015 

                                    **::**:***   : *:********:.:      ::. ..  ::  **::* ****. ** 

 

tr|A0A7D9GZJ1|A0A7D9GZJ1_DEKBR      VFKKMLLHAKKKYAAVNCTINA-DGKESTSLEVKGLDMKRREYCPLSKEVSTFILEKVLG 1136 

tr|A0A1E3NHX3|A0A1E3NHX3_9ASCO      VFKRLLLHSKKKYAALNCSINE-QNEEVTSLEVKGLDMKRREYCPLSKELSIFVLNNILH 1126 

tr|R9XN45|R9XN45_ASHAC              VFKKLLLHAKKKYAALNVSFDK-AGNEITTLEVKGLDMRRREYCPLSKEVSTKVLDTILS 1069 

tr|I6NDM1|I6NDM1_ERECY              VFKKLLLHAKKKYAALNVGFDK-LGNETSSLEVKGLDMRRREYCPLSKEVSTQVLNTILS 1100 

tr|A0A109UYK0|A0A109UYK0_9SACH      LFKKLLLHAKKKYAALNASFDK-AGNERTILEVKGLDMRRREYCPLSKEVSTYVLNTILS 1083 

tr|A0A1G4J8L9|A0A1G4J8L9_9SACH      VYKKLLLHAKKKYAALNVFLDK-SGTEHTSLEVKGLDMKRREFCPLSKEVSTHVLNTILS 1100 

tr|A0A0P1KX40|A0A0P1KX40_9SACH      VFRKLLLHAKKKYAALTVVFDK-SGAEQTLLEVKGLDMRRREYCPLSKEVSTHVLETILS 1084 

tr|A0A1G4KH46|A0A1G4KH46_9SACH      VFRKLLLHAKKKYAALTVSFDK-QGVEQTTLEVKGLDMRRREFCPLSKEVSVHVLETILS 1094 

tr|A0A1G4KMB7|A0A1G4KMB7_9SACH      VFRKLLLHAKKKYAALTVVFDK-DGNEGTALEVKGLDMRRREFCPLSKEVSIHVLETILS 1104 

tr|A0A1S7HLF8|A0A1S7HLF8_9SACH      VFRKLLLHAKKKYAALNVSLDM-DGKERVVLEVKGLDMKRREYCPLSRDISIHVLNKVLS 1068 

tr|A0A1Q3A9M9|A0A1Q3A9M9_ZYGRO      VFKKLLLHAKKKYAALTVSLDK-EGNERTVLEVKGLDMKRREFCPLSRDVSIRVLNTVLS 1079 

tr|A0A5P2U3L1|A0A5P2U3L1_KLULC      IFKRLLLHAKKKYAALNVTFDK-QNNEKTTLEVKGLDMKRREFCPLSKEVSTRVLNILLS 1055 

tr|W0TGP7|W0TGP7_KLUMD              VFKRLLLHAKKKYAALNVTIDK-QNNEKTTLEVKGLDMKRREFCPLSKEVSTHVLNILLS 1059 

sp|P13382|DPOA_YEAST                VFKKLLLHAKKKYAALTVNLDK-NGNGTTVLEVKGLDMKRREFCPLSRDVSIHVLNTILS 1095 

tr|A0A0L8VIK5|A0A0L8VIK5_9SACH      VFKKLLLHAKKKYAALTVNLDK-NGNGTTVLEVKGLDMKRREFCPLSRDVSIHVLNTILS 1095 

tr|A0A7G7JEL9|A0A7G7JEL9_CANGB      VFKKLLLHAKKKYAALNVSINK-DGKEETVLEVKGLDMKRREFCPLSRDISIHVLNTILS 1081 

tr|A0A1B2JAV2|A0A1B2JAV2_PICPA      VFKRILLHAKKKYAAMNLSLQ--NGKMVSQLEVKGLDMRRREYCQLSKEISTHVLEQILG 1066 

tr|C4R232|C4R232_KOMPG              VFKRILLHAKKKYAAMNLSLQ--NGKMVSQLEVKGLDMRRREYCQLSKEISTHVLEQILG 1067 

tr|A0A642UJM6|A0A642UJM6_DIURU      VFKRLLLHAKKKYAAMNVTYDKESDTENLKLEVKGLDLVRREYCQLSKDVSTFILGKILG 1048 

tr|A0A1E4U1L7|A0A1E4U1L7_PACTA      VFKKILLHAKKKYAAMNVVSF-ENNTEVLNLEVKGLDMRRREYCQLSKEVSTYVLNKLLS 1143 

tr|A0A1V2L9F2|A0A1V2L9F2_CYBFA      VFRRLLLHAKKKYAAMNVTFDK-AGNETQTLEVKGLDMRRREYCPLSKEVSEYVLNKVLS 1086 

tr|A0A2Z1Y943|A0A2Z1Y943_9ASCO      VFKRLLLHAKKKYAAMNASINKKTGEVEASLEVKGLDMRRREYCQLSKDISTFVLEKILS 1089 

tr|A0A1D8PK28|A0A1D8PK28_CANAL      VFKRLLLHAKKKYAAMNASINKATNEETATLEVKGLDMRRREYCQLSKDISTFVLTKILS 1098 

tr|C4YQI4|C4YQI4_CANAW              VFKRLLLHAKKKYAAMNASINKATNEETATLEVKGLDMRRREYCQLSKDISTFVLTKILS 1098 

tr|G8Y7L3|G8Y7L3_PICSO              VFKRLLLHAKKKYAAMNVSIDKTTGKEKTILEVKGLDMRRREYCQLSKDISTYVLEKILS 1081 

tr|A0A0V1Q5J4|A0A0V1Q5J4_9ASCO      VFKRLLLHAKKKYAAMNTSLDRKTGQEVVKLEVKGLDMRRREYCQLSKDISTFVLEKILS 1102 

tr|A5DC55|A5DC55_PICGU              VFKRLLLHAKKKYAAMNASIDRKTGEEKVVLEVKGLDMRRREYCQLSKEISTFILEKILA 1069 

tr|A0A512UAU0|A0A512UAU0_9ASCO      VFKRLLLHAKKKYAAMNVSFDKKTGKEVLSLEVKGLDMRRREYCQVSKEISTFVLQKLLS 1104 

tr|A0A1L0D0V4|A0A1L0D0V4_9ASCO      VFKRLLLHAKKKYAAMNISLDRRTGKEVTALEVKGLDMRRREYCPLSKEVSTFVLEKLLS 1076 

tr|A0A0L0NRD1|A0A0L0NRD1_CANAR      VFKRLLLHAKKKYAAMNATIDRKTGKEISSLEVKGLDMRRREYCPLSKEISTFVLQKLLS 1075 

                                    :::::***:******:.       .     *******: ***:* :*:::*  :*  :*  
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              ZBMx2 
tr|A0A7D9GZJ1|A0A7D9GZJ1_DEKBR      GLQPLESTVTDSERFRDAKDFLINCPKCQASIKFGGIQSSQQYRVTFSGIKCGECDSIIP 1354 

tr|A0A1E3NHX3|A0A1E3NHX3_9ASCO      ELQPLESTIPDSTRFRDMKDLKLCCTNCSSEFLFGGIQPSADYQMTFSGIKCKQCEHNLH 1350 

tr|R9XN45|R9XN45_ASHAC              ELQPLESTISDMERFKDATVLRVTCPSCQIKFPFGGIVASNHYHFTYSGLQCKACNHIFA 1290 

tr|I6NDM1|I6NDM1_ERECY              NLQPLESTISDTERFKDTEWLDITCSICQHKFPFGGITASNHYQWTYNGLQCKHCDHLFS 1329 

tr|A0A109UYK0|A0A109UYK0_9SACH      ALQPLESTISDMERFKDTSKLLVSCPSCQNKFPFGGIVASNHYIFSYNGLQCKHCNHLFS 1308 

tr|A0A1G4J8L9|A0A1G4J8L9_9SACH      SLEPLESSISDSERFKNSAQLTLRCPNCKNEFLFGGIVASNHYTICYNGLKCRNCDHLYS 1327 

tr|A0A0P1KX40|A0A0P1KX40_9SACH      SLQPLESSISDEERFKDVASLTLQCPSCQQKFLFGGIVASKRYQMSYSGLQCSSCQHTFA 1310 

tr|A0A1G4KH46|A0A1G4KH46_9SACH      NLQPLESAISDEERFKGVASLTLQCPGCSQRFPFGGIVASKYYQMNFNGLQCAHCHHQFS 1321 

tr|A0A1G4KMB7|A0A1G4KMB7_9SACH      GLQPLESSISDEERFKNAAPLILECSSCHQKFPFGGIVASKRYRMSYTGIQCELCQHQFT 1331 

tr|A0A1S7HLF8|A0A1S7HLF8_9SACH      SLQPLETTISDVERFKDAVPLEMNCPQCGQKFPFGGIVASKHYSMCYNGLQCKHCNHLFA 1295 

tr|A0A1Q3A9M9|A0A1Q3A9M9_ZYGRO      SLQPLETTIPDAERFRDVQLLQIRCPQCDQEFPFGGIVSSNHYMMCYSGLQCKHCNHLFT 1306 

tr|A0A5P2U3L1|A0A5P2U3L1_KLULC      TLQPLETTISDEERFRDSVPLELTCPNCDTKFVYGGIVASKEYRFVYSGIQCSNCNHIMT 1283 

tr|W0TGP7|W0TGP7_KLUMD              NLQPLETTISDEERFGDSVSLELACPSCSAKFAFGGIVASNDYRVVYSGIQCTKCSHILT 1287 

sp|P13382|DPOA_YEAST                NLQPLETTITDVERFKDTVTLELSCPSCDKRFPFGGIVSSNYYRVSYNGLQCKHCEQLFT 1322 

tr|A0A0L8VIK5|A0A0L8VIK5_9SACH      NLQPLETTITDVERFKDTVTLELSCPSCDKRFPFGGIVSSNYYRVSYNGLQCKHCEQLFT 1322 

tr|A0A7G7JEL9|A0A7G7JEL9_CANGB      ELEPLETTISDMERFKDSSNLVLNCPNCKKEFPYGGIVASNYYQHCYNGLQCKSCDYLFS 1308 

tr|A0A1B2JAV2|A0A1B2JAV2_PICPA      LLRPLESCISDAERFKGAATLELTCT-CGAHFTFGGIQESPSYSVTFSGIHCNGCGTELS 1286 

tr|C4R232|C4R232_KOMPG              LLQPLESCISDAERFKEAATLELTCT-CGAHFAFGGIQESSYYTVTFSGIQCSSCGTQLS 1287 

tr|A0A642UJM6|A0A642UJM6_DIURU      AYVPMEANLKDEERFSQCSHFVVTCT-CGKRFRFGGIQSSPDYKVGYNGVSCASCNQSIS 1266 

tr|A0A1E4U1L7|A0A1E4U1L7_PACTA      ELQPLESMISDAERFKNSEYLTLQCS-CGSSFKFGGIQASKDYMITHHGVQCNRCSTNFS 1367 

tr|A0A1V2L9F2|A0A1V2L9F2_CYBFA      ILQPLESTISDAERFKSSVPLKINCH-CGASFKFGGIVASHDYMMTFNGVQCKKCSKTLS 1299 

tr|A0A2Z1Y943|A0A2Z1Y943_9ASCO      EIAPLESGISDAERFRQSSYFVISCPSCEKAFRFGGILASKDYKVTFNGIQCTECDHMFS 1315 

tr|A0A1D8PK28|A0A1D8PK28_CANAL      EILPIESNISDKERFRATSYLVLHCK-CGSSFRFGGIMAAETYKVTFNGVCCTKCNYTFP 1317 

tr|C4YQI4|C4YQI4_CANAW              EILPIESNISDKERFRATSYLVLHCK-CGSSFRFGGIMAAETYKVTFNGVCCTKCNYTFP 1317 

tr|G8Y7L3|G8Y7L3_PICSO              DIVPIESSISDEERFRQASYLVLECK-CKAKFRFGGIMASTDYQVTFNGIKCAKCGFTFP 1298 

tr|A0A0V1Q5J4|A0A0V1Q5J4_9ASCO      EILPLESNISDSERFRQSSYLVLECK-CGSKFRFGGIMASNEYKVTFNGVCCSKCDYTFP 1321 

tr|A5DC55|A5DC55_PICGU              EIVPLESNISDVERFRQCSYLVLKCK-CGVNFRFGGIVASNDYKVTFNGICCNKCHYTFP 1288 

tr|A0A512UAU0|A0A512UAU0_9ASCO      DVLPLETNVSDAERFRQTSYLVLKCK-CGHHFRFGGIMASPDYNIKFHGISCGKCNAVFS 1323 

tr|A0A1L0D0V4|A0A1L0D0V4_9ASCO      DISPLESNITDIERFRQSSYLVLECK-CGAKFRFGGLLASKDYKITFNGVCCSKCDYVFP 1293 

tr|A0A0L0NRD1|A0A0L0NRD1_CANAR      EIAPLESKITDIERYRQSSFLVLRCR-CGANFRFGGLQPSRDYLITFNGIKCSQCEYVFP 1294 

                                       *:*: : *  *:     : : *  *   : :**:  :  *   . *: *  *      

                                                                     Znx3 (4Fe-4S) 
tr|A0A7D9GZJ1|A0A7D9GZJ1_DEKBR      VLSVTAQLEHFIRHEISLYYAGYLTCSD--CGL-TTRQVSVYGRRCIGGQGTARSCKGVM 1411 

tr|A0A1E3NHX3|A0A1E3NHX3_9ASCO      PLSIAAQLELFIRTELSIYYQCWLVCDD--CGI-QTRQVSVYGKRCIGANGTAHECKGVM 1407 

tr|R9XN45|R9XN45_ASHAC              ALQLTSQLEFAIRAHISLFYAAWMVCDDPTCGT-VTRQLSVFGKRCLN-----EACTGVM 1344 

tr|I6NDM1|I6NDM1_ERECY              LIELTCQLERSIRSHISLYYAGWLLCDDPTCNN-LTRQISVFGKRCLN-----ENCTGVM 1383 

tr|A0A109UYK0|A0A109UYK0_9SACH      PIALSCQLERAIRTHISLYYAGWLTCDDSTCGI-ITRQISVFGKRCLN-----EECTGVI 1362 

tr|A0A1G4J8L9|A0A1G4J8L9_9SACH      PIQLSCQLERSIRAQISLYYAGWVQCDDSTCNN-QTRSISVFGKRCLN-----EGCTGVM 1381 

tr|A0A0P1KX40|A0A0P1KX40_9SACH      PLQMSAQLESAIRSHISMYYAGYLVCDDSTCGN-NTRQISVFGKRCLS-----ENCMGVM 1364 

tr|A0A1G4KH46|A0A1G4KH46_9SACH      PLQLSCQLESHIRSHISRYYAGYLKCDDSTCGV-VTRQISVFGKRCLS-----EDCMGVM 1375 

tr|A0A1G4KMB7|A0A1G4KMB7_9SACH      PLQVSSQLERAIRSHISMYYAGNLKCDDSTCGI-VTRQISVFGKRCLS-----EDCMGVM 1385 

tr|A0A1S7HLF8|A0A1S7HLF8_9SACH      PLQLTCQLERSIRSHISLYYAGWLECDDPTCST-VCRQISVFGKRCLN-----EGCTGVV 1349 

tr|A0A1Q3A9M9|A0A1Q3A9M9_ZYGRO      PLQLTCQLERSIRLHISLYYAGWVQCDDRTCNNSIRRQISVFGKRCLN-----DGCTGVV 1361 

tr|A0A5P2U3L1|A0A5P2U3L1_KLULC      PIQVTSQLERIIRAHISLYYAGWVACDDSTCGN-VTRQISVFGKRCLL-----DGCTGVM 1337 

tr|W0TGP7|W0TGP7_KLUMD              PIQVTSQLERVIRAHISLYYASWVRCDDSTCGN-VTRQISVFGKRCLM-----DGCTGVM 1341 

sp|P13382|DPOA_YEAST                PLQLTSQIEHSIRAHISLYYAGWLQCDDSTCGI-VTRQVSVFGKRCLN-----DGCTGVM 1376 

tr|A0A0L8VIK5|A0A0L8VIK5_9SACH      PLQLTSQIEHSIRAHISLYYAGWLQCDDSTCGI-VTRQVSVFGKRCLN-----DGCTGVM 1376 

tr|A0A7G7JEL9|A0A7G7JEL9_CANGB      PLQMTCQLERAIRSHISLYYAGWLQCDDPTCGN-VTRQLSVFGKRCLN-----DGCTGVM 1362 

tr|A0A1B2JAV2|A0A1B2JAV2_PICPA      SLRITSQLERLIRKHISLYYAGWVECDDVSCGV-HTRQVSVYGKRCIGNTGRSVGCKGVI 1345 

tr|C4R232|C4R232_KOMPG              SLRVASQLERLIRHHISLYYAGWVECDDVSCGV-HTRQVSVYGKRCIGNTGRSVGCKGVI 1346 

tr|A0A642UJM6|A0A642UJM6_DIURU      GYTLAAQLEYAIRRHLAAYYAGWLRCNDASCNH-RTRQIGVYGRRCHGT----VGCKGVM 1321 

tr|A0A1E4U1L7|A0A1E4U1L7_PACTA      NLRVTSQLEKIIRANISLYYSGWLYCDDVTCGI-VTRQISVYGRRCIGHSGKAHGCKGIM 1426 

tr|A0A1V2L9F2|A0A1V2L9F2_CYBFA      CLQLSSQLERTIRGFISQYYQGVVACDDSTCGM-TTKQISVYGKRCLN-----HGCKGVM 1353 

tr|A0A2Z1Y943|A0A2Z1Y943_9ASCO      VLEINSQLEVTLRQHISLYYAGWLVCDDSACGI-QTRQISVYGKRCLGSSGKAHGCKGIM 1374 

tr|A0A1D8PK28|A0A1D8PK28_CANAL      AIKLTSQLESMIRKHIALYYAGWLVCDDPACGI-TTRQISVYGKRCIGNSGRAMDCKGVM 1376 

tr|C4YQI4|C4YQI4_CANAW              AIKLTSQLESMIRKHIALYYAGWLVCDDPACGI-TTRQISVYGKRCIGNSGRAMDCKGVM 1376 

tr|G8Y7L3|G8Y7L3_PICSO              LIKLTSQLEVAIRKHISLYYCGWLKCDDASCGI-ETRQISVYGRRCLGASGKAYGCRGIM 1357 

tr|A0A0V1Q5J4|A0A0V1Q5J4_9ASCO      ILRITSQVEYTLRNHISLYYAGWLVCDDSACGI-TTRQISVYGRRCIGTSGKAHGCKGVM 1380 

tr|A5DC55|A5DC55_PICGU              TFRIAAQLENMIRRHVSLYYAGWLVCDDGACGI-TTRQISVYGKRCIGASGTATGCKGVM 1347 

tr|A0A512UAU0|A0A512UAU0_9ASCO      PLKIASQLEVEIRKHLALYYAGWLVCDDSACGI-KTRQISVYGKRCIGASGTAHGCKGVM 1382 

tr|A0A1L0D0V4|A0A1L0D0V4_9ASCO      CLKLTSQLESMIRKHLALYYAGWVVCDDSACGV-KTRQISVYGKRCIGSSGKAHGCKGVM 1352 

tr|A0A0L0NRD1|A0A0L0NRD1_CANAR      TLKVTSQLENSIRKHLALYYAGWVVCDDSACGI-KTRQISVYGKRCIGNSGKAHGCKGVM 1353 

                                       : .*:*  :*  :: :*   : *.*  *.    :.:.*:*:**         * *:: 
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tr|A0A7D9GZJ1|A0A7D9GZJ1_DEKBR      KYCYTDRMLYNQLLYLQSLFDVEKAKKRTLKPLYDITTQNKD----DLPPELNQGELDAL 1467 

tr|A0A1E3NHX3|A0A1E3NHX3_9ASCO      RIKYSDKMIYNQLLYLQTLFDIEKTKQQQLKPLPS-----DK----PLPVTLNKGEIDAL 1458 

tr|R9XN45|R9XN45_ASHAC              HYRYSDKQLYNQLLYFDSLFDIVKTKNKDLKPLYLPGDVD------MPAEPLSSSQVAAL 1398 

tr|I6NDM1|I6NDM1_ERECY              RYRYSDKKLYNQLLYFDSLFDIEKNKKQELKPLYLPNDAD------IPTDLLNSSQIAAL 1437 

tr|A0A109UYK0|A0A109UYK0_9SACH      RYRYSDKQLYNQLLYFDSLFDINKNKAQLLRPLYLPGDPD------EPKEPLSSSQIAAL 1416 

tr|A0A1G4J8L9|A0A1G4J8L9_9SACH      KYRYSDKQLYNQLLYFESLFDVSKNKSQQLKPLYSPDDSD------KPTHKLPTSQVAAL 1435 

tr|A0A0P1KX40|A0A0P1KX40_9SACH      RYRYTDKQLYNQLLYFESLFDVEKNKKDALKPLYRPDHPD------APEAKIPTSQLLAL 1418 

tr|A0A1G4KH46|A0A1G4KH46_9SACH      SYSYTDKQLYNQLQYFGSLFDVKKNKRELLKPLYRPDHPD------AAETKIPTCQVLAL 1429 

tr|A0A1G4KMB7|A0A1G4KMB7_9SACH      SYLYTDKQLYNQLLYFESLFDVDKNKKELVKPLYRPDHPD------IPETKLSTSQVLAL 1439 

tr|A0A1S7HLF8|A0A1S7HLF8_9SACH      HYRYSDKQLYNQLLYFDSLFDCEKNKNQGLKPLYHEGDAD------FPGETMTDSSVKAL 1403 

tr|A0A1Q3A9M9|A0A1Q3A9M9_ZYGRO      HYRYSDKQLYNQLLYFDSLFDCEKNKKQQLKPLYVEGDTD------FPRELLTDSSVKAL 1415 

tr|A0A5P2U3L1|A0A5P2U3L1_KLULC      SYKYSDKQLYNQMLYFQSLFDLQKNKLQTLKPLYHSGDSN------APEKSLSHSEVQAL 1391 

tr|W0TGP7|W0TGP7_KLUMD              SYKYSDKRLYNQMLYFQSLFDLNKNKTQALKPLYHPGDKN------APEKPLSHSEIQAL 1395 

sp|P13382|DPOA_YEAST                RYKYSDKQLYNQLLYFDSLFDCEKNKKQELKPIYLPDDLD------YPKEQLTESSIKAL 1430 

tr|A0A0L8VIK5|A0A0L8VIK5_9SACH      RYKYSDKQLYNQLLYFDSLFDCEKNKKQELKPIYLPDDLD------YPKEQLTESSIKAL 1430 

tr|A0A7G7JEL9|A0A7G7JEL9_CANGB      HYRYTDKQLYNQLLFFDSLFDCDKNKKRELKPLYLEGDQD------YPSEKLSDTSINAL 1416 

tr|A0A1B2JAV2|A0A1B2JAV2_PICPA      SYVYTDRELYNQLLYLESLFDVDKARRQELRPLQDDRDDKSSPDSGEMKKGISQSTLDAL 1405 

tr|C4R232|C4R232_KOMPG              SYVYTDRELYNQLLYLESLFDVDKARRQELRPLQDDTENRIRSDSGETKKGISQSTLDAL 1406 

tr|A0A642UJM6|A0A642UJM6_DIURU      RYEYTDRDLYNQLLYFSSLFDVDKAKKGQLKSLDIPG-----------VEALPHGSLEAL 1370 

tr|A0A1E4U1L7|A0A1E4U1L7_PACTA      RYRYSDKQLYNQLLFFDSIFDVDKAKKRSLKPLYEEQGEEDK----ENVKPITQGALDAL 1482 

tr|A0A1V2L9F2|A0A1V2L9F2_CYBFA      RYKYSDKDLYNQLLYFDSLFDVEKNKSQKIKPLYDPED---K----TKPEPLIKGQIDAL 1406 

tr|A0A2Z1Y943|A0A2Z1Y943_9ASCO      RYKYSDRALYNQLLYFDAIFDVDKAKLGQLRPIYDPFA---A----NPPSKLPGGQIDAL 1427 

tr|A0A1D8PK28|A0A1D8PK28_CANAL      RYRYNDKQLYNQLLYFQSIFDVDKTKRGELRPLVDALEESKD----KQLPKLPSGQVEAL 1432 

tr|C4YQI4|C4YQI4_CANAW              RYRYNDKQLYNQLLYFQSIFDVDKTKRGELRPLVDALEESKD----KQLPKLPSGQVEAL 1432 

tr|G8Y7L3|G8Y7L3_PICSO              RYAYSDKALYNQLLYFDSIFDVNKAKKQKLKPLYESHENI-E----NIPPKIPSAQVEAL 1412 

tr|A0A0V1Q5J4|A0A0V1Q5J4_9ASCO      RYKYSDKALYNQLLYLHSLFDVDKAKKNQLRPIYDVGA----------PLPLASGQVDAL 1430 

tr|A5DC55|A5DC55_PICGU              RYKYSDRALYNQLLYFSSIFDVDKARKTELKPVFDAFD--KG----SEPAKLASGQIEAL 1401 

tr|A0A512UAU0|A0A512UAU0_9ASCO      RYKYSDKALYNQLLYFQSVFDVDKAMKKKLKPISE------E----SKVPEMTEGEINAL 1432 

tr|A0A1L0D0V4|A0A1L0D0V4_9ASCO      RYKYTDKALYNQLLYFDAIFDVDKAKSNKLRPVS-------D----SALENLSEGQLNAL 1401 

tr|A0A0L0NRD1|A0A0L0NRD1_CANAR      RYYYSDKALYNQLLYFDSVFDVEKAKQKKLRPIIYD----TD----VVAPELSTGQLNAL 1405 

                                       *.*: :***: :: ::**  *     :: :                  :    : ** 

//End of C-terminal of DNA pol α from yeasts 
tr|A0A7D9GZJ1|A0A7D9GZJ1_DEKBR      VEQSRPEFGVIQSVVTKYLDDCGRRYVDMGSIFGFLK------- 1504 

tr|A0A1E3NHX3|A0A1E3NHX3_9ASCO      AEQNRKQFSLLRKVVQKYLDVNGRRYVDLASIFRVN-------- 1494 

tr|R9XN45|R9XN45_ASHAC              AEQNRDLLELNRAVVQKYLSQCGRRYVDMGEIFDFMGQ------ 1436 

tr|I6NDM1|I6NDM1_ERECY              SEQNRETFNINRSVVQKYLDQCGRRYVDMGDIFDFMKA------ 1475 

tr|A0A109UYK0|A0A109UYK0_9SACH      SEQNRELFETSQAVVQKYLNQCGRRYVDIRAIFDFMV------- 1453 

tr|A0A1G4J8L9|A0A1G4J8L9_9SACH      SEQNRELFEIMNSVVQKYLSDCGRRYVDMKSIFSFMGPP----- 1474 

tr|A0A0P1KX40|A0A0P1KX40_9SACH      GEQNRELFQVMSSVVQKYLANCARRFVDMDAIFAFAVAN----- 1457 

tr|A0A1G4KH46|A0A1G4KH46_9SACH      GEQNRDLFQTMESVVQKYLGNCARSFVDMGSIFDFMNPE----- 1468 

tr|A0A1G4KMB7|A0A1G4KMB7_9SACH      GEQNRELFQTMEKVVQKYLDNCARRYVDMGTIFDFMVTH----- 1478 

tr|A0A1S7HLF8|A0A1S7HLF8_9SACH      SEQNRDYLGIARGVVQKYLSDCGRRYVDMSVIFDFMTAAK---- 1443 

tr|A0A1Q3A9M9|A0A1Q3A9M9_ZYGRO      SEQNRDYLDVGRGVIQKYLGDCGRRYVNMSNIFDYMTPAK---- 1455 

tr|A0A5P2U3L1|A0A5P2U3L1_KLULC      AEQNRLLFEVSKQVVEKYLSDCGRAYVNMGSIFDFMLSQ----- 1430 

tr|W0TGP7|W0TGP7_KLUMD              AEQNRSLFETAKQVVEKYLSDCGRAYVDMGSIFDFMQQ------ 1433 

sp|P13382|DPOA_YEAST                TEQNRELMETGRSVVQKYLNDCGRRYVDMTSIFDFMLN------ 1468 

tr|A0A0L8VIK5|A0A0L8VIK5_9SACH      TEQNRELMETGRSVVQKYLNDCGRRYVDMTSIFDFMLN------ 1468 

tr|A0A7G7JEL9|A0A7G7JEL9_CANGB      TEQNRDLLELNHSIVQKYLSDCGRRYVDMATIFEFMMN------ 1454 

tr|A0A1B2JAV2|A0A1B2JAV2_PICPA      AEQNRDTFRAFQSVVQKYFEQCGRRYVDMASLFNFS-------- 1441 

tr|C4R232|C4R232_KOMPG              AEQNRDTFGAFQSVVQKYFEQCGRRYVDMASLFNFS-------- 1442 

tr|A0A642UJM6|A0A642UJM6_DIURU      AEQNRELFTRCTSVPEKYLSNCGRRYVNMGSIFNFLQV------ 1408 

tr|A0A1E4U1L7|A0A1E4U1L7_PACTA      CEQNRDFFDICRGVINRYLNNSGRRYVDMGSIFEFMVPEQKAVN 1526 

tr|A0A1V2L9F2|A0A1V2L9F2_CYBFA      SEQNRDLFEVQKGVVQRYLSDCGRRYVNMASIFDFMK------- 1443 

tr|A0A2Z1Y943|A0A2Z1Y943_9ASCO      AEQNRIYFGYSKEVVQKYLGSCGRRYVNMGALFEFMS------- 1464 

tr|A0A1D8PK28|A0A1D8PK28_CANAL      AEQNRELFGICQEVVQKYLGECGRRYVNMGSIFDFIRN------ 1470 

tr|C4YQI4|C4YQI4_CANAW              AEQNRELFGICQEVVQKYLGECGRRYVNMGSIFDFIRN------ 1470 

tr|G8Y7L3|G8Y7L3_PICSO              AEQNRENFSACQDVVQKYLRDSGRRYVDMAGIFDFMGSIKS--- 1453 

tr|A0A0V1Q5J4|A0A0V1Q5J4_9ASCO      AEQNRELFSICQNVVQKYLSECGRRYVNMSSIFDFMSSSK---- 1470 

tr|A5DC55|A5DC55_PICGU              AEQNREHFVHFQGIVDRYLAECGRRYVNMGSIFDFMK------- 1438 

tr|A0A512UAU0|A0A512UAU0_9ASCO      AEQNRVLFDQCRQVIDQYLKDCGRRFVNMKAIFDFMTPPM---- 1472 

tr|A0A1L0D0V4|A0A1L0D0V4_9ASCO      AEQNRALFGNCREVVDRYLKDCGRRYVNMKAIFEFMA------- 1438 

tr|A0A0L0NRD1|A0A0L0NRD1_CANAR      AEQNRAMFDHCREVVNKYLADCGRRYVNMRSIFDFMV------- 1442 

                                     **.*  :     :  :*:   .* :*::  :*            

Fig. 12 MSA analysis of DNA polymerase α catalytic subunit from different yeasts 

A0A7D9GZJ1_DEKBR, Dekkera bruxellensis  A0A1E3NHX3_9ASCO, Pichia membranifaciens 

R9XN45_ASHAC, Ashbya aceri   I6NDM1_ERECY, Eremothecium cymbalariae 

A0A109UYK0_9SACH, Eremothecium sinecaudum A0A1G4KH46_9SACH, Lachancea meyersii 

A0A1G4KMB7_9SACH, Lachancea nothofagi A0A0P1KX40_9SACH, Lachancea quebecensis 

A0A1G4J8L9_9SACH, Lachancea mirantina A0A1S7HLF8_9SACH, Zygosaccharomyces parabailii 

A0A1Q3A9M9_ZYGRO, Zygosaccharomyces rouxi A0A5P2U3L1_KLULC, Kluyveromyces lactis 

W0TGP7_KLUMD, Kluyveromyces marxianus P13382|DPOA_YEAST, Saccharomyces cerevisiae 

A0A0L8VIK5_9SACH, Saccharomyces boulardii A0A7G7JEL9_CANGB, Candida glabrata 

A0A1B2JAV2_PICPA, Komagataella pastoris C4R232_KOMPG, Komagataella phaffii 

A0A642UJM6_DIURU, Diutina rugosa  A0A1E4U1L7_PACTA, Pachysolen tannophilus 

A0A1V2L9F2_CYBFA, Cyberlindnera fabianii A0A2Z1Y943_9ASCO, Scheffersomyces spartinae 

A0A1D8PK28_CANAL, Candida albicans  C4YQI4_CANAW, Candida albicans 

G8Y7L3_PICSO, Pichia sorbitophila  A0A0V1Q5J4_9ASCO, Debaryomyces fabryi 

A5DC55_PICGU, Meyerozyma guilliermondii A0A512UAU0_9ASCO, Metschnikowia sp. 

A0A1L0D0V4_9ASCO, Candida intermedia  A0A0L0NRD1_CANAR, Candida auris 
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Active Site Analyses of DNA polymerase α 

Human and yeast (S. cerevisiae) DNA 

polymerases   are extensively studied by both 

SDM and X-ray crystallographic techniques. The 

crystal structure of the CTD of the catalytic 

subunit (p180c) of the human DNA pol α, in 

complex with the B subunit was reported by Suwa 

et al. [26] They found that the p180c adopted an 

elongated asymmetric saddle shape, with a three-

helix bundle in the middle and two ZBMs (Zn1 

and Zn2) on each side. The invariant 8 Cys 

residues form the tetrahedral coordination 

geometries with zinc ions of the ZBMs; (Zn1: 

Cys-1283, Cys-1286, Cys-1310, and Cys-1315 

and Zn2: Cys-1348, Cys-1353, Cys-1371, and 

Cys-1374, numbering from human DNA pol α). 
[26] It is interesting to note, all the 8 conserved Cys 

residues are also present in the CTD of the 

catalytic subunits of all four eukaryotic B-family 

DNA polymerases (pol α, δ, ɛ and ζ) suggesting 

their importance in all B-family DNA 

polymerases. The 8 Cys residues form two ZBMs 

and are known as CysA (Zn1) and CysB, (Zn2). 

Netz et al. demonstrated by in vivo and in vitro 

experiments that CysB motif was bound to [4Fe-

4S] cluster in all the four B-family polymerases. 
[29] This finding suggests an important 

physiological role of the [4Fe-4S] cluster in the 

eukaryotic B-family polymerases. Furthermore, 

they have also shown that the Zn-binding CysA 

motif was required for DNA pol processivity and 

CysB for interaction with the regulatory subunit B 

of DNA pol α.  Interestingly, the CTD of the non-

catalytic subunit (p68) of the human primase, also 

contains a [4Fe-4S] cluster instead of a Zn-finger 

and was shown to interact with a primed-template, 

only if the primer strand contains a 5’-terminal 

triphosphates as in the eukaryotic RNA primases. 
[30] The MSA analysis also confirms the two 

ZBMs (marked) at the C-terminal of the 

polymerase . (Figs. 11, 12). Baranovskiy et al. 

have shown that in the primase complex, both 

subunits are necessary for the initial dinucleotide 

formation, but the extension of the primer 

depends only on the catalytic subunit,  

 

corroborating that the ZBM in the regulatory 

subunit is essential for the first dinucleotide 

formation. [17]  

Further, SDM analysis has shown that 

L868→M of yeast DNA pol α exhibited normal 

catalytic efficiency and processivity, but reduced 

fidelity. The pol1-L868M allele conferred a 

mutator phenotype in vivo, which was strongly 

enhanced upon inactivation of the 3’→5’ 

exonuclease of DNA pol δ but not that of DNA pol 

ɛ. [28] DePamphilis have determined crystal 

structures of the catalytic core (349–1258; 910 

amino acids) of yeast DNA pol α in an unliganded 

form (apo form), bound to an RNA primer/DNA 

template duplex (binary complex) and in a 

productive complex with RNA primer/DNA 

template and incoming dGTP (ternary complex). 
[31] For structural studies of the ternary complex, 

they used a polymerase mutant (D998→N) 

(highlighted in dark blue) with attenuated catalytic 

activity. They found that the catalytic region of 

DNA pol α, like other DNA polymerases, adopted 

a cupped ‘right-hand' fold consisting of a palm 

domain harboring the active site, a fingers domain 

interacting with the incoming nucleotides and a 

thumb domain that grips the primer-template 

duplex. Even though the PR activity is reported to 

be absent in DNA pol α, by sequence similarity the 

proposed amino acids that could make a PR active 

site in DNA pol α is highlighted in light blue and 

compared with well documented PR active site 

amino acids (Table 4). [28] Pavlov et al. found that 

although DNA pol α contains an exonuclease 

domain, no proofreading activity was observed 

and the errors made by DNA pol α were corrected 

by the next PR-proficient enzyme, DNA pol δ in 

yeast. [28] It is clear that in eukaryotic genome 

replication, an additional checkpoint is introduced 

with the second primase, i.e., the DNA pol α. This 

possibly ensures that the replicative polymerases, 

viz. the pol δ and pol ε do not function like other 

DdDps, but functional only during cell divisions 

with an absolute requirement for DNA primers. 
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Table 3 Proposed catalytic regions and MBSs of DNA polymerases α of eukaryotic primosomes 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

Based on the SDM, X-ray crystallographic 

data and MSA analysis, the proposed amino 

acids at the active site of the DNA 

polymerase α and the priming reactions are 

shown in Fig. 13.   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13 The proposed active site structure of DNA polymerase α and the DNA priming reactions  

(numbering from DNA pol α of H. sapiens). 
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From animals (Human) 

Zn2+     Catalytic regions         Mg2+ 

1) -PCPTCGTENIYDNVFDGSGTDMEPSLYRCSNIDCK1316-         -945R-5QKALK1LTANSMY8GCLGF-  1)-1036LEIDIDG- 

        CX2C                                                          CX4C        

2) -ICEEPTCRNRTRHLPLQFSRTGPLCPACM1375-        -981R-78EILMHTK1EMVQKMNLEVIY13GD1002TDS-    2) -D1002TDS- 

          CX4C            CX2C 

From yeasts (S. cerevisiae) 

Zn2+     Catalytic regions      Mg2+ 

1) -ICDIANEMGQSLTPKCQSWDLSEMYQVTCE725-          -937DIR-5QQALK1LTANSMY8GCLGY-  1)-1030LEIDIDN- 

 
2) -SCPSCDKRFPFGGIVSSNYYRVSYNGLQCKHCE1318-   -975R-7EILMDTR1QLAELIGLRVVY13GD996TDS- 2)-D996TDS- 

        CX2C      CX2C 

 

3) -QCDDSTCGI-VTRQVSVFGKRCLNDGCT1372- 
          CX4C       CX4C 
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PR function DNA polymerase α of 

eukaryotic primosomes 

Error-free transcription is the hallmark of all 

DNA and RNA polymerases. Nonetheless, these 

enzymes do make mistakes, but at a rate of about 

10-4 to 10-5. The RNA primases from 

prokaryotes and eukaryotes which make only 

very short oligonucleotide primers (~10 nts) to 

initiate replication process do not possess a PR 

activity. [32] (These mistakes may not be 

deleterious, as they are removed in the final step 

of the DNA replication process and are replaced 

with dNTPs  

 

 

 

 

 

by a PR-proficient enzyme).  In eukaryotes, the 

RNA primer synthesized by the RNA primase is 

further extended by the DNA pol α, which also 

again makes only short DNA primers (~25 nts). 

Eukaryotic primase also generates large amount of 

di- and tri-nucleotides, even though the associated 

DNA pol α only uses primers at least 7 nucleotides 

long. [33] Pavlov et al. found that the DNA 

fragments synthesized by the DNA pol α contained 

errors, as it does not have PR exonuclease activity. 
[28] In contrast to other DNA polymerases, DNA pol 

α, purified from higher eukaryotes, showed no 

detectable exonuclease activity. [34 & references therein]  

 

 

 

 

 

 

 

CLUSTAL O (1.2.4) MSA of the regulatory subunit B of DNA polymerase α  

(Only the requited sequences are shown) 
  
tr|A0A1D5QNG5|A0A1D5QNG5_MACMU      MSASPQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

tr|A0A2K5KX68|A0A2K5KX68_CERAT      MSASPQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

tr|A0A2I3SDP8|A0A2I3SDP8_PANTR      MSASAQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

tr|A0A2J8TZ97|A0A2J8TZ97_PONAB      MSASAQQLAEELQIFGLDCEEALIEKLVELCLQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

tr|G3QKN0|G3QKN0_GORGO              MSASAQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

tr|A0A2R9BL46|A0A2R9BL46_PANPA      MSASAQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

sp|Q14181|DPOA2_HUMAN               MSASAQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

tr|K7B9Q6|K7B9Q6_PANTR              MSASAQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

tr|A0A2K6NHA0|A0A2K6NHA0_RHIRO      MSASPQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

tr|A0A2K5ZN81|A0A2K5ZN81_MANLE      MSASPQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

tr|A0A2K6EC81|A0A2K6EC81_MACNE      MSASPQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

tr|A0A2K5KER4|A0A2K5KER4_COLAP      MSASPQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

tr|A0A2K6NHC8|A0A2K6NHC8_RHIRO      MSASPQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

tr|A0A096MMD0|A0A096MMD0_PAPAN      MSASPQQLAEELQIFGLDCEEALIEKLVELCVQYGQNEEGMVGELIAFCTSTHKVGLTSE 60 

                                    **** **************************:**************************** 

 

tr|A0A1D5QNG5|A0A1D5QNG5_MACMU      TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300 

tr|A0A2K5KX68|A0A2K5KX68_CERAT      TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300 

tr|A0A2I3SDP8|A0A2I3SDP8_PANTR      TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300 

tr|A0A2J8TZ97|A0A2J8TZ97_PONAB      TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300 

tr|G3QKN0|G3QKN0_GORGO              TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300 

tr|A0A2R9BL46|A0A2R9BL46_PANPA      TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 299 

sp|Q14181|DPOA2_HUMAN               TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300 

tr|K7B9Q6|K7B9Q6_PANTR              TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300 

tr|A0A2K6NHA0|A0A2K6NHA0_RHIRO      TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 273 

tr|A0A2K5ZN81|A0A2K5ZN81_MANLE      TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 250 

tr|A0A2K6EC81|A0A2K6EC81_MACNE      TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 280 

tr|A0A2K5KER4|A0A2K5KER4_COLAP      TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300 

tr|A0A2K6NHC8|A0A2K6NHC8_RHIRO      TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300 

tr|A0A096MMD0|A0A096MMD0_PAPAN      TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300 

                                    ************************************************************ 

 

tr|A0A1D5QNG5|A0A1D5QNG5_MACMU      VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGPYTTSDSITYDPL 360 

tr|A0A2K5KX68|A0A2K5KX68_CERAT      VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGPYTTSDSITYDPL 360 

tr|A0A2I3SDP8|A0A2I3SDP8_PANTR      VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDADFEQSMVLVACGPYTTSDSITYDPL 360 

tr|A0A2J8TZ97|A0A2J8TZ97_PONAB      VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDADFEQSMVLVACGPYTTSDSITYDPL 360 

tr|G3QKN0|G3QKN0_GORGO              VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDADFEQSMVLVACGPYTTSDSIMYDPL 360 

tr|A0A2R9BL46|A0A2R9BL46_PANPA      VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDADFEQSMVLVACGPYTTSDSITYDPL 359 

sp|Q14181|DPOA2_HUMAN               VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDADFEQSMVLVACGPYTTSDSITYDPL 360 

tr|K7B9Q6|K7B9Q6_PANTR              VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDADFEQSMVLVACGPYTTSDSITYDPL 360 

tr|A0A2K6NHA0|A0A2K6NHA0_RHIRO      VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGPYTTSDSITYDPL 333 

tr|A0A2K5ZN81|A0A2K5ZN81_MANLE      VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGPYTTSDSITYDPL 310 

tr|A0A2K6EC81|A0A2K6EC81_MACNE      VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGPYTTSDSITYDPL 340 

tr|A0A2K5KER4|A0A2K5KER4_COLAP      VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGPYTTSDSITYDPL 360 

tr|A0A2K6NHC8|A0A2K6NHC8_RHIRO      VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGPYTTSDSITYDPL 360 

tr|A0A096MMD0|A0A096MMD0_PAPAN      VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGPYTTSDSITYDPL 360 

                                    **********************************.******************** **** 

Fig. 14 MSA of the regulatory subunit B of the DNA polymerase α  

A0A1D5QNG5_MACMU, Macaca mulatta  A0A2K5KX68_CERAT, Cercocebus atys 

A0A2I3SDP8_PANTR, Pan troglodytes  A0A2J8TZ97_PONAB, Pongo abelii 

G3QKN0_GORGO, Gorilla gorilla gorilla  A0A2R9BL46_PANPA, Pan paniscus 

Q14181|DPOA2_HUMAN, Homo sapiens       K7B9Q6_PANTR, Pan troglodytes 

A0A2K6NHA0_RHIRO, Rhinopithecus roxellana A0A2K5ZN81_MANLE, Mandrillus leucophaeus  

A0A2K6EC81_MACNE, Macaca nemestrina  A0A2K5KER4_COLAP, Colobus angolensis palliates 

A0A2K6NHC8_RHIRO, Rhinopithecus roxellana A0A096MMD0_PAPAN, Papio Anubis 
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However, a potent exonuclease was detected 

after separating the 182-kDa polymerase subunit 

from the other three subunits of the enzyme in 

Drosophila melanogaster. [34] They found that 

the exonuclease activity co-sedimented with the 

polymerase subunit, suggesting that the two 

activities reside in the same polypeptide. MSA 

analysis of DNA pol α from D. melanogaster and 

related organisms by sequence similarity showed 

a typical PR active site (DxE→CD→YxxxD-).  

However, one of the invariant amino acid –D- 

was not found in the animal sources, including 

the human enzyme. It is interesting to note, by 

sequence similarity, a PR exonuclease active-site 

amino acids are found from the animal sources, 

in the regulatory subunit B of DNA pol α  

 

 

 

(Fig. 14). Table 4 shows the 5 invariant amino acids 

(-DxE--------D--------Y----D-) that make the PR 

active site in DNA/RNA polymerases in bacteria 

and viruses. MSA analysis have shown that out of 

the 5 amino acids that are making the DEDD family 

(DxE---D—H/Y---D) of PR exonucleases is also 

found in DNA pol α sequences from yeasts and 

animals. These data suggest that the DNA pol α 

might have lost its PR function during evolution 

because of mutation(s) in the active site acidic 

amino acid(s). These data show that the active site 

amino acids in the PR 3’→5’ exonucleases are 

conserved evolutionarily. Out of 5 catalytic amino 

acids (-DxE→D→Y/H→D-), the third invariant D 

could possibly be replaced by an E in α polymerases 

but with no activity (Table 4). This is further 

supported by with Drosophila primase-polymerase. 
[32] 

Table 4 PR active site amino acids in different DdDps and RdRps  

 

 
 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              PR enzyme            First triad                 D       Y/H*  →Gap← D 

Pol α -Yeasts (S. c)   DdDps                DV^E  -- Y      3 D 

Pol α - Animals (H. s) ,,                DVE  -- Y      3 D 

Pol I- Bacteria (E. coli) ,,                DTE  YD Y 3 D 

Pol II- Bacteria (E. coli) ,,                DIE  FD Y 3 D 

RNase D- Bacteria (E. coli)                DTE  FD Y 3 D 

Pol III (ε-subunit)-Bacteria (E. coli)  DdDps DTE  FD H 4 D 

RNase T- Bacteria (E. coli)                DVE  FD H 4 D 

SARS-CoV-1 (NSP14)-RdRps                DVE  FD H 4 D 

MERS-CoV    (NSP14)- ,,                DVE  FD H 4 D 

SARS-CoV-2 (NSP14)- ,,                DVE  FD H 4 D 

SARS-related & Human-CoVs  

(Bat-RaTG3, Pangolin, Civet &                      DVE  I/VD H 4 D 

229E, HKU, OC43) NSP14-,,                                                       

Human-CoV                                             DVE  FD H 4            D 

(NL63)  (NSP14) -,,                             

Adenovirus 5 (Human)  DdDps                      DVE                    FD         Y            3           D 

Vaccinia virus                      ,,                          DIE                     FD         Y            3           D  

Small pox virus                    ,,                          DIE                     FD         Y            3           D 

HSV-1                                  ,,                          DIE                     FD         Y            3           D  

T2, T4, T6,T3,T7 phages     ,,                          DIE                     FD         Y            3           D 

Phage RB69-gp43 (E. coli)  ,,                          DIE                     FD         Y            3           D 

Klebsiella phage E1             ,,                          DIE                     FD         Y            3           D   

Yersinia phage   (JC221)     ,,                          DIE                     FD         Y            3           D 
 

 

 

 

Adapted from [35, 36]  

    CoVs, Coronaviruses; S. c, Saccharomyces cerevisiae; H. s, Homo sapiens; HSV, Herpes 

    simplex virus.  

   The non-structural protein (NSP14) codes for the PR function in RdRps of coronaviruses 

  *The invariant Y/H acts as the proton acceptor in the catalytic reaction, and the last invariant D 

   is placed 3 to 4 amino acids downstream from the   proton acceptor.    

  ^The middle amino acid is not highly conserved as in animals. 
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Conclusions 

Replication of genomes is an indispensable activity in 

the life-cycle of all living cells. This ensures making 

an exact copy of the genome that is to be transferred 

to daughter cells during cell division. The primases 

and DNA polymerases play essential roles in this 

process. MSA analysis showed that the eubacterial 

primases are structurally different with no significant 

identity to the human primase, suggesting that it could 

act as potential drug targets. However, as the active 

sites are found to be similar, they may follow a similar 

catalytic mechanism to initiate the replication process.  

Even though, the PR function is reported to be 

muted in the catalytic subunit of eukaryotic DNA  

 

 

 

 

 

primase, DNA pol α, the PR active-site amino acids, 

found in the regulatory subunit may perform the PR 

function. 
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