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Introduction

Genome duplication, which preserves and
maintains the Dblueprint 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. ™
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 a (again a heterodimer
with one large catalytic subunit and one small
regulatory subunit). ! 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 a.
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 I, pol B,
pol a, pol &, pol 3, Pol {. They all exhibit 3°—5’
proofreading  function in  addition to
polymerization of deoxynucleoside
triphosphates ~ (dNTPs). ! 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
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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.

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 o (DNA pol o) 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 111 (DNA
pol 111), 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. '
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
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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

Ori

Dna

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 Il holoenzyme, which helps the
translocation of the primer to the DNA pol IlI
active site for further extension (Fig.1).

naG DNA pol Il

~
SSBs

Q— iy
<

DnaB

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 Il 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
Il 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.

In the finishing steps, RNase H (an enzyme specific
DNA-RNA hybrids) removes the primers and the
DNA polymerase | (DNA pol 1) 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). " 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 I, 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. ' (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).
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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

1 ZBM 110
N

RNAPD

structural domains, viz. a 12-kD NTD consists of a
Zn*-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-1D) (Fig. 3). The CTD is
responsible for interaction with the replicative
helicase. ©
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Fig. 3 Functional domains of a eubacterial primase (numbering from the E. coli primase)

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).

Adapted from

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. % 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. ' SDM analysis of the
ZBM from P4 primase is highlighted in dark blue. ™%
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CLUSTAL O (1.2.4) MSA of eubacterial primases

tr |AOA2G2IJIM5 | AOA2G2IJMS5 9GAMM
tr | AOA6GIQMK7 | AOA6GIOMK7_9GAMM
tr|Q2BZNS8|Q2BZN8_9GAMM

tr |AOALlY2SHV2 |AOAL1Y2SHV2 9GAMM
tr |AOA1I3RFA7 |AOAL1I3RFA7_9GAMM
tr|AOA2D0JXU4 | AOA2DOJXUA_9GAMM
tr |AOA4P8YDB7 | AOA4P8YDB7_9ENTR
tr |AOA4RGE028 | AOA4R6E028_9ENTR
tr|AOATYTYTUS | AOATY7YTUS_ 9ENTR
tr |AOAlY4YBT2 |AOA1Y4YBT2 PLUGE
tr |AOA3Z6P289 |AOA3Z26P289_ SALTU
tr|K8CEZ6|K8CEZ6_CROSK

tr |AOA6M5D934 | AOA6MSD934_9ENTR
tr|AOA7UOKEKS | AOATUOKEKS 9ENTR
tr |AOA2L2JF99 |AOA2L2JF99_ 9ENTR
tr |AOA2NOCS13|AOA2NOCS13_9ENTR
tr |AOA6GT7TJIC2 | AOA6GTTJIC2_9ENTR
tr |AOA7T7YQ27 |AOATT7YQ27_ 9ENTR
tr|AOAOH3FLI2|AOAOH3FLI2 KLEAK
tr |B1EG66|BlEG66 ESCAT

sp| POABSS5 | DNAG_ECOLT

sp| POABS7 | DNAG_SHIFL

tr |AOA2S8DIE6 | AOA2S8DIE6 SHIDY
tr|AOA181WV76|AOAL81WV76_KLEOX
tr|AOA7D6UZES | AOATD6UZES_9ENTR
tr|Q31WW8 | Q31WW8_SHIBS
tr|AOA6N6K6Q7 | AOAGN6KE6Q7 9ENTR
tr |AOA2K9PDSO | AOA2K9PDSO_9ENTR
tr|D2TRR8 |D2TRR8_CITRI

tr |AOA375A766 | AOA375A766_9GAMM
tr | AOAOABFDQO | AOAOASFDQO_9GAMM
tr|AOASBS8IBB3 |AOASBSIBB3_9GAMM
tr |AOA6P1S8A6|AOA6P1S8A6_9GAMM
tr |AOAOJ5Y1V1|AOAOJISY1V1_ 9GAMM
tr |AOA2ULURGL | AOA2ULURG1_9GAMM
tr|AOA2U1U876 | AOA2ULU876_9GAMM
tr |AOA2A2MCAO | AOA2A2MCAO_9GAMM
tr|AOA7YTVPH3 | AOATY7VPH3_9GAMM
tr |AOA2NOVZJI4 | AOA2NOVZJI4_9GAMM
tr|AOA6L6GONG | AOA6LE6GON6_9GAMM
tr |AOAOJ9BHV4 | AOAOJT9BHVA 9GAMM
tr|AOA2G8D6J3 | AOA2G8D6JI3_9GAMM

tr | AOA2G2IJMS5 | AOA2G2IJIMS5_ 9GAMM
tr | AOA6GIQMK7 | AOA6GIQMK7_9GAMM
tr|Q2BZN8 | Q2BZN8_9GAMM
tr|AOA1Y2SHV2 |AOA1Y2SHV2 9GAMM
tr | AOA1II3RFA7 |AOAII3RFA7_9GAMM
tr | AOA2D0JXU4 | AOA2D0JIXU4 _ 9GAMM
tr | AOA4P8YDB7 | AOA4P8YDB7_9ENTR
tr|AOA4R6EO028 |AOA4R6EO028_9ENTR
tr |AOAT7Y7YTUS |AOAT7Y7YTUS_ 9ENTR
tr|AOA1Y4YBT2 |AOA1Y4YBT2 PLUGE
tr|AOA3Z6P289|AO0A3Z6P289_ SALTU
tr | K8CEZ6|K8CEZ6_CROSK
tr|AOA6M5D934 | AOA6M5D934_ 9ENTR
tr |AOA7UOKEKS | AOA7UOKEKS 9ENTR
tr |AOA2L2JF99 |AOA2L2JF99 9ENTR
tr | AOA2NOCS13 |AOA2NOCS13_9ENTR
tr |AOAGG7TJIC2 | AOAG6GT7TJIC2_ 9ENTR
tr |AOAT7T7YQ27 |AOATT7YQ27_ 9ENTR
tr|AOAOH3FLI2 |AOAOH3FLI2_ KLEAK
tr | BIEG66 |B1EG66_ ESCAT

sp | POABSS5 | DNAG_ECOLTI

sp | POABS7 | DNAG_SHIFL
tr|AOA2S8DIEG6 |AOA2S8DIEG6_SHIDY
tr|AOA181WV76|AOALI81WVT76_KLEOX
tr|AOA7D6UZES8 |AOA7D6UZES_9ENTR
tr|Q31WW8 |Q31WW8_SHIBS

tr | AOAGNG6K6Q7 | AOAGNG6K6Q7 9ENTR
tr | AOA2KO9PDSO | AOA2KI9PDSO_9ENTR
tr | D2TRR8 | D2TRR8_CITRI
tr|AOA375A766 | AOA3T75A766_9GAMM
tr |AOAOABFDQO |AOAOABFDQO_9GAMM
tr |AOASB8IBB3 |AOASB8IBB3_9GAMM
tr | AOA6P1S8A6|AOAGP1S8A6_9GAMM
tr|AOAQ0J5Y1V1|AOAO0JISY1V1_ 9GAMM
tr|AOA2ULURGL |AOA2ULURGL_9GAMM
tr|AOA2U1U876 | AOA2ULU876_9GAMM
tr|AOA2A2MCAO | AOA2A2MCAO_9GAMM
tr |AOA7Y7VPH3 | AOATYT7VPH3_ 9GAMM
tr | AOA2NOVZJ4 | AOA2NOVZJI4_ 9GAMM
tr|AOA6L6GONG | AOA6L6GONG6_9GAMM
tr | AOAOJO9BHV4 | AOAOJ9BHV4_ 9GAMM
tr | AOA2G8D6J3 |AOA2G8D6J3_9GAMM
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FAHGNAIDFLMNYDRLDEVESIEELATMHGLEVPYEAGSGGGHI ——ERHQRONLYQ
FAHGNAIDFLMNYDKLEFVESVEELASMHNLEIPYEAGNGPSQI-—ERHQRQOSLYQ
AHGNAIDFLMNYDKLEFVESVEELSAMHNLEVPYEAGSGPSQI-—-ERHQRQSLYQ
FAHGNALDFLMNYDKLEFVESVEELATMHNLEVPYEAGNGPSQI -—ERHQRQSLYQ
GAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPYEAGSGPTQI ——ERHQRQONLYQ
FAHGNAIDFLMNYDKLEFVETVEELAAMHNLEIPYEAGTGLSQI -—ERHQRONLYQ
FAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPTQI -—ERHQRQTLYE
GAHGNALDFLMNYDKLEFVESVEELAAMHNLEVPFEAGSGPSLI-—ERHQRQTLYQ
FAHGNAVDEFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI-—ERHQRQTLYQ
GAHGNAVDFLMNYDKLEFVETVEELAAMHNLEVPYEAGSGPSQI-—ERHQRQTLYQ
GAHGNAVDFLMNYDKLEFVETVEELAAMHNLEVPYEAGSGPSQI-—ERHQRQTLYQ
FAHGNAVDEFLMNYDKLEFVETVEELAAMHNLEVPYEAGSGPSQI -—ERHQRQTLYQ
GAHGNAIDFLMNYDKLEFVETVEELAAMHNLDVPYEAGSGPSQI-—ERHQRQONLYQ
AHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPYEAGNGPSQI-—ERHQRQONLYQ
FAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI -——ERHQRQTLYQ
GAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI-—-ERHQRQTLYQ
FAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI-—ERHQRQTLYQ
GAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI-—-ERHQRQTLYQ
FAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI-—ERHQRQTLYQ
FAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI-—ERHQRQTLYQ
GAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI--ERHQRQTLYQ
FAHGNAVDEFLMNYDKLEFVETVEELAAMHNLEVPYEAGSGPSQI -—ERHQRQSLYQ
GAHGNVIDFLMNYDKLEFVETVEELAAMHNLDVPFEAGTGPSQI-—ERHQRQSLYQ
FAHGNAIDFLMNYDKLEFVETVEELAAMHNLEVPFEAGSGPSQI -—ERHQRONLYQ
FAHGNAIDFLMNYDRLEFVESIEELAAMHGLDVPYEAGNGPTQL--ERHQRQOSLYE
AHGNAIDFLMNYDRLEFVESIEELAAMHGLDVPYEAGTGPTQL--ERHQRQSLYE
FAHGNAIDFLMNYDRLEFVESIEELAAMHGLDVPYEAGTGPTQL--ERHQRONLYE
FAHGTAIDFLMNYDRLEFVETIEELATMHGLEVPYETGTGPTKQ-—-ETHQRHNQYE
FAHGNAIDFLMNYDRLEFVETIEELATQYGLEVPYETGTGPTQL--ERHQRQSLYE
FAHGNAIDFLMNYDRLEFVESIEELATIYGLEVPYETGTGPTQL--ERHQRQSLYA
GAHGNAIDFLMNYDRLEFVESIEELATIYGLEVPYETGTGPTQL--ERHQRQSLYA
FAHGNAIDFLMNYDRLEFVESVEELATMAGLEIPYEAGTGPSQI-—ERHQRONLYQ
FAKGNAIDFLMNHDRLEFVESVEELATLHGLEVPYEAGNGPSQOM—-—-ERHQRQSLYQ
AHGNAVDFLMNYDRLEFVESIEELATMOQGLEVPYEAGTGPTQM—-—ERHQRQSLYQ
FAHGNAVDEFLMNYDRLEFVESIEELATLYGLEVPYESGSGPTQL-—-ERHQRQSLYQ
GAHGNAIDFLMNYDRLEFVESIEELATLYGLEVPYESGNGPSQL-—-ERHQRQOSLYQ
GAHGNAIDFLMNYDRLEFVESIEELATLYGLEVPYESGNGPSQL--ERHQRQSLY
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tr |AOA2G2IJMS |AOA2G2IJIMS5_9GAMM TEDQLLTTGVLIENEGQSRRYDRFRHRVMEFPIRDKRGRVIGYJGRVLGPEKPKYLNSPET 237
tr | AOA6GIQMK7 | AOA6GIQMKT7_9GAMM AQDKLLTAGMLIEND-SGKRYDRFRJRLMFPIRDRRGRVIGFQGRVLGHGTPKYLNSPET 234
tr|Q2BZN8 |Q2BZN8_9GAMM SQKALVNTGLLIEND-NGRRYDRFRJRVMFPIHDRRGRVIGFJGRVLGPGT PKYLNSPET 238
tr |AOAL1Y2SHV2 |AOAL1Y2SHV2 9GAMM DRKQLNDAGMLVTND-NGRTYDRFRYRVMEFPIRDRRGRVIAFQGRVLGPALPKYLNSPET 236
tr |AOA1I3RFA7 |AOALII3RFAT7_ 9GAMM DRKQLNDAGMLVTND-NGRTYDRFRYRVMEFPIRDRRGRVIAFQGRVLGPATI PKYLNSPET 236
tr | AOA2D0JXU4 | AOA2DOJIXU4_9GAMM DRNQLSDAGMLVTND-SGRTYDRFRYRIMFPIRDRRSRVIAFQGRVLGPALPKYLNSPET 236
tr | AOA4P8YDB7 |AOA4P8YDB7_9ENTR NRKSLTDAGMLVTND-RGRSYDRFRHRVMEPIRDKRGRVIGFJGRVLGPGOPKYLNSPET 236
tr|AOA4R6E028 | AOA4R6E028 9ENTR NRQALTDAGMLVTND-QGRSYDRFRHRVMFPIRDKRGRVIGFGRVLGPAL PKYLNSPET 236
tr |AOA7TY7YTUS |AOA7Y7YTUS_ 9ENTR NRQALTDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFQGRVLGPALPKYLNSPET 236
tr |AOALYAYBT2 |AOA1Y4YBT2 PLUGE NKQSLIDAGMLVTIND-QGRSYDRFRERVMFPIRDKRGRVIGFJGRVLGPGMPKYLNSPET 236
tr | AOA3Z6P289 |AOA326P289 SALTU NKALLLDAGMLVNNE-QGSTYDRFRNRVMFPIRDKRGRVIGFJGRVLGYDT PKYLNSPET 236
tr|K8CEZ6|K8CEZ6_ CROSK NRKSLIDAGMLVTND-QGRSYDRFRERVMEPIRDKRGRVIGFJGRVLGHALPKYLNSPET 236
tr |AOA6M5D934 |AOA6M5D934 9ENTR NRKSLIDAGMLVTND-QGRSYDRFRERVMEPIRDKRGRVIGFQGRVLGYDT PKYLNSPET 236
tr | AOATUOKEKS | AOA7UOKEKS_9ENTR DRKSLIDAGMLVTND-QGRSYDRFRHRVMFPIRDKRGRVIGFGRVLGPALPKYLNSPET 236
tr |AOA2L2JF99 |AOA2L2JF99_9ENTR DRKSLIDAGMLVTND-QGRSYDRFRYRVMFPIRDKRGRVIGFGRVLGPALPKYLNSPET 236
tr | AOA2NOCS13 |AOA2NOCS13_9ENTR DRKSLIDAGMLVTND-QGRSYDRFRYRVMFPIRDKRGRVIGFJGRVLGPGMPKYLNSPET 236
tr |AOA6G7TJIC2 |AOA6G7TIC2_9ENTR DRKSLIDAGMLVTND-KGRSYDRFRYRVMFPIRDKRGRVIGFJGRVLGPALPKYLNSPET 236
tr |AOATT7YQ27 |AOA7T7YQ27_ 9ENTR NRQSLIDAGMLVTIND-QGRSYDRFRERVMFPIRDKRGRVIGFQGRVLGPALPKYLNSPET 236
tr | AOAOH3FLI2|AOAOH3FLI2 KLEAK NRQSLIDAGMLVTIND-QGRSYDRFRERVMFPIRDKRGRVIGFJGRVLGHALPKYLNSPET 236
tr|BlEG66|BlEG66_ESCAT NRQSLINAGMLVTND-QGRSYDRFRERVMEPIRDKRGRVIGFQGRVLGYDT PKYLNSPET 236
sp | POABSS5 | DNAG_ECOLI NRQSLIDAGMLVTND-QGRSYDRFRERVMFPIRDKRGRVIGFGGEVLGNDTPKLNSPET 236E. cc
sp| POABS7 | DNAG_SHIFL NRQSLIDAGMLVTND-QGRSYDRFRHRVMFPIRDKRGRVIGFJGRVLGYDTPKYLNSPET 236
tr |AOA2S8DIEG |AOA2S8DIE6 SHIDY NRQSLIDAGMLVTND-QGRSYDRFRERVMEPIRDKRGRVIGFQGRVLGYDT PKYLNSPET 236
tr |AOA181WV76|AOALI81WV76_ KLEOX NRQSLIDAGMLVIND-QGRSYDRFRERVMEPIRDKRGRVIGFQGRVLGYDT PKYLNSPET 236
tr |AOA7D6UZES | AOA7D6UZES_9ENTR NRQSLIDAGMLVIND-QGRSYDRFRERVMFPIRDKRGRVIGFQGRVLGYDTPKYLNSPET 236
tr|Q31WW8 |Q31WW8 SHIBS NRQSLIDAGMLVTND-QGRSYDRFRHRVMFPIRDKRGRVIGFJGRVLGNDT PKYLNSPET 236
tr | AOAGN6K6Q7 |AOA6NG6K6Q7 9ENTR NRKSLVDAGMLVTND-QGRSYDRFRHRVMEPIRDKRGRVIGFJGRVLGHALPKYLNSPET 236
tr |AOA2KOPDSO | AOA2K9PDSO_ 9ENTR NRQSLVDAGMLVTND-QGRSYDRFRHRVMEPIRDKRGRVIGFJGRVLGHALPKYLNSPET 236
tr|D2TRR8 | D2TRR8_CITRI NRQSLIDAGMLVTND-QGRSYDRFRHRVMFPIRDKRGRVIGFJGRVLGHALPKYLNSPET 236
tr | AOA375A766 | AOA375A766_9GAMM NRATLTDAGMLVTND-NGRTYDRFRJRVMEPIRDKRGRVIAFJGRVMGIGTPKYLNSPET 236
tr | AOAOASFDQO | AOAOASFDQO_9GAMM DKTTLTDAGMLVTNE-NGRTYDRFRIRVMFPIRDKRGRVIAFQGRVMGHGT PKYLNSPET 236
tr | AOASBSIBB3 |AOASB8IBB3_9GAMM NRATLTDAGMLVTINE-NGRTYDRFRIRVMFPIRDKRGRVIAFGRVMGHGT PKYLNSPET 236
tr | AOA6P1S8AG | AOA6P1S8A6_9GAMM DRNVLNDVGMLVTND-QGRTYDRFRYRVMF PIRDKRGRVIAFQGRVLGHDT PKYLNSPET 235
tr |AOAOJS5Y1V1 |AOAOJ5Y1V1_9GAMM DRSTLNDAGMLVTND-QGRTYDRFRYRVMFPIRDKRGRVIAFQGRVLGPGT PKYLNSPET 236
tr |AOA2ULIURGL | AOA2ULURG1_9GAMM DRSALNDAGMLVTND-QGRSYDRFRYRVMEFPIRDKRGRVIAFQGRVLGPSVPKYLNSPET 236
tr |AOA2ULU876 |AO0A2ULU876_ 9GAMM DRSALNDAGMLVTND-QGRSYDRFRYRVMEFPIRDKRGRVIAFQGRVLGPGVPKYLNSPET 236
tr | AOA2A2MCAO | AOA2A2MCAO_9GAMM SRTALNDAGMLVNND-NGRTYDRFRIRVMFPIRDRRGRVIAFQGRILGPGT PKYLNSPET 236
tr |AOATY7VPH3 |AOA7Y7VPH3_9GAMM DRESLMEAGMLVSND-SGRTYDRFRIRVMFPIRDKRGRVIGFJGRVLGNDT PKYLNSPET 236
tr |AOA2NOVZJ4 |AOA2NOVZJI4 9GAMM DKASLIDAGMLVTND-NGRSYDRFRYRVMFPIRDKRGRVIAFJGRVLGYDTPKYLNSPET 236
tr | AOA6L6GONG | AOA6L6GON6_9GAMM DKQSLIDAGMLVTND-QGRSYDRFRYRVMFPIHDKRGRVIGFJGRVLGPAMPKYLNSPET 236
tr | AOAOJ9BHV4 | AOAOJIBHVA_9GAMM DRQSLIDAGMLVTND-QGRSYDRFRYRVMFPIHDKRGRVIGFQGRVLGPGMPKYLNSPET 236
tr | AOA2G8D6J3 | AOA2G8D6JI3_9GAMM DRQSLIDAGMLVTND-QGRSYDRFRYRVMFPIHDKRGRVIGFQGRVLGPGMPKYLNSPET 236
o xaks ks EERER EFETSSPTE JETTN ¥ EE S R
tr | AOA2G2IJM5 | AOA2G2IJIMS_9GAMM PIFHKGKENYGLYEVROAYHEI PPIVVYEGYMDVVALAQFGIDYAVASLGTSTSGXOMOT] 297
tr | AOA6GIQMK7 | AOA6GIQMKT7_9GAMM PIFHKGNEIYGLYELKQRHRDPOHVLIYEGYMDVVALAQFGVDYAVASLGTSTTAEQFQLY 294
tr|Q2BZN8 |Q2BZN8_9GAMM DIFHKGREIYGFYEVLOTHHE PKRIMVYEGYMDVVALAQFGVDYAVASLGTSTTGDHIQS 298
tr |AOAL1Y2SHV2 |AOAL1Y2SHV2 9GAMM EIFHKGRPYYGLYEAQQSHYTLTRLLVYEGYMDVVALAQFGIDYAVASLGTSTTAEHVQL 296
tr | AOALII3RFA7 |AOALI3RFAT7_9GAMM EIFHKGRPIYGLYEAQONHVLSKLLVYEGYMDVVALAQFGIDYAVASLGTSTTAEHIQL) 296
tr|AOA2D0JXU4 | AOA2DOJXU4 9GAMM EIFHKGRPIYGLYEAQOSHNTLSRLLVYEGYMDVVALAQFGIDYAVASLGTSTTAEHVOL 296
tr |AOA4P8YDB7 |AOA4P8YDB7 9ENTR EIFHKGRPIYGLYEARODTYDPARLLVYEGYMDVVALAQYDINYAVASLGTSTTADHIQL 296
tr | AOA4R6E028 | AOA4RGE028_ 9ENTR DIFHKGRPIYYGLYEAQQSQHEPARLLVYEGYMDVVALAQYGI SYAVASLGTSTTADHIQL 296
tr |AOA7Y7YTUS |AOA7Y7YTUS_9ENTR DIFHKGRPIYGLYEAQQSQHEPARLLVYEGYMDVVALAQYGI SYAVASLGTSTTADHIQL 296
tr | AOALYAYBT2 |AOALlY4YBT2 PLUGE DIFHKGRPIYGLYEAQQAANEPORLLVYEGYMDVVALAQYDINYAVASLGTSTTADHIQL 296
tr |AOA3Z6P289 |AOA326P289 SALTU DIFHKGRPIYGLYEAQQYSAEPORLLVYEGYMDVVALAQYDINYAVASLGTSTTADHMHM 296
tr|K8CEZ6|K8CEZ6_ CROSK DIFHKGRPIYGLYEVOQSDHYNPPRLLVYEGYMDVVALSQYDINYAVASLGTATTAEHIOM 296
tr |AOA6M5D934 |AOA6M5D934_9ENTR DIFHKGRPIYGLYEAQLDNOEPORLLVYEGYMDVVALAQYGINYAVASLGTSTTADHIQL) 296
tr | AOATUOKEKS | AOA7TUOKEKS 9ENTR DIFHKGRPIYGLYEAQODNAEPPRLLVYEGYMDVVALAQYDINYAVASLGTSTTADHI QL 296
tr |AOA2L2JF99 |AOA2L2JF99 9ENTR DIFHKGRPIYGLYEAQODNAEPPRLLVYEGYMDVVALAQYDINYAVASLGTSTTADHI QL 296
tr |AOA2NOCS13|AOA2NOCS13_ 9ENTR DIFHKGRPIYGLYEAQODNAE PRRLLVYEGYMDVVALAQYDINYAVASLGTSTTADHI QL 296
tr | AOA6G7TJIC2 | AOA6G7TIC2_9ENTR DIFHKGRPIYGLYEAQODNAE PORLLVYEGYMDVVALAQFDINYAVASLGTSTTADHIQL 296
tr|AOA7TT7YQ27 |AOATT7YQ27 9ENTR DIFHKGRPIYGLYEAQODNAEPSRLLVYEGYMDVVALAQFGINYAVASLGTSTTADHIQL) 296
tr |AOAOH3FLI2 |AOAOH3FLI2 KLEAK DIFHKGRPIYGLYEAQODNAEPORLLVYEGYMDVVALAQYGINYAVASLGTSTTADHIQL) 296
tr|B1EG66|BlEG66 ESCAT DIFHKGRPIYGLYEAQQODNAEPNRLLVYEGYMDVVALAQYGINYAVASLGTSTTADHIQL) 296
sp | POABSS5 | DNAG_ECOLI DIFHlGROLYGLYEAQQDNAEPNRLLVVEGYMDVVALAQYGINYAVASLGTSTTADHIOQL 296P4
sp|POABS7 | DNAG_SHIFL DIFHKGRPIYGLYEAQODNAEPNRLLVYEEYMDVVALAQYGINYAVASLGTSTTADHIQ 296
tr | AOA2S8DIEG | AOA2S8DIE6_SHIDY DIFHKGRPIYGLYEAQODNAE PNRLLVYEGYMDVVALAQYGINYAVASLGTSTTADHIQL) 296
tr |AOA181WV76|AOAL81WV76_ KLEOX DIFHKGRPIYGLYEAQODNAE PNRLLVYEGYMDVVALAQYGINYAVASLGTSTTADHIQL) 296
tr | AOA7D6UZES | AOA7D6UZES_9ENTR DIFHKGRPIYGLYEAQODNAE PNRLLVYEGYMDVVALAQYGINYAVASLGTSTTADHIQL) 296
tr|Q31WW8 |Q31WW8_SHIBS DIFHKGRPIYGLYEAQODNAE PNRLLVYEGYMDVVALAQYGINYAVASLGTSTTADHIQL) 296
tr | AOAEN6K6Q7 | AOA6NGKE6Q7 9ENTR DIFHKGRPIYGLYEAQODNADPORLLVYEGYMDVVALAQYGINYAVASLGTSTTADHIQL 296
tr | AOA2K9PDSO | AOA2K9PDSO_9ENTR DIFHKGRPIYG]LYEAQODDADPORLLVYEGYMDVVALAQYGINYAVASLGTS T TADHIQL) 296
tr|D2TRR8 | D2TRR8 CITRI DIFHKGRPIYG]LYEAQQODNADPORLLVYEGYMDVVALAQYGINYAVASLGTS T TADHIQL) 296
tr |AOA375A766 | AOA375A766_ 9GAMM EVFHKGRPIYGLYEAQORHHTLKRLLVYEEGYMDVVALAQFGIDYAVASLGTSTTADHIQL 296
tr | AOAOASFDQO | AOAOASFDQO_9GAMM EIFHKGRPYYGLYEAQOKNHELKRLLVYEGYMDVVALAQFGIDYAVASLGTSTTADHIQL 296
tr | AOASBSIBB3 |AOASBSIBB3_9GAMM EIFHKGRPYYGLYEAQOKNHELKRLLVYEGYMDVVALAQFGIDYAVASLGTSTTADHIQL 296
tr | AOA6P1S8A6 | AOA6P1S8A6_9GAMM GIFHKGRPYYGLYEAQONHYDLKRLLVYEGYMDVVALAQFGIDYAVASLGTSTTAEHIQL 295
tr |AOA0JS5Y1V1 |AOAOJ5Y1V1_ 9GAMM EIFHKGRPIYGLYEAQONHHELKRLLVYEGYMDVVALAQFGIDYAVASLGTSTTADHIOQL 296
tr |AOA2ULURGI | AOA2ULURG1_9GAMM EIFHKGRPIYGLYEAQONHHELKRLLVYEGYMDVVALAQFGIDYAVASLGTSTTADHIQL 296
tr |AOA2ULU876 | A0A2ULU876_9GAMM EIFHKGRPYYGLYEAQONHHELKRLLVYEGYMDVVALAQFGIDYAVASLGTSTTADHIQL) 296
tr | AOA2A2MCAO | AOA2A2MCAO_9GAMM DIFHKGRPIFGLYEAQORHHYELARLLVYEGYMDVVALAQFGIDYAVASLGTSTTSEHIQL 296
tr |AOATYTVPH3 |AOA7Y7VPH3 9GAMM PIFHKGRPIYGLYEAQKNHHQOPTRLLVYEGYMDVVALAQFGIDYAVASLGTSTTAEHVQL) 296
tr |AOA2NOVZJ4 |AOA2NOVZJI4 9GAMM EIFHKGRPIYGLYEAQLKAHSPARLLVYEGYMDVVALAQFGIDYAVASLGTSTTADHIQL) 296
tr | AOA6L6GONG | AOA6L6GON6_9GAMM DIFHKGRPIYGLYEALKNHHEPAKLLVYEGYMDVVALAQFGVDYAVASLGTSTTAEHI QL) 296
tr | AOAOJ9BHV4 | AOAOJIBHVA_9GAMM DIFHKGRPIYGLYEAQKNYHEPPKLLVYEGYMDVVALAQFGVDYAVASLGTSTTAEHIQL) 296
tr |AOA2G8D6J3 | AOA2G8D6JI3_9GAMM DIFHKGRPIYGLYEAQKNYHEPPKLLVYEGYMDVVALAQFGVDYAVASLGTSTTAEHT QL 296
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tr|AOA2G2IJMS |AOA2G2IJM5 9GAMM LFRNTSQWVICCYDGDKAGRDAAWRALENALPQLRDGKE 357
tr | AOA6GIQOMKT | AOA6GIQMKT7 9GAMM LVRSAKEVICCYDGDKAGREAAWRALHTALPLLKPGDH 354
tr|Q2BZN8|Q2BZN8 9GAMM LFRQTSTVVCCYDGDRAGRDAAWRAMHQALPYLTDGRQ 358
tr|A0A1Y2SHV2\AOA1Y2SHV279GAMM LFRTTDSVICCYDGDRAGRDAAWRTLETALPYLNDGRQ 356
tr|AOAII3RFA7|AOALII3RFA7 9GAMM LFRTTDN[VICCYDGDRAGRDAAWRALETALPYLNDGRQ 356
tr|A0A2D0OJXU4 | AOA2DOJTXU4 9GAMM LFRTTDSVICCYDGDRAGRTAAWRT L TALPYLNDGRQ 356
tr|AOA4P8YDB7 |AOA4P8YDB7 9ENTR LFRVTNTVICCYDGDRAGRDAAWRALHTALPYMTDGRQ 356
tr|AOA4REE028 | AOA4R6E028 9ENTR LFRVTDTVVCCYDGDRAGRDAAWRALFTALPYMTDGRQ) 356
tr |AOATY7YTUS |AOATY7YTUS 9ENTR LFRVTDT[VVCCYDGDRAGRDAAWRALETALPYMTDGRQ 356
tr|AOA1Y4YBT2 |AOA1Y4YBT2 PLUGE LFRVTHNVICCYDGDRAGRDAAWRALHTALPYMTDGRQ 356
tr|A0A3Z6P289\AOA3Z6P28975ALTU LFRATNNVICCYDGDRAGRDAAWRALETAMPYMTDGRQ 356
tr|K8CEZ6|K8CEZ6 CROSK LFRVTNN[VICCYDGDRAGRSAAWRALHTALPYMTDGRQ 356
tr|AOA6M5D934 |AOA6M5D934 9ENTR LFRVTKNVICCYDGDRAGRDAAWRALETALPYMSDGRQ 356
tr|AOATUOKEKS | AOATUOKEKS 9ENTR LFRVTNNVICCYDGDRAGRDAAWRALHTALPYMTDGRQ 356
tr|A0A2L2JF99\AOA2L2JF9979ENTR LFRVTNNVICCYDGDRAGRDAAWRALETALPYMTDGRQ 356
tr|AOA2NOCS13|AOA2NOCS13 9ENTR LFRATNN[VICCYDGDRAGRDAAWRALETALPYMTDGRQ 356
tr|AOA6GTTJIC2 | AOA6GTTIC2 9ENTR LFRVTNT[VVCCYDGDRAGREAAWRALETALPYMTDGRQ 356
tr |AOATT7YQ27 |AOATTTYQ27 9ENTR LFRVTNQVVCCYDGDRAGRDAAWRALETALPYMTDGRQ 356
tr|A0A0H3FLI2\AOAOH3FL127KLEAK LFRATNQVICCYDGDRAGRDAAWRALHTALPYMTDGRQ 356
tr |B1EG66|BlEG66 ESCAT LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGRQ 356
sp | POABSS5 | DNAG_ECOLT LFRATNNVICCYMCRAGRDAAWRALETALPYMTDGRQLRFMFLPDGEDPDTLVRKEGKE 356
E. coli

sp|POABS7 |DNAG_ SHIFL LFRATNNVICCYDGDRAGRDAAWRALHTALPYMTDGRQLRFMFLPDGE PPDILVRKEGKE 356
tr|AOA2S8DIE6 |AOA2S8DIE6 SHIDY LFRATNNVICCYDGDRAGRDAAWRALETALPYMTDGROLRFMFLPDGEPPDLVRKEGKE 356
tr|AOAI81WV76|AOAI8IWVT76 KLEOX LFRATNN[VICCYDGDRAGRDAAWRALETALPYMTDGROLRFMFLPDGEPPDILVRKEGKE 356
tr |AOATD6UZES | AOATD6UZES 9ENTR LFRATNN[VICCYDGDRAGRDAAWRALFTALPYMTDGRQLRFMFLPDGE PPDILVRKEGKE 356
tr|Q31WW8 | Q31WW8 SHIBS LFRATNNVICCYDGDRAGRDAAWRALHTALPYMTDGROLRFMFLPDGEPPDILVRKEGKE 356
tr|A0A6N6K6Q7\AOA6N6K6Q779ENTR LFRATNNVICCYDGDRAGRDAAWRALHTALPYMTDGRQLRFMFLPDGEPP LVRKEGKE 356
tr|A0A2K9PDSO\AOA2K9PD8079ENTR LFRATNNVICCYDGDRAGRDAAWRALHTALPYMTDGRQLRFMFLPDGEDPP [LVRKEGKE 356
tr|D2TRR8 |D2TRR8 CITRI LFRATNNWVICCYDGDRAGRDAAWRALETALPYMTDGRQLRFMFLPDGE PPDILVRKEGKA 356
tr|AOA375A766|A0A375A766 9GAMM LFRATDKVVCCYDGDRAGRDAAWRALHTALPYLDDGROLHFMFLPDGEPPDILVRKEGHT 356
tr|AOAOABFDQO | AOAOASFDQO 9GAMM LFRATDQVVCCYDGDRAGRDAAWRALHTALPYLDDGROLRFMFLPDGEPPDIILVRQEGKA 356
tr|AOASB8IBB3|AOASBSIBB3 9GAMM LFRATDQVVCCYDGDRAGRDAAWRALETALPYLDDGROLRFMFLPDGE PPIILVRQEGKA 356
tr|AOA6P1S8A6|AOA6PIS8A6 9GAMM LFRATDLVVCCYDGDRAGREAAWRALETALPYLNDGRQLRFMFLPDGE PPDIILVRKEGKA 355
tr|A0A0J5Y1V1 |AOAOJ5Y1VI 9GAMM LFRATDLVVCCYDGDRAGREAAWRALFTALPYLNDGRQLRFMFLPDGE PPDILVRKEGKA 356
tr |AOA2UIURG1 |AOA2UIURG1 9GAMM LFRVTDQVVCCYDGDRAGREAAWRALHTALPYLNDGRQLRFMFLPDGE PPDTLVRKEGKY 356
trlAOAZUlU876\AOA2U1087679GAMM LFRATDQNVCCYDGDRAGREAAWRALHTALPYLNDGRQLRFMFLPDGEPP [LVRKESKA 356
tr|AOA2A2MCAO | AOA2A2MCAO_9GAMM MFRTTDT[VCCYDGDNAGREAAWRALETALPFLSDGRQLKFMFLPDGEPPIILVRKEGTA 356
tr|AOATY7VPH3 |AOATYTVPH3 9GAMM LYRSTDTVICCYDGDRAGREAAWRT LHTALPYMNDGROLRFMFLPDGE PPDILVRKEGKE 356
tr|AOA2NOVZJ4 | AOA2NOVZJI4 9GAMM MFRSTDN[LVCCYDGDRAGREAAWRALETALPYLNDGROLREMEFLPDGE PPDIILVRKEGKE 356
tr|AOA6LEGONG | AOAGL6GONG 9GAMM LFRATGT[VICCYDGDRAGREAAWRALFTALPYMNDGRQLRFMFLPDGE PPDI|L I RKEGKE 356
tr |AOAOJIBHV4 |AOAOJIBHVA 9GAMM LFRATNTVICCYDGDRAGREAAWRALETALPYMNDGROLRFMFLPDGE PPDILVRKEGKE 356
tr|AOA2G8D6J3 | AOA2G8D6J3 9GAMM LFRATNTVICCYDGDRAGREAAWRALHTALPYMNDGRQLRFMFLPDGEPPITLVRKEGKE 356

*

*oe k. *

Fig. 4 MSA of primases from different eubacterial sources
A0A2G21IM5_9GAMM, Moritella sp.
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AOAB6GIQMKT7_9GAMM, Shewanella aestuarii

Q2BZN8_9GAMM, Photobacterium sp. AOA1Y2SHV2_9GAMM Xenorhabdus viethamensis

AOALI3RFA7_9GAMM, Xenorhabdus mauleonii
AOA4P8YDB7_9ENTR, Jejubacter calystegiae
AOA7Y7YTUS_9ENTR, Cedecea sp.
ADA3Z6P289_SALTU, Salmonella typhimurium
AOAB6M5D934 9ENTR, Kosakonia sp.
AOA2L2JF99 9ENTR, Lelliottia nimipressuralis
AOABG7TJIC2_9ENTR, Leclercia sp.
AOAOH3FLI2_KLEAK, Klebsiella aerogenes
POABS5|DNAG_ECOLI, Escherichia coli (K12)
AOA2S8DIE6_SHIDY, Shigella dysenteriae
AOA7D6UZE8_9ENTR, Enterobacter hormaechei
AOABN6K6Q7_9ENTR, Citrobacter pasteurii
D2TRR8_CITRI, Citrobacter rodentium
AOAOABFDQO_9GAMM, Dickeya zeae
AOABP1S8A6_9GAMM, Pectobacterium polaris
A0A2U1U876_9GAMM, Brenneria sp.
AOA2A2MCAO0_9GAMM, Hafnia paralvei
AOA2NOCS13_9ENTR, Cedecea lapagei
AOA2G8D6J3_9GAMM, Erwinia sp.

AO0A2D0JXU4_9GAMM, Xenorhabdus sp.
AOA4RG6E028_9ENTR, Buttiauxella sp.
AOAL1Y4YBT2_PLUGE, Pluralibacter gergoviae
K8CEZ6_CROSK, Cronobacter sakazakii
AOA7UOKEKS_9ENTR, Enterobacter hormaechei
AO0A2N0OVZJ4_9GAMM, Rahnella sp.
AOA7T7YQ27_9ENTR, Klebsiella michiganensis
B1EG66_ESCAT, Escherichia albertii
POABS7|DNAG_SHIFL, Shigella flexneri
AOA181WV76_KLEOX, Klebsiella oxytoca
Q31WW8_SHIBS, Shigella boydii
AOA2KIPDS0_9ENTR, Citrobacter freundii
AOA375A766_9GAMM, Dickeya aquatic
AOA5B8IBB3_9GAMM, Dickeya poaceiphila
AOA0J5Y1V1_9GAMM Pectobacterium peruviense
AOA2U1URG1_9GAMM, Brenneria nigrifluens
AOA7Y7VPH3_9GAMM, Pantoea sp.
AO0A0J9BHV4_9GAMM, Frankliniella occidentalis




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

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 of 30 A by 35 A by 75 A, and is
composed of three distinct subdomains. The ZBM
is 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. ! These
findings are further corroborated by the MSA
analysis too. A ZBM with 3 Cys and 1 His residues
(-CxxH ------m-m-m--- CxxC-) (highlighted in orange)
are found at the NTD. The involvement of the
particular R?* (highlighted in dark blue) in catalysis
was further proved by SDM experiments. ™4 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 a 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.
C¥-G, C¥-G and E*¥—Q (numbering from
phage 4 primase). Y (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 K*! 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). " X-ray
crystallographic data by Keck et al. showed the
invariant Glu®®, Asp*® could serve as the metal-
binding residues and bind a Mg* in the E. coli
primase. ! Further insights on the E. coli primase
are provided by SDM analysis of by Godson et al.
(1 They have reported that each of the conserved
amino acids on the E. coli primase, viz. Arg*®,
Arg?t, Tyr®® Gly*®, and Asp®!* were involved in
the process of catalysis. The invariant residues,
Glu?® and Asp*®, were also critical because a
substitution of each amino acid irreversibly
destroyed the catalytic activity (highlighted in dark
blue). Furthermore, the E**—Q, DA, and
D3 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***—Q and
D¥ A also showed no pRNA synthesis activity,
even in the presence of Mn?* that enhanced
synthesis by wild-type primase and all the mutant
primases. They found that the mutant proteins
Rl46_)A’ R221_)A, Y230—>A, G266—>A, and D35 A
restored to some degree (but still not as high as that
of wild-type primase) by using Mn? ions instead of
Mg?* 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 Mg?* to Mn* and
Fe?*. ' 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
Primase ZBM/Mg?*-binding site Method

Phage P4 -P[BllPVCGGSDRFRFDDREGRGTWYElINQCG- -SDM- No primase activity.!*"!

Phage P4 -WIAE*“GYATAL- -SDM- No primase activity. %

E.coli -ACEPFHNEKTPSFTVNGEKQFYHE'FGCG-  -By Seq. similarity with P4 phage [This work]
E. coli -LVVE®GYMDV- -SDM - No primase activity. **!

E. coli -LVVE?*®*GYMDV - -CYPRHGDR- -X-ray - No primase activity. [

E. coli -CYP®EGDR- -SDM - No primase activity. ™!

E. coli -HK*"'GRQLY**GL- -SDM - No primer Synthesis. [*!

E. coli -GR™VJGFGGR? VL GNDTPKN**- -SDM- No primase activity.™

E. coli -CYDGEER- -SDM- No primase activity. !

The highlighted amino acids are from SDM or X-ray crystallographic data. Seg., Sequence;
ZBM, dark blue; metal-binding motif, Green.

Based on the sequence similarities, SDM and X-ray two NTPs to generate the E-DNA-NTP-NTP
crystallographic data, the proposed primase active quaternary complex, (the two NTPs used are purine
site and the priming reactions are shown in Fig. 5. nucleotides only).

After binding to the DNA, primase should bind to

Fig. 5 The proposed active site structure and priming reactions of eubacterial primases
(numbering from E. coli primase)

( 1
| 3799 |
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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, € and & (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 Il to
complete the replication process.

Ori a-A(C) & B(R)
PRIM2 (R 3
PRIM1(C MCM Hel
ORC —>
-

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 a (again a hetreodimer

made of A and B subunits) as shown in Fig. 6.
Prim*Pola® heterotetramer synthesizes short
RNA primers (7-10 nts) on leading and lagging
strands, which are further extended by the DNA
pol a 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 o,
DNA pol £ and DNA pol 5 (Fig. 7).

( ]
| 3800 |
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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. ™2 Both pol e 3 and pol 5= function with the PCNA sliding clamp. ?)

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 | to create a single continuous strand. **! The
FEN-1 and the 5’-exonuclease act cooperatively with
DNA pol 6 to remove all the RNA/DNA primers and
maintain a nick that can be closed by DNA ligase I. !

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 D! and D*® (numbering from S.
cerevisiae primase) of the -DID- motif are
proposed to bind a Mg?" 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.
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tr|R9X826|RIX8BZ6_ASHAC NHSPKPQRDMVNRELAMAFRSG. SSVQEHKDOIQOKANPORFE[ GAVYNKPPRD 120
tr|Q75ER1 |Q75ERL_ASHGO NHSPKPQRDMVNRELAMAFRSGAYKRYNSEGSVQOEEKDOIQKANPHORFE[LGAVYNKPPRD 120
tr\AOA1G4MEW9|AOA1G4MEW97LACFM NHSPKPCRDMTHREFAMAFRSGAYKRYNSENSVQEHKITQIQRGNPORFE[LGAIYNKPPRD 116
tr\AOAOC7MKM8|AOAOC7MKM879SACH NHSPKPGRDMMHRELAMAFRSGAYKRYNSEDSVQEHKRQOIQRSNPHORFE[LGAVYNKPPRQ 94

tr\WOTJ26|WOTJ267KLUMD NHSPKPGRDIINREFAMAFRSGAYKRYNSENSVOEHKROIQKGNPORFELGAVYNKPPRE 118
sp|P10363|PRI1_YEAST NHSPKPSRDMINREFAMAFRSGAYKRYNSENSVQDFKAQIEKANPDRFEIGAIYNKPPRE ©2

tr\G8ZZU9|G8ZZU97TORDC NHSPKPGRDIVNREFAMAFRSGAYKRYNSYNSVOEHKIQIEKANPORFE[LGAIYNKAPRE 99

tr\AOA212MCQ6|A0A212MCQ67ZYGBA NHSPKLGRDIINREFAMSFRSGAYKRYNSYNSVOEHKNQIVKANPORFE[GAVYNKPPQD 101
tr\AOAlZ8JH28|A0A1Z8JH287PICKU NHSKVPNNDFTHREFAFEHONGAYQORYNSEODAAEHKKKVVKYNPIRFE[LGAVYPVEPKD 96

tr\AOAlBZJDXl|A0A1B2JDX17PICPA NHSPVPQTDFTMREFAFEFKSGAYQORYNSHVSAKEFKPTVVRVTPIRFE[LGAVYEINPSK 163
tr\AOA1V2L196|AOA1V2L1967CYBFA NHSPKPQPDFTMREFAYEHRSGAYQORYNSHESLENEKDSVVRANPMRFEVGPVYAINPSK 140
tr\AOAOH5BZM9IAOAOH5EZM97CYBJN NHSPKPQKDFTMREFAYEHRSGAYQORYNSHESPEDEHKE SVVRVNPTRFEVGAVYAVNPSE 142
tr|AOA510P6L1 |AOAS510P6L1_CANAR NHSPKPTKDFTMREFAYEYRSGAYQORYNSYGSPEEFKKSVVTANPTRFEVGAVYAVNPKE 103
tr|C5MJ98 |C5MJ98 CANTT SHSPKPTKDFTMREFAYEYRNKIYOQORYNSEHGTLEEFKKSVVTANPTRFEYGAVYKINPKE 104
tr|C4YsS43|C4YS43 CANAW SHSPKPTKDFTMREFAYEYRSKIJYOQRYNSEGTLEEEK SVVTANPﬂRFEIG VYKINPKE 78
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tr\R9X8Z6|R9X8Z67ASHAC RDSVLKTEMKPLEKELVE] CISGAQ C)K:‘KhLFLAMKVMNTSLVEDF 180
tr\Q75ER1|Q75ERliASHGO RDSVLKTEMKPLEKELVE] CISGAQ PKEWKFIFLAMKVMNTSLIEDF 180
tr\AOA1G4MEW9|A0A1G4MEW97LACFM RDSVLKTEMKPCEKEVVE] CISGAN BKEWKFISLAMKIINIALSEDF 176
tr\AOAOC7MKM8|AOAOC7MKM879SACH MDSLLKADMKPLEKEVVE] CISGAN BKEWKFISLAMKIINVALEEDF 154
tr\WOTJ26|WOTJ267KLUMD RDSILKTEMKPIEKELVE] CISGAQVICPKEWKFITLAMKVINVSLEEDFE 178
sp|P10363|PRI1_YEAST RDTLLKSELKALEKELVFDIDMDDYDAFRTCCSGAQVCSKCWKFISLAMKITNTALREDF 152
tr|G872U9|G822U9_ TORDC RDTILKSEMKPLEKELVE] CISGAQVICEREWKEITLAMLVVNTTLTEDE 159
tr|AO0A212MCQ6|AOA212MCQ6_ZYGBA RDSLLKSDMVPLEKELIEF] CISGAQVICPKEWKEISLAMKIMETVLVDDE 161
tr|AOA1Z28JH28 |AOA1Z8JH28_ PICKU RKTVAKNMMKPLSKEMVI| CKGTSIICPKEWKEITLAIKVVDVAIREDE 156
tr|AOA1B2JDX1 |AOAIB2JDX1 PICPA RKTVSKNMMKPIEKEFVYV] CISKTGIICHKEWKFINVAIEIVDTALRDDFE 223
tr\AOA1V2L196|AOA1V2L1967CYBFA RKSVPKSAMKALEKELVE] CSKTKIICITKEWREFITAATKVLDAALREDE 200
tr\AOAOH5BZM9|AOAOH5BZM97CYBJN RKTLPKSAMKPLEKELVE] CSKTQIICTKEWKEITAATKVLDVALREDE 202
tr\AOA510P6L1|A0A510P6L17CANAR RRNLLKSAMKPLSKELVE] CISGTDIICKKEWKFIKIASEVLSHALKEDE 163
tr\C5MJ98|C5MJ987CANTT RKNLPKTAFKPESKELVE] CRGTDIICEKEWKEIQVGSKIIETALREDE 164
tr\C4YS43|C4YS437CANAW RKNLPKQAFKPESKELVE] CRGTDICLKEWKFIQVGSKIIEAALREDE 138
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tr|R9X826|RIXBZ6_ASHAC GLEQFIWYFSGRRGRHCWISDPRARSLSDVQRKSVLDYMNVVRDRNS---EKRISFTRPY 237
tr|Q75ER1 |Q75ERL_ASHGO GLEQFIWYFSGRRGRHCWISDPRARSLSDMQORKSVLDYMNVVRDRNL---EKRISFTRPY 237
tr|AOA1G4MEWY |AOA1G4MEWY LACFM GYEDFIWIFSGRRGRHCWVSDKRARTLSDIQRRNVLDYMNVVRDRNV---GKRLNLKRPY 233
tr |AOAOCT7MKMS | AOAOCTMKMS8 _9SACH GYTDYIWIFSGRRGRAHCWVTDRRARQLNDIQRRSVLDYMNVVRDRNI---DKRONLKRPY 211
tr|W0TJ26 |WOTJ26_KLUMD GFEEFIWYFSGRRGRHCWISDKRARVMIDTYRKNMLDYVNVVRDRNI---EKRLNLVRPL 235
tr\AOA7I9E8J8|AOA7I9E8J87YEASX GYKDFIWYEFSGRRGRPHCWVSDKRARALTDVQRRNVLDYVNVIRDRNT ---DKRLALKRPY 209
sp|P10363|PRI1_YEAST GYKDFIWVFSGRRGAHCWVSDKRARALTDVQRRNVLDYVNVIRDRNT---DKRLALKRPY 209
tr\C8ZAQ7|C8ZAQ77YEASB GYKDFIWYEFSGRRGRHCWVSDKRARALTDVQRRNVLDYVNVIRDRNT---DKRLALKRPY 209
tr\AOA815ZF39|AOA815ZF397YEASX GYKDFIWYFSGRRGRHCWVSDKRARALTDVQRRNVLDYVNVIRDRNT---DKRLALKRPY 209
tr\G8ZZU9|G8ZZU97TORDC AYEDFIWYFSGRRGAHCWVSDKRARILHDLQRRNVLDYVNVVRDRNA---DKRLSLKRPY 216
tr\AOAZIZMCQ6|AOA212MCQ67ZYGBA GYEVFFWYFSGRRGRHCWVSDRRARTLNDLQRRNVLDYVNVVKDRSA---EKRIALKRPY 218
tr|AOA1Z8JH28 |AO0A1Z8JH28 PICKU GIENRIWYFSGRRGVHCWMSDSKIRFLKENGRRAFIEYLDILNVKGKSK-KGIFGLKKPY 215
tr|AOA1B2JDX1|AOA1B2JDX1_PICPA GFEHMIWYEFSGRRGRHCWVSDQRARSMNDTLRKAVIDYLDVLNLKGGHK-NRNLTFRRPL 282
tr|AOA1V2L196|AO0ALIV2L196_ CYBFA GFEHMIWYESGRRGRHCWISDKRARMLDEPKRRAIVEYLDVLKTKG----SKRLNLRRPL 256
tr |AOAOHS5BZMY |AOAOHSBZMY_CYBJN GFEHMIWYEFSGRRGRHCWVSDKRARSLDESKRRAIVEYLDILKNKG----TKRLNLRRPL 258
tr |AOAOLONST6 |AOAOLONST6_CANAR GFDHFIWWYFSGRRGRHCWVSDARARSLDEATRKSIVEYLDVLGGRSHKMGRTSLSIKKPF 223
tr|AOAS10P6L1 |AOAS10P6L1_CANAR GFDHFIWWYFSGRRGRHCWVSDARARSLDEATRKSIVEYLDVLGGRSHKMGKTSLSIKKPF 223
tr\C5MJ98|C5MJ987CANTT GFEHMVWYEFSGRRGRHCWISDKRARELDESSRRAIVEYLDVLGAKTQ---QGTLNLRKPL 221
tr\C4YS43|C4YS437CANAW GFEHLVWYFSGRRGRHCWVSDKRARELDETSRKAIIDYLDVLSSKNQ---NGSLNIKKPF 195
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tr|R9X826|RIXBZ6_ASHAC VTKQTJHLLKAPHCIHPATGNVCVPITE-—-———=——-——-——— DFSPTS-VPKLIQLQHEME 390
tr|Q75ER1 |Q75ERL_ASHGO VTKQTJHLLKAPHCIHPATGNVCVPITE-- —--DFSPTG-VPKLIQLQHEME 390
tr\AOA1G4MEW9IAOA1G4MEW97LACFM VTKQTJHLLKAPHCIHPATGNVCVPITE-— —-—-GFTPSD-APRLIELQQQME 388
tr |AOAOCT7MKMS | AOAOCT7MKM8 _9SACH VTKQTJHLLKAPHCIHPATGSVCVPITE-— —--AFTPSD-APKLIKLQONELE 367
tr|W0TJ26 |WOTJ26_KLUMD VTKQTJHLLKAPHCIHPATGNVCVPITE-— —-—-AFSPEM-APKLITLQONEME 391
tr|AOA7IOE8J8|AOATIOE8J8_YEASX VTKQTJHLLKAPHCIHPATGNVCVPIDE-— —--SFAPEK-APKLIDLQTEME 362
sp|P10363|PRI1_YEAST VTKQTJHLLKAPHCIHPATGNVCVPIDE-- —--SFAPEK-APKLIDLQTEME 362
tr|C8ZAQ7|C8ZAQ7_YEASS8 VTKQTJHLLKAPHCIHPATGNVCVPIDE-— —--SFAPEK-APKLIDLQTEME 362
tr|AOA815ZF39|AOA815ZF39_ YEASX VTKQTJHLLKAPHCIHPATGNVCVPIDE-- --SFAPEK-APKLIDLQTEME 362
tr\G8ZZU9|G8ZZU97TORDC VTKQTJHLLKSPHCIHPSTGNVCVPIDM-— —-—-—-KFNPDQ-APKLITLQHEME 369
tr\AOAZlZMCQ6|A0A212MCQ67ZYGBA VTKQTJHLLKAPHCVHPATGNVCVPIDE-- —-—--KFTPAE-APKLLDLQNEME 371
tr\AOAlZ8JH28|AOA1Z8JH287PICKU VSROMNHLLKSPHCVHPGTGNVCVVEDPNE - —-—-REFNPFTDAPNLQQIFS--- 361
tr|AOA1B2JDX1|AOA1B2JDX1 PICPA VSKLMJHLLKSPHCIHPKTGNVCVPFDPRV- -KEFWPDE-SPNLRSLQSELE 428
tr|AOA1V2L196|AOALIV2L196_CYBFA VTROMIJHLLKSPHCIHPGTGNICVPFDAS-— -WDFNPME-APNLHQIQKELT 406
tr |AOAOHS5BZMY |AOAOHS5BZMY_CYBJN VSROMIHLLKSPHCIHPGTGNVCVPFDAN-——-———————— KEFNPMT-SPNLRQIQGELL 408
tr |AOAOLONST6 |AOAOLONST6_ CANAR VSKQLIHLLKSPHCIHPGTGNVCVPFDPTKNLSGNIDDDEYGFNPMN-APNLSQLQDEID 394
tr|AOAS510P6L1 |AOAS10P6L1_CANAR VSKQLIHLLKSPHCIHPGTGNVCVPEFDPTKNLSGNSDDEEYGEFNPMN-APNLSQLQDEID 394
tr|C5MJ98 |C5MJ98 CANTT VSKQVIHLLKSPHCIHPGTGNVCVPFDPSSNISGNPADDDYGEFNPMT-APNLRLLQTELE 394
tr|C4YsS43|C4YS43_CANAW VSRQVIHLLKSPHCIHPGTGNVCVPFDPLKNISGNPADDDYGFNPKS-APNLRQIQNELE 365
*:: ****:*’A‘k:‘k* *‘k_:** : * % *_* .
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/IC-terminal end of primases from yeasts and higher fw
tr |RIX87Z6 |RIX8Z6_ASHAC NHPEGE----- DIHEF
tr|Q75ER]1 [Q75ER1_ASHGO NHPEGE----- DIHEF
tr|AOA1IG4MEWY | AOAIG4MEWY LACFM EREDET---EI--4DF
tr|AOAOC7MKMS | AOAOCTMKM8 9SACH EREEEA---VN---DF
tr|W0TJ26 |[WOTJ26 KLUMD EREEDS---KQ-S]DF
sp|P10363|PRI1_YEAST EREDDD---EPASLDF
tr|G872U9|G822U9 TORDC ERAEDG---ET-SIEF
tr|AOA212MCQ6|AOA212MCQ6_ZYGBA SREETD---AQ-SYEF
tr|AOA1Z8JH28|AOA1Z8JH28_ PICKU NDE----——---—- IDF

tr|AOA1B2JDX1|AOAIB2JDX1_ PICPA NRDQSVDQDDKSLIYEF
tr|AOA1V2L196|A0ALIV2L196 CYBFA RDDNE-——---- EDJEF
tr |AOAOHS5BZMY | AOAOHS5BZMY CYBJIN RDEQE-——--- PDIEF
tr|AOA510P6L1 |AOA510P6L1 CANAR REREP-——--— DPIDF
tr|C5MJ98 |C5MJ98 CANTT RAREE-——---- DPISF
tr|C4YS43|C4YS43_ CANAW RSREE------ DPISF

ngi

436
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433
412
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416
418
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424

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

Q75ER1_ASHGO, Ashbya gossypii
AOAOC7MKM8_9SACH, Lachancea lanzarotensis
P10363|PRI1_YEAST, Saccharomyces cerevisiae
A0A212MCQ6_ZYGBA, Zygosaccharomyces bailii
AOA1B2JDX1 PICPA, Komagataella pastoris
AODAOH5BZM9_CYBJN, Cyberlindnera jadinii
C5MJ98_CANTT, Candida tropicalis

RIX826_ASHAC, Ashbya aceri

AOALGAMEW9 LACFM, Lachancea fermentati
WO0TJ26_KLUMD, Kluyveromyces marxianus
G8ZZU9_TORDC, Torulaspora delbrueckii
A0A1Z8JH28 PICKU, Pichia kudriavzevii
AOA1V2L196_CYBFA, Cyberlindnera fabianii
AOA510P6L1_CANAR, Candida auris
C4YS43_CANAW, Candida albicans

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 D%, D! (numbering from human
primase) of the —DxD- triad could bind a catalytic
Mg?* ion. As in prokaryotes, the eukaryotic primases
also initiate the primer only with purines, viz. an ATP
or a GTP. [*3] 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.
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CLUSTAL O (1.2.4) MSA of eukaryotic primases from animal sources

tr|S4RXE6|S4RXE6 PETMA ————— MIAEAYDSSELPDLL] FPYGPYYRWLN REFSFTLKDDI 55
tr|AOA670KIZ7|AOA670KIZ7 PODMU —--—=—-- MADFEPGSLPDLL FPHGLYGRWLH REFSFTLRDDI 53
tr|A0A6702CJI0|AOA6702CI0 PSETE ~  —--——-- MASFDPGSLPDLL FPHGLYGRWLH REFSFTLRDDI 53
tr|AOA3B3XDX7|AOA3B3XDX7 9TELE ----- MPSSDYDPACLPDLL FPHAQYYRWLN REFSFTLKDDI 55
tr|AOA4WAEQSO|AOA4WAEQS9 ELEEL ~ —---- MPTSDYDPACLPDLL FPHSQYYRWLT] REFSFTLKDDI 55
tr|AOA6P6J5AL |AOA6P6J5A1 CARAU —  --—-- MSNSDYDPACLPDLL FPHSQYYRWLY REFSFTLKDDI 55
tr|F1QKT6|F1QKT6 DANRE ~  —-———- MPTSDYDSACLPDLL FPHSQYFRWLY REFSETLKDDI 55
tr|AOA674ERWO |AOA674ERWO SALTR ~  --—-- MAAADYHQASLPDLL FPHSQYHRWLN REFSFTLKDDI 55
tr|AOA665TRG3 |AOA665TRG3 ECHNA ----MPTSSEYDPDSLPDLL FPHSQYYRWLY REFSFTLKDDT 56
tr|AOA3Q2YDY7|AOA3Q2YDY7 HIPCM MPSASSSSSDYDPASLPDLL FPHSQYYRWLY REFSFTLKDDI 60
tr|AOA3P9DJIDS |AOA3PYDID8 9CICH —---- MPSSDYDPASLPDLL FPHSQYYRWLY REFSETLKDDI 55
tr|I3KK59|I3KK59 ORENI ~ —-———- MPSSDYDPASLPDLL FPHSQYYRWL{ REFSEFTLKDDI 55
tr|AOA6P8TRY8|AOAGP8TRY8 GYMAC ~  --—-- MPASDYDSACLPDIL FPHSQYYRWLN REFSFTLKDDI 55
tr|AOA6J2Q218|A0A6J20218 COTGO --—-- MPSSDYDSACLPDIL FPHSQYYRWLN REFSFTLKDDT 55
tr|AOATNSYL8S|AOA7N8YLES 9TELE --—-- MPSSDYDLASLPDLL FPHSQYYRWLN REFSETLKDDI 55
tr|AOA674MIZ2 |AOA674MIZ2 TAKRU ~  --—-- MPSNVFDSANLPDLL FPHSLYYRWLT REFSFTLKDDI 55
tr|Q6NVT9|Q6NVT9 XENTR ——--—=- MDLSVYDPASLPDLL FPHYQYFRWLN REFSFTLKDDA] 55
tr|AOA3Q0D7A7|AOA3Q0D7A7 MESAU —--—--—- MEAFDPAELPELL FPYAPYYRWLN REFSETLKDDI 53
tr|J3QN19|J3QN19 MOUSE ——————- MEPFDPAELPELLKLYYRRLEFPYAQYYRWLNYGGVTKNYFQHREFSFTLKDDI 53
tr|089045/089045 RAT  ————- YFMELFDPAELPELLKLYYRRIFPYAQYYRWLNYGGVTKNYFQHREFSFTLKDDT 55
tr|AOA671ERVS|AOA671ERVS RHIFE ~  —--—--- MEAFDPAELPELLKLYYRRIFPYSQYYRWLNYGGVIKNYFQHREFSFTLKDDT 53
tr|AOA6P3RHI9|AOAGP3RHI9 PTEVA —-—-——-- MEAFDPAELPELLKLYYRRIFPYAQYYRWLNYGGVIKNY FQHREFSFTLKDDI 53
tr|AOALlS3FGZ5|AOAL1S3FGZ5 DIPOR ~ —-——--—- MESFDPAELPELLKLYYRRIFPYAQYYRWLNYGGVVKNYFQHREFSFTLKDDI 53
tr|G1sJs0|G1SJS0_RABIT ——-———— MESFDPAELPELLKLYYRRIFPYAQYYRWLNYGGVVKNYFQHREFSFTLKDDI 53
tr|F6Y809|F6Y809 CALJA —--———— METFDPTELPELLKLYYRRIFPYSQYYRWLNYGGVIKNYFQHREFSFTLKDDT 53
tr|F6SCS2|F6SCS2 MACMU  ——————— METFDPTELPELLKLYYRRIFPYSQYYRWLNYGGVIKNY FQHREFSFTLKDDT 53
tr|AOA2KEMTLT7 |AOA2KEMTL7 RHIBE -—------ METFDPTELPELLKLYYRRIFPYSQYYRWLNYGGVIKNY FQHREFSFTLKDDI 53
tr|G3RCL3|G3RCL3 GORGO ~ ——————— METFDPTELPELLKLYYRRIFPYSQYYRWLNYGEVIKNYFQHREFSFTLKDDI 53
sp|P49642|PRI1 HUMAN -- -METFDPTELPELLKLYYRRLFPYSQYYRWLNYGGVIKNYFQHREFSFTLKDDT 53
tr|H2ROQ8|H2R0Q8 PANTR ~—-—-—-METFDPTELPELLKLYYRRIFPYSOYYRWLNYGGVIKNYFQHREFSFTLKDDI 53
tr|AOA6D2VYJ6|AOAGD2VYJ6 PANTR ~  —--——-- METFDPTELPELLKLYYRRIFPYSQYYRWLNYGGVIKNY FQHREFSFTLKDDI 53
**::* :****:** * Kk kk ‘k‘k.: ‘k.** .*******:**
tr|S4RXE6|S4RXE6 PETMA YVRYQSE|ONQAPMEKE IQK{ VPYKIDIGAVEFSHKPNQHNSVKMGSFQAIEKELVHDI DMT 115
tr|AOA670KIZ7|AOA670KIZ7 PODMU YVRYQSENTPLELEKEIQKMCPYKIDIGAVYSHKPIQHNMVHLGAFQAQEKELVHDIDMYT 113
tr|A0A6702CJI0|AOA670ZCI0 PSETE YVRYQSENTPQELEKEIQK[.CPYKIDIGAVYSEKPIQHENTVHMGAFQAQEKELVHDIDIT 113
tr|AOA3B3XDX7|AOA3B3XDX7 9TELE YVRYQSFSSQSELEKEMOKVNPYKIDIGAVYSHRPNQHNTVKSGS FQAIEKELVHDIDMT 115
tr|AOA4AWAEQS9|AOAAWAEQS9 ELEEL YVRYQSE|STONELEKE IQKMNPYKIDIGAVYSHRPSQHNTVKSGAFQAIEKELVHDIDMT 115
tr|AOA6P6JI5AL |AOAGP6J5A1 CARAU YVRYQSHTTONELEKEMOKMVPYKIDIGAVYSHRPSQHNAVKSGTFQAIEKELVHDIDMT 115
tr|F1QKT6|F1QKT6 DANRE YVRYQSEHSSONELEKEMOKMVIPYKIDIGAVYSHRPSQHNTVKSGTFQAIEKELVHDIDMT 115
tr|AOA674ERWO |AOA674ERWO SALTR YVRYQSE|S TONELEKEMOKMNPYKIDIGAVYSHRPNQHNTVKSGSFQAIEKELVHDIDMT 115
tr|AOA665TRG3 |AOA665TRG3 ECHNA YVRYQSE|SSQAELEKEIQKMNPYKIDIGAVYSHKPNQHNTVKSGTFHAIEKE LVHDIDMT 116
tr|AOA3Q2YDY7|AOA3Q2YDY7 HIPCM YVRYQSHTSONELEKEIQKINPYKIDIGAVYSHRPNQHENTVKSGTFQAI|EKELVHDIDMT 120
tr|AOA3P9DIDS |AOA3PIDJIDS 9CICH YVRYQSF|SMONELEKEMOKMNPYK I DVGAVYSHRPSQHNTVKSGTFQAIEKELVHDIDMT 115
tr|I3KK59|I3KK59 ORENI YVRYQSESTONELEKEMOKMNPYK I DVGAVYSHRPSQHNTVKSGTFQAIEKELVHDIDMT 115
tr|AOA6P8TRY8|AOAGP8TRY8 GYMAC YVRYQSEHTTONELEKEMOK [ NPYKIDIGAIYSHRPNQHNTVKSGTFQAIEKELVHDIDMT 115
tr|A0A6J20218|A0A6J20218 COTGO YVRYQSE|STQTELEKEMOKMNPYKIDIGATIYSHRPNQHNTVKSGTFQAIEKELVHDIDMT 115
tr|AOATNSYL8S|AOATNSYLE8 9TELE YVRYQSHTTQTELEKEMHKMNPYKIDIGAVYSHRPNQHENTVKSGTFQAI|EKELVHDIDMT 115
tr|AOA674MIZ2 |AOA674MIZ2_ TAKRU YVRYQSE|STOTELEKEMOK [ NPYKIDIGAVYSHRPIQHNTVKSGTFQAIEKELVHDIDMT 115
tr|Q6NVTI|Q6NVTI XENTR YVRYQSENNQSELEKEMOKMCPYKIDIGAVYSHKPSLANTVKSGTFQAQEKELVHDIDMT 115
tr|AOA3Q0D7A7|AOA3Q0D7TA7 MESAU YTRYQSF|SNQSELEKEMOKMNPYKIDIGAVYSHRPSQHS TVKLGAFQAQEKELVHDIDMT 113
tr|J3QN19|J3QN19 MOUSE YTRYQSFNNQSELEKEMQKMNPYKTDIGAVYSHRPNOHNTVKLGAFQAQEKELvEl 1T 113SDM
tr|089045|089045 RAT YIRYQSHNNQSPLEKEMOKMNPYKIDIGAVYSHRPSQHNTVKLGAFQAQEKELVHDIDMT 115
tr|AOA671ERVS|AOA671ERVE RHIFE YIRYQSENNONPLEKEMOKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVHDIDMT 113
tr|AOA6P3RH99|AOAGP3RHI9 PTEVA YIRYQSENNQSPLEKEMOKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVHDIDMT 113
tr|AOA1S3FGZ5|AOALS3FGZ5 DIPOR YVRYQSENNONELEKEMOKMNPYK I DIGAVYSHRPNQHENTVKLGAFQAQEKELVHDIDMT 113
tr|G1SJS0|G1SJSO RABIT YTRYQSENNQNPLEKEMOKMNPYKIDIGAVYSHRPSQHS TVKLGAFQAQEKELVHDIDMT 113
tr|F6Y809|F6Y809 CALJA YVRYQSENNQSPLEKEMOKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVHDIDMT 113
tr|F65CS2|F6SCS2 MACMU YIRYQSENNQSPLEKEMOKMNPYKIDIGAVYSHRPNQHENTVKLGAFQAQEKELVHDIDMT 113
tr|AOA2K6MT7L7|AOA2K6MTL7 RHIBE YTRYQSENNQSPLEKEMOKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAQEKELVHDIDMT 113
tr|G3RCL3|G3RCL3 GORGO YTRYQSENNQSPLEKEMOKMNPYKIDIGAVYSHRPNQHENTVKLGAFQAQEKELVHDIDMT 113
sp|P49642|PRI1 HUMAN Y1l OSFNNQSDLEKEMOKMNPYRKIDIGAVY SHRPNQENTVKLGAFQAQEKELVER I MT 113SDM
tr|H2R0Q8 |H2ROQ8 PANTR YIRYQSHNNQSPLEKEMOKMNPYKIDIGAVYSHRPNQHNTVKLGAFQAJEKELVHDIDYT 113
tr|AOA6D2VYJ6|AOAED2VYJ6 PANTR YTRYQSENNQSPLEKEMOKMNPYKIDIGAVYSHRPNQHENTVKLGAFQAQEKELVHDT DMT 113
*:***** ::***::* ****:**::* :* *' ‘k: *:*:* * Kk Kk kK ***:*
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tr|S4RXE6|S4RXE6 PETMA
tr|ROA670KTZ7 |AOA670KIZ7 PODMU
tr|R0A670%CJI0 |A0A6702CT0 PSETE
tr|A0A3B3XDX7 | AOA3B3XDX7 9TELE
tr|ROR4WAEQS59 | AORAWAEQS9 FLEEL
tr|AOA6P6J5AT |AOA6P6I5AT CARAU
tr\FlQKTG\FlQKT67DANRE
tr|AOA674ERWO |AOA674ERWO SALTR
tr|ROA665TRG3 | AOA665TRG3 ECHNA
tr\AOA3Q2YDY7\AOA3Q2YDY77HIPCM
tr|A0A3PIDIDS | AOA3PIDIDE_9CICH
tr|I3KK59| T3KK59 ORENT
tr\AOA6P8TRY8\AOA6P8TRY87GYMAC
tr|A0A6J20218 |A0A6J20218_COTGO
tr\AOA7N8YL88\AOA7N8YL8879TELE
tr\AOA674MIZ2\AOA674MIZ2_TAKRU
tr|Q6NVT9|Q6NVT9 XENTR
tr\AOA3QOD7A7\AOA3QOD7A7_MESAU
tr|J3QN19|J3QN19 MOUSE
tr[089045|089045 RAT
tr\AOA67lERV8\AOA671ERV87RHIFE
tr|AOA6P3RHII|AOAGP3RHIY PTEVA
tr|AOALS3FGZ5|AOA1S3FGZ5 DIPOR
tr|G1SJS0|G1SJISO RABIT
tr|F6Y809|F6YB09 CALJA
tr|F6SCS2 | F6SCS2_MACMU
tr\AOA2K6M7L7\AOA2K6M7L7_RHIBE
tr|G3RCL3|G3RCL3_GORGO
Sp\P49642IPRIl_HUMAN
tr\HZROQS\HZROQS_PANTR
tr|AOA6D2VYJI6 | AOA6D2VYJ6 PANTR

tr|S4RXE6|S4RXE6_PETMA
tr|AOA670KIZ7 |AOA6T70KIZ7 PODMU
tr|AOA670ZCJ0|A0A670Z2CJI0_PSETE
tr|AOA3B3XDX7|AOA3B3XDX7 9TELE
tr|AOA4WAEQS59 |AOA4WAEQS59 ELEEL
tr|AOA6P6J5AL |AOA6GP6J5A1 CARAU
tr|F1QKT6 | F1QKT6 DANRE
tr|AOA674ERWO |AOA6T4ERWO_SALTR
tr|AOA665TRG3 |AOA665TRG3 ECHNA
tr|AOA3Q2YDY7 |AOA3Q2YDY7 HIPCM
tr|AOA3P9DJID8 |AOA3PODJIDE_9CICH
tr|I3KK59|I3KK59 ORENI
tr|AOA6P8TRY8 |AOAGP8TRY8 GYMAC
tr|AO0A6J2Q218|A0A6J20218 COTGO
tr|AOATNSYL88 |AOATN8YL88 9TELE
tr|AOA674MIZ2 |AOA6T4AMIZ2_TAKRU
£r[Q6NVTY|Q6NVTI XENTR

tr |AOA3QOD7AT |AOA3Q0D7AT MESAU
tr|J3QN19|J30N19 MOUSE
tr[089045/089045 RAT
tr|AOA671ERVS |AOA6T1ERVE_RHIFE
tr|AOA6P3RHI9 |AOAGP3RHI9 PTEVA
tr|AOALIS3FGZ5|AOALS3FGZ5 DIPOR
tr[G1sJS0|G1SJSO_RABIT
tr|F6Y809|F6Y809 CALJA
tr|F6SCS2|F6SCS2_ MACMU
tr|AOA2K6MTLT |AOA2K6MTL7_RHIBE
tr|G3RCL3|G3RCL3 GORGO
sp|P49642|PRI1_HUMAN

tr|H2R0Q8 |H2R0Q8 PANTR
tr|AOA6D2VYJ6 |AOAGD2VYJ6 PANTR

PDYDDVRRAQSS CHHCWILMTMAIRIIDRALKEDFGFKHRLWVYSGRRGY
DYDDVR SS CHHCWILMTMAIRIIDRALKEDFGFKHRLWVYSGRRGY
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PYDPVRHR( LMTIAIRIIDRALVEDFGIKHRLWVYSGRRGVH CDES
DYDPVRJ( LMTIAIBIIDRALVEDFGIQHRLWVYSGRRGYH CDEA
DYDPVRY( LMTIAIRILDRSLROQDFGFHHLLWVYSGRRGYH CDEA
DYDPVRY( LMTIATRILDRALREDFGFQHLLWVYSGRRGYH CDEA
DYDPVRR( LMTIATIRILDRALREDFGFHHLLWVYSGRRGYH CDPA
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PYDPVRY( LMTIAIRILDRALRDDFGFQHLLWVYSGRRGVH CDEA
DYDPVRY( LMTIAIRILDRALREDFGFQHLLWVYSGRRGYH CDEA
DYDDVR! LMTIAVRILDRALAEDFGFQHRLWVYSGRRGYH CDPS
PYDPVRH( LMTMAIRIIDRALKEDFGFKHRLEWVYSGRRGYH CDES
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DYDDVRR(QSS CHHCWILMTMAIRI IDRALKEDFGFKHRLWVYSGRRGYH CDES
PYDPVR SS CHHCWILMTMAIRI IDRALKEDFGFKHRLWVYSGRRGYH CDES
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/IC-terminal end of primases from animal sources

tr|S4RXE6 | S4RXE6 PETMA RVFERFVDKLEASWKGELLKKSDLKK-———-—— Eff----------- - 430
tr |AOA670KIZ7 |AOA670KIZ7_PODMU KVFEQFLEEMEKSHKKERLKNTLALQKI ———-———— CTAALLHPSL------—-=-—-=-—---- 418
tr|AOA670ZCJ0|AO0A670ZCJI0_PSETE KVFEQFLEEMEKSYKGQRLKNSGKGLLPKDANSNF[PSPNCFSDIS———--VMVTWAVT-— 429
tr|AOA3B3XDX7|AOA3B3XDX7 9TELE KYFDQFLAGMADSWKGKLRROQSGEFNT-GDIFTNFMLDLFLC-——————-———— FLIFFL 437
tr |AOA4WAEQS59 | AOA4W4AEQS9 ELEEL KLFDQFLDAMAHTRKGEILKKSDLOK-— --EFff---——-——"-""-"-""-"-"--- -= 422
tr|AOA6P6J5A1 |AOA6P6J5A1 CARAU KVFDRFLEAMARSRKGDMLKKSDLOK-— --DFfp---—-""-"-""-""-""-""--- - 425
tr|F1Q0KT6 | F1QKT6_DANRE KVLDRFLDSMARSRKGEMLKKSDLOK-— --DFf------————————— - 425
tr|AOA674ERWO | AOA674ERWO_SALTR KLFDQFLEGMAHSRKGELLKNSDLQOK-— --DFf-----—-————————— - 425
tr|AOA665TRG3 |AOA665TRG3_ECHNA KYFDQFLDGIACTWKGELLKKSDLOK-—--——-—— QFfF-—=-—===—=———— === 424
tr|AOA3Q2YDY7|AOA3Q2YDY7_HIPCM KYFDAFLDGVSQSWKGELLRKSDLOK-————-—— EFf---—---—-— === 429
tr|AOA3PODJID8 |AOA3PODID8_O9CICH KYFDQFLDGMARSWKGERLRNSDLOK-——-———— EFf---—----———— === 426
tr|I3KK59|I3KK59 ORENI KYFDQFLDGMARSWKAERLRKSDLOK-——-——-—— EFf---—----— === 426
tr|AOA6P8TRY8|AOA6P8TRY8_GYMAC KCFDQFLDVMSRSWKGELLKKSDLOK-——-———— DFf------=—————— - 426
tr|AO0A6J2Q218|A0A6J20Q218_ COTGO KYFDQFLDGMARSWKGELLKKSDLOK-————-—— DFf------———— = 433
tr|AOATN8YL88|AOATNSBYL88 OTELE KYFDQFLDGMASSWKGELLRKSDLOK-—-—-——-—— EFf-----------——m === 406
tr|AOA674MIZ2 | AOA6T74MIZ2_TAKRU KHFDQFLAQMAQSWKGDLLKKSDLOK-—-—-——-—— QFfF-—=======—=——— == 425
tr|Q6NVTO|Q6NVTI_ XENTR KVFEQFLDKLDQSRKGELLSKSDLKK-—-=-—-—— EFf-----------—m == 420
tr|AOA3QOD7A7|AOA3QOD7AT_MESAU KVFEQFLENLDKSRKGELLKKSDLOK-—--—-—— DFf------"-———— = 419
tr[J3QON19|J3Q0N19 MOUSE KVFEQFLENLDKSRKGELLKKSDLQK--—-—-—— Difooooooosooosososooosooos 418
tr|089045|089045 RAT KVFEQFLENLDKSRKGALLKKSDL-——=-————————fF——————————————————————— 415
tr\AOA671ERV8\AOA671ERV87RHIFE KVFEQFLENLDKSRKGELLKKSDLOK-——-——-—— DFf---—----————— === 419
tr\AOA6P3RH99\AOA6P3RH997PTEVA KVFEQFLENLDKSRKGELLRKSDLOK-——-——-—— DFf---—-—--"-—=-—— === 419
tr|AOA1S3FGZ5|AOALS3FGZ5 DIPOR KVFEQFLENLDKSRKGELLKKSDLQR-—————— DEf——————————————————————— 411
tr|G1SJS0|G1SJSO RABIT KVFEQFLENLDKSRKGELLKKSDLQK—-—————— DEf-—————=—— == 420
tr\F6Y809\F6Y8O97CALJA KVFECFLENLDKSRKGELLKKSDLOK-—————— DFf-—-——————————— === ———— 420
tr\F6SCS2\F6SCSZﬁMACMU KVFEHFLENLDKSRKGELLKKSERDFI-—-—-——— NLDKSRKGELLKKSDLQKDF-—----— 435
tr\AOA2K6M7L7\AOA2K6M7L77RHIBE KVFEHFLENLDKSRKGELLKKSDLOK-—————— DFf-—-———=————————————————— 420
£r|G3RCL3|G3RCL3_GORGO KVFEHFLENLDKSRKGELLKKSDLOK-————-—— DFf-—--—-—=————— === ———— 420
sp|P49642 | PRI1_HUMAN KVFEHFLENLDKSRKGELLKKSDLQK-——-——-—-— Difs=sssssssssssssssssss=es 420
tr|H2R0Q8 |H2ROQ8 PANTR KVFEHFLENLDKSRKGELLKKSDLOK-——-——-—— DFf-—-—-———————— == ——— 423
tr|AOA6D2VYJ6|AOA6D2VYJ6 PANTR KVFEHFLENLDKSRKGELLKKSDLOK-—————— DFf--—-—--—=———————————————— 420
Fig. 9 MSA analysis of primases from animal sources
SARXE6_PETMA, Petromyzon marinus AOA670KI1Z7_PODMU, Podarcis muralis
AOA670ZCJ0_PSETE, Pseudonaja textilis AOA3B3XDX7_9TELE, Poecilia Mexicana
AOA4WAEQ59 ELEEL, Electrophorus electricus AOA6P6J5A1 CARAU, Carassius auratus
F1QKT6_DANRE, Danio rerio AOA674ERWO_SALTR, Salmo trutta
AOA665TRG3_ECHNA, Echeneis naucrates AOA3Q2YDY7_HIPCM, Hippocampus comes
AO0A3P9DJD8 9CICH, Maylandia zebra I3KK59_ORENI, Oreochromis niloticus
AOA6P8TRY8_GYMAC, Gymnodraco acuticeps A0A6J2Q218 COTGO, Cottoperca gobio
AOA7N8YL88_9TELE, Mastacembelus armatus AD0A674MI1Z2_TAKRU, Takifugu rubripes
Q6NVT9_XENTR, Xenopus tropicalis AOA3QOD7A7_MESAU, Mesocricetus auratus
J3QN19 MOUSE, Mus musculus 089045_RAT, Rattus norvegicus
AO0A671ERV8_RHIFE, Rhinolophus ferrumequinum AQAG6P3RH99 PTEVA, Pteropus vampyrus
A0A1S3FGZ5 DIPOR, Dipodomys ordii G1SJSO0_RABIT, Oryctolagus cuniculus
F6Y809_CALJA, Callithrix jacchus F6SCS2_MACMU, Macaca mulatta
AO0A2K6M7L7_RHIBE, Rhinopithecus bieti G3RCL3_GORGO, Gorilla gorilla
P49642|PRI1_HUMAN, Homo sapiens H2R0Q8_PANTR, Pan troglodytes

AOA6D2VYJ6_PANTR, Pan troglodytes

. ) L . pentapeptide repeat (shown by arrows) and a
The proposed active site amino acids in bacterial metal-binding site between the repeats and the

and eukaryotic_prim_ases are §hown_ in Taple 2. proposed catalytic pairs. The yeast primases
The prokaryotic primases differ in having a differ in the template-binding pair.

Table 2. Proposed active and MBSs of the primases from prokaryotic and eukaryotic organisms
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Primases (DdRps) ZBM

Prd:ary-:-tm@PFHNEKTPSFWNGEKQFT’EFGIG“— GRVIGF GGRVL(

{Bactena, E coli Dnal3)

Eukaryotic -REESSAN B HBNTLMTMALLL WYY SGRREGVEW
(frimal, H s, PRIMT)  CX2C Cx2C
Eukaryotic —RTEESGACVESKEWKEF BT
Meast, 5. c, PRIMI)

Cafalytic region MBSs

GMOT PEYLNSPETDIFHKWG ROLYSGLYESS Y DG DREAL
-GEDPDTE-
ARLYYRRILFPY SQY YRWLNYBGGE3L  -LVFDIDMT DY DO ™

-SHNSVODFKIAQ EKANPDRF EISGAIY-% -ELVFDIDMD DY DAY

FBM. Zinc-hinding motif: MBSs, Metatbindng sites; H 5, Homo sapiens; 5 ¢, Sacchammyoes cerswvizige; —™ direct repeats.

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 a, in
the primosome complex. The DNA pol a 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 a.
The primase synthesizes RNA primers of 7-10 nts in
length, which are then translocated to the active site
of DNA pol o which is further extended by 20-30
deoxynucleotides of DNA primers. Only the DNA
primers are extended by the replicative DNA pols ¢
and & (Fig. 7). ¢

Crystallographic details on the structures
for full-length human primase alone and within
the primosome complex have been reported. 7 2]
The Crystallographic data showed the putative
active sites, including three invariant D residues
(D% D! and D3%) 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.
91 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.

D% A, DA and DA (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, R'%2 and R'®3 of mouse primase (Fig. 9)
caused an increase in Kmntr) and suggested that
the initiation and elongation may use the same
active site. 2%

The human primase was also subjected to
SDM analysis. Vaithilingam et al., found that the
two residues (S™° and H, highlighted in dark
blue) which are in direct contact with the
nucleotide that were previously unrecognized as
critical to the human primase active site. 2%
Interestingly, all the 5 amino acids are found in the
highly conserved block. Kilkenny et al. also
reported similar findings with the human primase.
(221 With SDM they found that in human primase
also the Ala mutants in the catalytic triad D%,
D! and D3%, lost all their ability to synthesize
RNA primers. Furthermore, Ala mutation, viz.
H% 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 H3®*—A mutant (highlighted in
dark blue) was almost impaired and lead to the loss
of primer synthesis. The important role of K38 in
NTP binding is highlighted by the inability of the
K38 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.
23,241 Mart "ez-Jim“enez et al. found by deletion
mutagenesis, that the ZBM was important for

NTP-binding during initiation. 1%/ They found
that in the deletion mutant AZMB (A410-560),
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 AZBM mutant, suggesting that the
ZBM is dispensable once the dimer is formed. 2°!
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 a 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 a, which is predominantly found in
proliferating cells as it is coupled to replication in
eukaryotic cells. During the S phase of the cell-

( 1
| 3808 |

cycle, the DNA polymerase a. 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
o/primase complex to initiate DNA replication).
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The eukaryotic RNA primase forms a tight
complex with DNA pol o and it passes newly
synthesized RNA primer to the DNA pol a, via a
direct handoff. Now the DNA polymerase o
complex initiates synthesis of DNA primers on the
short RNA primers on both leading- and lagging-
strands which are subsequently transferred to
polymerase 6 band polymerase ¢ 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 a.
Thus, DNA pol a is involved both in DNA
replication and cell-cycle regulation and hence, is
tightly  synchronized with the cell-cycle
progression. 21 Therefore, this is known as the
initiator polymerase of eukaryotic genome
replication during cell division. DNA pol a 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 o complex is a
heterotetramer, composed of two primase subunits
and two polymerase subunits. ™2 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 a.. As such, the DNA pol
a is a low-fidelity enzyme with an error rate of
107-1075 as compared to the error rates of 107°—
1077 of the main replicative DNA polymerases,
viz. pol & and pol . This is because, although DNA
pol o contains an exonuclease domain, no
proofreading activity has been observed and its
errors are, therefore, corrected by the other
proofreading-proficient enzyme DNA pol §. %8
The DNA pol oo exhibits a preference for an RNA
primer whereas the other two replicative
polymerases, viz. pol 6 and pol € use only the DNA
primers for further elongation. Therefore, the

( ]
| 3809 |

intermediate step of synthesizing DNA primers in
eukaryotes is performed by the DNA pol a. It has
two ZBMs, but reported to be devoid of any
exonuclease function. ! Like RNA primases, the
DNA primase can start with dATP and dGTP.

Figure 11 shows the MSA analysis of the
DNA pol a 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-
84DFENSLYPS®E- 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
(—Q(EC --------- CX4C-) and (—C}&C ------- CX2C-)
and perform two ditferent 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. B! 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 a (Table 4) are
highlighted in light blue, even though the activity is
reported to be muted. [?¢]
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CLUSTAL O (1.2.4) MSA of the DNA polymerase o from animal sources

tr|AOA6P8GLE7 | AOA6PSGLE7_CLUHA
tr|AOA1S3NC92 |AOALS3NCI2_SALSA
tr|AOA6P8T108|AOA6P8T108 GYMAC
tr|AOA3P9D223 |AOA3PID223_9CICH
tr|AOA3PIMI28 |AOA3PIMIZ8_ORYLA
tr|AOA6J1UIRO |AOA6JIUIRO_9SAUR
tr|AOA6PIDOIS |AOAEPIDOIS PANGU
sp|P33609 | DPOLA_MOUSE
sp|089042|DPOLA_RAT
tr|AOA7JI8AWUS | AOATJSAWUS RHIFE
tr|GlT825|G1T825 RABIT
tr|HOUXU4|HOUXU4 CAVPO
tr|G3RT59|G3RT59_GORGO
sp|P09884|DPOLA HUMAN
tr|AOA6D2XUYS | AOAED2XUYS8_PANTR
tr|K7CUU4|K7CUU4_PANTR
tr|AOA6P6ITSS |AOAGP6ITSS_PUMCO
tr|AOA6J0A827|A0A6J0A827 ACIJB
tr|AOA6P4TPKL |AOA6P4TPK1 PANPR
tr|F62ZMX7|F6ZMX7 HORSE
tr|AOA2YIM558 |AOA2YIM558 DELLE
tr|AOA3Q1LMS8|AOA3Q1LMS8 BOVIN
tr|AOA452EXNS |AOA452EXNS_CAPHI
tr|L8IUV3|L8IUV3_9CETA
tr|AOA452EXYS |AOA452EXY8_CAPHI
tr|W50828|W5Q0828_SHEEP
tr|AOA6P3TAR3 |AOA6P3TAR3_SHEEP
tr|AOALUTRIBY|AOALU7RIBY ALLSI
tr|AOA151N032 |AOAL51NO32_ ALLMI
tr|AOA663MCX2 | AOAG63MCX2 ATHCN
tr|AOA6JOITHO |AOA6JOITHI 9PASS
tr|AOATKS5Y128 |AOATK5Y128_ 9CHAR
tr|AOATLOMV49|AOATLOMV49 9PSIT

tr|AOA6P8GL87|AOA6PEGLE7 CLUHA
tr|AOA1S3NCO2 |AOALS3NC92 SALSA
tr|AOA6P8T108|AOA6P8T108 GYMAC
tr|AOA3P9D273|A0A3PID2Z3 9CICH
tr|AOA3PIMI28|AOA3PIMI2E ORYLA
tr|AOA6J1UIR0O|AOA6JIUIRO 9SAUR
tr|AOA6PIDOI8|AOA6PIDOI8 PANGU
sp|P33609|DPOLA MOUSE
sp|089042|DPOLA RAT

tr |AOA7J8AWUS | AOATJISAWUS RHIFE
tr|G1T825|G1T825 RABIT

tr |HOUXU4 |HOUXU4 CAVPO
tr|G3RT59|G3RT59 GORGO
sp|P09884 | DPOLA HUMAN
tr|AOA6D2XUY8|AOA6D2XUY8 PANTR
tr|K7CUU4 |K7CUU4_ PANTR
tr|AOA6P6ITS8|AOAGP6ITS8 PUMCO
tr |AOA6J0A827 |AOA6J0A827 ACIJB
tr|AOA6PATPK1|AOA6PATPK] PANPR
tr|F62MX7 |F6ZMX7 HORSE
tr|AOA2YIM558 | AOA2YIM558 DELLE
tr|AOA3Q1LMS8|AOA3Q1LMS8 BOVIN
tr|AOA452EXNS|AOA452EXNS CAPHI
tr|L8IUV3|L8IUV3 9CETA
tr|AOA452EXY8|AOA452EXY8 CAPHI
tr|W50828|W50828 SHEEP
tr|AOA6P3TAR3|AOA6P3TAR3 SHEEP
tr|AOALUTRIBY|AOALUTRIBY ALLSI
tr|AOA151N032|A0AL51NO32 ALLMI
tr|AOA663MCX2|A0A663MCX2 ATHCN
tr|AOA6JOITHI|AOA6JOI7HI 9PASS
tr|AOATK5Y128|A0ATK5Y128 9CHAR
tr|AOATLOMV49|AOATLOMV49 9PSIT

EKVIGRKSALEQLKRAK
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SKK]
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SKKGRQEALERLKKAKAGEKYK TSVY. SKL WI

SKKGRQEALERLKKAKAGEKYK TSVY! SRLVPA] (WI IG
SKKGROQEALERLKKAKAGEKYK TSVY! SKLVPA] W T

SKKGROEALERLKKAKAGEKYK TSVY SKL WI IG
SKKGROQEALERLKKAKAGEKYK TQVY SKL WI

SKK|
SKK|
SKH
SKR|
SKH|
SKK|
SKK|
SKK|
SKK}
SKK]
SKK]
SKK]
SKK]
SKK|
SKK}
SRH
NRH
SRR
SRR

LK-GAKGKAGSKAGDAGAKKNMKKVSLAKPNSIKSLEMNSNVK
LEKGAKGKVGAKG--ADSKNNIKKAAVAKPNSIKNLEFMNSNVK

EN-NKGKAGSKG--AASKKNMKKSVVAKSNTIKSLEFMNSNVK
VED----KRGAKG--ADSRKNVKKSVVAKPNSIKSLFMNSNVK
VEK--RGKGGAKG--AESKKTVKKAAVTKPNTIKSLFMNSNVK
LNSDKKR-RKDVA-STYDKNKLKKTLVSKPNNIKSMFMANTGK
LNSDEKR-RKDTA-STYDENKLKKTLVSKPNTIKSMFVANTGK
YVEDGREIFDDDLEDDALDTCGK-GSDGKA-HRKDRKDVKKPSVTKPNNIKAMFIASAGK
YVEDGRETL LDTCGE-GSDGKA-HRKDRKDVKKPSVTKPNNIKAMFIASAGK
YVEDGREIL LDSREKG--KDKA-QNKEKRNVKKAAVTKPNNIKSMFIASAGK
YVEDGRETI LDASEK-GKDVKT-HSKGKRNVKKPSVTKPNNIKTMLIAGAGK
YVEDGREI FDTSEK-GKDGKT-YNKDKKNVKKPTVTKPNNIKSMFIASAGK
YVEDGREI LDADEK-GKDGKA-RNKDKRNVKKLAVTKPNNIKSMEFIACAGK
YVEDGREIFDDDLEDDALDADEK-GKDGKA-RNKDKRNVKKLAVTKPNNIKSMFIACAGK
YVEDGREI ALDADEK-GKDGKA-RNKDKRNVKKLAVTKPNNIKSMFIACAGK
YVEDGRET ALDADEK-GKDGKA-RNKDKRNVKKLAVTKPNNIKSMFIACAGK
YVEDGRETI ALDTYEK-GKDEKA-RTKDRRNVKKTVVTKPNNIKSLEIASAGK
YVEDGRETI ALDSYEK-GKDEKA-RTKDRRNVKKTVVTKPNNIKSLFIASAGK
YVEDGREI ALDSYEK-GKDEKA-RTKDRRNVKKAVVTKPNNIKSLEFIASAGK
YVEDGREI ARLDSHEKAGKDDKA-RNKDKRNVKKAVVTRPNSIKSMEFMASAGR
YVEDGREI ALDSHEK-GKNNKA-CSKDKRNVKKAMVTKPNNIKSMEMASAGR
YVEDGREI ARLDSHEK-GKDNKA-CNKDKRTVKRAAVTKPNNIKSMEFIASAGR
YVEDGRE I ARLDSHEK-GKDDKA-CNKDKRTVKRAAVTKPNNIKSMFIANAGR
YVEDGREI ARLDSHEK-GKDNKA-CNKDKRTVKRAAVTKPNNIKSMFIASAGR
YVEDGREIL ALDSHEK-GKDDKA-CNKDKRTVKRAAVTKPNNIKSMFIANAGR
YVEDGRETI RLDSHEK-GKDDKA-CNKDKRTVKRAAVTKPNNIKSMFIANAGR
YVEDGREIL RLDSHEK-GKDDKA-CNKDKRTVKRAAVTKPNNIKSMEFIANAGR
YVEDGRETL ALLPSKK-GKGDKT---NDKKNVKKSVVSKPNTIKSMFIASAGK
YVEDGRE I ALLPSKK-GKGDKT---NDKKNVKKSVVTKPNTIKSMFIASAGK
YVEDGREI ALGSNKK-GRGGKT-STVDKKNVKKSVVSKPNTIKSMFIASAGK
YVEDGREI ALSSNKK-GKGGRT-STVDRKNMKKSVVSKPNTIKSMFIASAGK
YVEDGRETL RLGSNKK-GKGGKT-CTVDKKNVKKSVVSKPNTIKSMFIASAGK
YVEDGREIL RLGSSRK-GKGGKT-SAVGKKNVKKSVVSKPNTIKSMFIASAGK
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tr|AOA6P8GL87|AOA6P8GL87 CLUHA NVLPLALQITNIAGNVMSRTLMGGRAERNEFLLLHAFHEKNYIVHIKQIFKKPQHDL 828
tr|AOAIS3NC92|AOAIS3NC92_ SALSA NVLPLALQITNIAGNVLSRTLMGGRSERNEYLLLHAFHDKNY[IVHRKPSFKKRQQELT] 854
tr|AOA6P8T108 |AOAGP8T108 GYMAC NVLPLALQITNIAGNVMSRTLMGGRAERNEFLLLHAFHDKNYIVHIKLSFKK[TQMEM 831
tr|AOA3POD27Z3|AO0A3P9D2Z3_9CICH NVLPLALQITSIAGNVMSRTLMGGRSERNEFLLLHAFHEKDY[IVHKPSFKKRAQLET. 698
tr|AOA3POMI28|AOA3POMIZ28 ORYLA NVLPLALQITNIAGNVLSRTLMGGRSERNEYLLLHAFHDKNY[IVHKPSFKKRQLEM 822
tr|AOA6J1UIRO|AOA6JIUIRO_9SAUR NVLPLALQITNIAGNVMSRTLMGGRAERNEYLLLHAFYEKDN[IVHRKQLFKKD--KH 831
tr|AOA6POD0I8|AOA6PODOI8_ PANGU NVLPLALQITNIAGNVMSRTLMGGRAERNEYLLLHAFYEKDY[IVHRKQLFKKP--KH 830
sp|P33609 | DPOLA_ MOUSE NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNY[IVHRKQIFRKPQOKL! 823
sp|089042 | DPOLA_RAT NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNNIVHRKQIFRKPQQOKP! 826
tr|AOA7J8AWUS | AOATI8AWUS RHIFE NVLPLALQITNIAGNIMSRTLMGGRAERNEFLLLHAFYENNY[IVHRKQIFRKPQOKL 818
tr|G1lT825|G1T825_RABIT NVLPLALQITNIAGNVMSRTLMGGRSERNEFLLLHAFYENNYIVHRKQIFRKPQOKL! 824
tr |HOUXU4 |HOUXU4_CAVPO NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNY[IVHRKQIFRKPQOKL! 825
tr|G3RT59|G3RT59 GORGO NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVHRKQIFRKPQQOKLG] 826
sp|P09884 | DPOLA_ HUMAN NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVPDKQIFRKPQQOKLGDE 819
tr|AOA6D2XUY8 |AOA6D2XUY8 PANTR NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVHRKQIFRKPQQKL 825
tr|K7CUU4 |K7CUU4_PANTR NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNY[IVHRKQIFRKPQOKL! 825
tr|AOAGP6ITS8 |AOAGP6ITS8 PUMCO NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVHRKQIFRKPQOKL! 825
tr|AOA6J0A827|AOA6J0A827_ ACIJB NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNY[IVHRKQIFRKPQOKL! 825
tr|AOAGPATPK1 |AOAGPATPK1 PANPR NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVHRKQIFRKPQQOKL! 847
tr|F6ZMX7|F6ZMX7 HORSE NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVHRKQIFRKPQQKL 826
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tr|L8IUV3|L8IUV3_ 9CETA NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNY[IVHRKQTFRKPQOKL! 812
tr|AOA452EXY8|AOA452EXY8 CAPHI NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVHRKQTFRKPQOQKL 812
tr|W50828 |W50828 SHEEP NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNY[IVHRKQTFRKPQOKL! 825
tr|AOA6P3TAR3|AOA6P3TAR3_SHEEP NVLPLALQITNIAGNIMSRTLMGGRSERNEFLLLHAFYENNYIVHRKQTFRKPQOKL! 825
tr|AOAIU7RIBY |AOAIUTRIBY ALLSI NVLPLALQITNISGNIMSRTMMGGRSERNEYLLLHAFYERDY[IVHRKQVEFKKPQOKL 835
tr|AOA15IN032|AOAL51INO32 ALLMI NVLPLALQITNISGNIMSRTMMGGRSERNEYLLLHAFYERDNIVHRKQVEFKKPQOKL 845
tr|AOA663MCX2 | AOA663MCX2_ ATHCN NVLPLALQITNISGNVMSRTMMGGRSERNEFLLLHAFHEKDYIVHKQVFKKRAPQKL 729
tr|AOA6JOI7HO |AOAGJOI7HS 9PASS NVLPLALQITNISGNVMSRTMMGGRSERNEFLLLHAFHEKDN[IVHRKQVEFKKPVQKL 857
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tr|AOA6PBGLET | AOA6PEGLET CLUHA GKVTAKKTRRKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPS} IQEFNICFTTI 888
tr|AOAL1S3NCI2 |AOAL1S3NCI2 SALSA GKG--KSHRKKAAYAGGLVLDPKVGEYDKFVLLLDFNSLYPS [ IQEFNICETTV 912
tr|AOA6PBT108|A0A6PBT108 GYMAC GKG--K-FKKKAAYAGGLVLDPKVGFYDKFVLLLDFNSLYPS [ IQEFNICFTTV 886
tr|AOA3P9ID223|A0A3PYID2Z3 9CICH GKG--K-RKKKAAYAGGLVLDPKVGFYDKFVLLLDFNSLYPS [ IQEFNICFTTV 755
tr|AOA3PIMI28 |AOA3PIMI28 ORYLA GKG--K-FKKKAAYSGGLVLDPKVGFYDQFVLLLDFNSLYPS [ IQEFNICFTTV 879
tr|AOA6JIUIRO|AOA6JIUIR0 9SAUR DONKSKLQRKKAAYSGGLVLEPKVGFYDKFILLLDFNSLYPS [ IQEFNICFTTV 891
tr|AOA6PIDOIS8|AOA6PIDOIS PANGU DONKSKLQRKKAAYSGGLVLEPKVGEYDKFILLLDFNSLYPS [ IQEFNICETTV 890
sp|P33609|DPOLA MOUSE DTNKYKKQRKKATYAGGLVLDPKVGFYDKFILLLDENSLYPS{ IQEFNICFTTV 883
5p|089042| DPOLA_RAT DTNKYKKGRKKAAYAGGLVLDPKVGFYDKFILLLDENSLYPS [ IQEFNICFTTV 886
tr|AOATJIBAWUS | AOATJIBAWUS RHIFE DTSKYKKQRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPS{IQEFNICFTTV 878
tr|G1T825|G1T825 RABIT DTDKYKKGQRRKAAYAGGLVLDPKVGFYDKFVLLLDENSLYPS] IQEFNICETTV 883
tr |HOUXU4 |HOUXU4 CAVPO DTSKYKKQRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPS [ IQEFNICFTTV 885
tr|G3RT59|G3RT59 GORGO DTNKYKKGRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPS{ IQEFNICFTTV 886
sp|P09884|DPOLA_HUMAN DEEIDGDTNKYKKGRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPSTIQEFNICFTTV 879
tr|AOA6D2XUY8 | AOA6D2XUYS PANTR DEEIDRDTNK YKKQRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPS{ IQEFNICFTTV 885
tr|K7CUU4 |KTCUU4_PANTR DEEIDGDTNK YKKGRKKAAYAGGLVLDPKVGEYDKFILLLDFNSLYPS [ IQEFNICFTTV 885
tr|ROA6P6ITS8 |AOA6P6ITS8 PUMCO DEDLDDANK YKKGRKKAAYAGGLVLDPKAGLYDKFILLLDFNSLYPS [ IQEFNICFTTV 885
tr|AOA6J0A827 |A0A6J0A827 ACIJR DEDLDRDANK YKKGRKKAAYAGGLVLDPKAGLYDKFILLLDFNSLYPS [ IQEFNICFTTV 885
tr|AOA6PATPK] |AOAGPATPK] PANPR DEDIDDANK YKKGRKKAAYAGGLVLDPKAGLYDKFILLLDFNSLYPS [ IQEFNICFTTV 907
tr|F6ZMX7| F6ZMX7_HORSE DEDIDRDTNK YKKGRKKAAYAGGLVLDPKVGEYDKFILLLDFNSLYPS [ IQEFNICFTTV 886
tr|AOA2YIM558 |AOA2YIM558 DELLE DEDIDRDTNK YKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPS [ IQEFNICFTTV 885
tr|AOA3Q1LMS8 |AOA3Q1LMS8 BOVIN DEDIDRDTNK YKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPS [ IQEFNICFTTV 885
tr|AOA452EXNS | AOA452EXNS CAPHI DEDIDDTSKYKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPS [ IQEFNICFTTV 883
tr|L8IUV3|L8IUV3 9CETA DEDIDRDTNK YKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPS [ IQEFNICFTTV 872
tr|AOA452EXYS |AOA452EXY8 CAPHI DEDIDRDTSKYKKGRKKAAYSGGLVLDPKVGEYDKFILLLDFNSLYPS [ IQEFNICEFTTV 872
tr|W50828|W50828 SHEEP DEDIDSDTNK YKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPS [ IQEFNICFTTV 885
tr|AOA6P3TAR3|AOAGPITAR3 SHEEP DEDIDRDTNK YKKGRKKAAYSGGLVLDPKVGFYDKFILLLDFNSLYPS f IQEFNICFTTV 885
tr|AOALUTRIBY |AOALUTRIBY ALLSI DEDFE| DOTKSKTQRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPS [ IQEFNICFTTV 894
tr|AOAL51NO32 |A0AL51NO32 ALLMI DEDFE| DOTKSKTQRKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPS [ IQEFNICFTTV 904
tr|A0A663MCX2 | AOA663MCX2 ATHCN DEDFE| DONKSKIGKKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPS  IQEFNICETTV 788
tr|AOA6JOITHI |AOA6JOITHI 9PASS DEDLE| DONKSNTQKKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPS [ IQEFNICFTTV 916
tr|AOATKS5Y128|AOATK5Y128 9CHAR DEDFE| DONKSKIQKKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPS f IQEFNICFTTV 896
tr|AOATLOMV49|AOATLOMV49 9PSIT DEDID| DONKSKIGKKKAAYAGGLVLDPKVGFYDKFILLLDFNSLYPS [ IQEFNICEFTTV 895
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/IEnd of C-terminal of DNA pol a from animals

tr|AOA6P8GL87 |AOA6PEGLE7 CLUHA DRTLTSSSYSEVNLAKLFQAFTALK--—-—-—-—-—~ 1470
tr|AOALS3NCI2 |AOALIS3NCI2 SALSA DRSLLASGYSEVNLSKLFQAFTSLK--—-—-—-—-—— 1494
tr|AOAGP8T108 |AOA6PST108 GYMAC DNALATSGYSEINLAKLFQAFSSLK--—-—-—-—-—- 1469
tr|AOA3P9D273 |A0A3PID223 9CICH NTAMYLQTT--DTFSSIFSG-———————————————~ 1326
tr|AOA3PIMIZ28 |AOA3PIMI28 ORYLA EKALAASGYSEVNLAKLFQAFSSLK--——-—-—-—-— 1487
tr|AOA6J1UIRO|A0A6J1UIRO 9SAUR DKWLSMSSYSEVNLGKLFQTFSIVKSGDQSST-—-—~ 1432
tr|AOA6PIDOI8 |AOA6PIDOI8 PANGU DKWLSMNSYSEVNLGKLFQTFSIVKSGDESSTLKCCL 1482
sp|P33609 | DPOLA MOUSE EQFLSWSGYSEVNLSKLFANYAGKS—-—=——=—-—-~ 1465
sp|089042 | DPOLA RAT EHFLSWSG=-—=—=—=—=—=—————m——m e 1451
tr|AOATJIS8AWUS | AOA7JI8AWUS RHIFE EHFLSQSGYTEVNLSKLFADCAVRS——=—=—=—=—~— 1461
tr|G1T825|G1T825 RABIT EQFLLRSGYSEVNLSKLFADCAVKS——=—=—=—=—~— 1479
tr |HOUXU4 |[HOUXU4 CAVPO EKFLSRSGYSEVNLSKLFADCAMKS——————=—=—=-— 1467
tr|G3RT59|G3RT59 GORGO EQFLSRSGYSEVNLSKLFAGCAVKS——————-—-——-— 1458
sp|P09884 | DPOLA HUMAN EQFLSRSGYSEVNLSKLFAGCAVKS———————————— 1462
tr|AOA6D2XUY8 |AOA6D2XUY8 PANTR EQFLSRSGYSEVNLSKLFAGCAVKS————=—=—=—-— 1468
tr|K7CUU4 |K7CUU4_PANTR EQFLSRSGYSEVNLSKLFAGCAVKS——————=————— 1468
tr|AOA6P6ITSS |AOA6PGITSS PUMCO EQFLSRSGYSEVNLSKLFADCAVRP———————————-— 1468
tr|AOA6J0A827 |A0A6J0A827 ACIJB EQFLSRSGYSEVNLSKLFADCAVRP--————=—-—=— 1468
tr|AOAGP4TPK1 |AOA6P4TPKl PANPR EQFLSRSGYSEVNLSKLFADCAVRP--——————-—-— 1490
tr|F6ZMX7|F6ZMX7_ HORSE EQFLSRSGYSEVNLSKLFADCAVKS————————-—-— 1469
tr|AOA2YIM558 |[AOA2YIM558 DELLE EQFLSQSGYSEVNLSKLFADCAVRS——————=—-—~— 1468
tr|AOA3Q1LMS8 |AOA3Q1LMS8 BOVIN ~ ———————mm oo 1424
tr|AOA452EXNS |AOA452EXNS CAPHI EQFLSQSGYSEVNLSRLFADCAVWS————=—=—-—~-— 1466
tr|L8IUV3|L8IUV3 9CETA EQFLSQSGYSEVNLSKLFADCAVWS——===———=—~-— 1455
tr|AOA452EXY8 |AOA452EXY8 CAPHI EQFLSQSGYSEVNLSRLFADCAVWS ————=—=———~-— 1455
tr|W50828|W50828 SHEEP EQFLSQSGYSKVNLSRLFADCAVWS——————=———~~ 1468
tr|AOAGP3TAR3 |AOA6P3TAR3 SHEEP EQFLSQSGYSEVNLSRLFADCAVWS ——————=———~~ 1468
tr|AOAIUTRIBY |AOAIUTRIBY ALLSI DTFLSMSSYSEVNLGKLFQTICTAKSVGDASNERQ-~ 1488
tr|AOA151N032 |A0ALI51NO32 ALLMI DTFLSMSSYSEVNLGKLFQTICTAKYVGDASNERQ-~ 1498
tr|AOA663MCX2 |AOA663MCX2 ATHCN ~  ———————-- STINIEETFFIR-EKMMAQERH-———-- 1355
tr|AOA6JOITHI |AOA6JOITHY 9PASS ~  ————m——mm oo 1422
tr|AOATKS5Y128 |AOATK5Y128 9CHAR DKCLSTSGYSEVNLGKLFTVS-IGRAVGESNNERQ- - 1489
tr|AOATLOMV49 |AOATLOMVAY9 9PSIT DKCLSMSGYSEVNLGKLFTIS-IGRSVGESNNERQ- - 1487

Fig. 11 MSA of DNA polymerase a catalytic subunit from animal sources

AOA1S3NC92_SALSA, Salmo salar
AOA3P9OD2Z3_9CICH, Maylandia zebra

AOAG6P8GL87_CLUHA, Clupea harengus
AOAB6P8T108_GYMAC, Gymnodraco acuticeps
AOA3POMI28_ORYLA, Oryzias latipes AOAB6J1UIRO_9SAUR, Notechis scutatus
AOABJOI7HO_9PASS, Lepidothrix coronate AOAG6PODOI8_PANGU, Pantherophis guttatus
P33609|DPOLA_MOUSE Mus musculus O89042|DPOLA_RAT, Rattus norvegicus
AOA7I8AWUS5_RHIFE, Rhinolophus ferrumequinum G1T8Z5_RABIT, Oryctolagus cun
HOUXU4_CAVPO, Cavia porcellus G3RT59_GORGO, Gorilla gorilla gorilla
P09884|DPOLA_HUMAN, Homo sapiens AOABD2XUY8_PANTR, Pan troglodytes
K7CUU4_PANTR, Pan troglodytes AOAG6P6BITS8_PUMCO, Puma concolor
AOABJO0AB827_ACIJB, Acinonyx jubatus AOAG6PATPK1_PANPR, Panthera pardus
F6ZMX7_HORSE, Equus caballus AOA2YOMS558 DELLE, Delphinapterus leucas
AOA3Q1LMSS8_BOVIN, Bos tauru AOA452EXNS8_CAPHI, Capra hircus
AOA452EXY8_CAPHI, Capra hircus L8IUV3_9CETA, Bos mutus

W5Q828_SHEEP, Ovis aries AOAG6P3TAR3_SHEEP, Ovis aries
AOA1U7R9B9_ALLSI, Alligator sinensis AOA151NO032_ALLMI, Alligator mississippiensis
AOAB63MCX2_ATHCN, Athene cunicularia AOA7K5Y128_9CHAR, Dromas ardeola

AOA7LOMV49_9PSIT, Amazona guildingii

Figure 12 shows the MSA analysis of DNA pol o 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 a from animal sources (Fig. 11). It has the typical
temple-binding -Y G- 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 a
from animals (Fig. 11). The two-in-one site, -
YGDTDS- and the Mg?*-binding (-DID-) are also
found as in the DNA poly a from animal sources (Fig.
11). Even though the PR activity is reported to be
absent. 1?81 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).
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CLUSTAL O 1.2.4) MSA analysis DNA polymerase a from different yeasts

tr|AOATDIGZJL |AOATDIGZJ1l DEKBR
tr[AOA1E3NHX3 |AOAIE3NHX3 9ASCO
tr|RIXN45|RIXNA5 ASHAC
tr|I6NDMIL | I6NDM1 ERECY
tr[AOA109UYKO |AOA109UYKO 9SACH
tr|AOA1G4J8LIO|AOA1G4J8LY 9SACH
tr[AOAOPIKX40|AOAOPIKX40 9SACH
tr|AOA1G4KH46|AOA1G4KH46 9SACH
tr|AOA1G4KMB7 |AOA1GAKMB7_9SACH
tr|AOA1S7HLF8|AOA1STHLF8 9SACH
tr[AOA1Q3A9MI |AOALIQ3A9MY ZYGRO
tr[AOASP2U3L1 |AOASP2U3L1_KLULC
tr[WOTGP7 |WOTGP7_KLUMD
sp|P13382|DPOA_YEAST
tr[AOAOL8VIKS |AOAOL8VIKS 9SACH
tr[AOA7G7JELI9|AOA7G7JELY CANGB
tr[AOA1B2JAV2 |AOA1B2JAV2 PICPA
tr|C4R232|C4R232_KOMPG
tr|AOA642UJM6 |A0A642UJM6_DIURU
tr|AOA1E4UIL7|AOALIE4ULL7 PACTA
tr[AOA1V2LIF2 |AOALV2LI9F2 CYBFA
tr|AOA2Z1Y943|A0A2Z21Y943 9ASCO
tr|AOA1D8PK28 |AOA1D8PK28_ CANAL
tr|C4YQI4|[C4YQI4 CANAW
tr[G8YT7L3|G8YTL3_PICSO
tr[AOAOV1Q5J4 |AOAOVIQ5J4 9ASCO
tr|A5SDCS55|A5DC55_ PICGU
tr[AOA512UAUO |AOA512UAUO_SASCO
tr[AOA1LODOV4 |AOAILODOV4_9ASCO
tr|AOAOLONRDL |AOAOLONRD1 CANAR

tr|AOA7D9GZJL |AOATDIGZI1 DEKBR
tr|AOALE3NHX3|AOALE3NHX3 9ASCO
tr|ROXNA5|RIXNAS5 ASHAC
tr|I6NDM1|I6NDM1 ERECY
tr|AOALO9UYKO |AOAL09UYKO 9SACH
tr|AOALGAJ8LY|AOALG4T8LY 9SACH
tr|AOAOP1KX40|AOAOP1KX40 9SACH
tr|AOALGAKH46|AOALGAKHA6 9SACH
tr|AOALGAKMB7 |AOA1G4KMBT 9SACH
tr|AOALS7HLF8|AOALSTHLF8 9SACH
tr|AOALQ3AIMI |AORLQ3AIMY ZYGRO
tr|AOA5P2U3L1 |AOA5P2U3LL KLULC
tr|WOTGP7 |WOTGP7 KLUMD
sp|P13382|DPOA_YEAST
tr|AOAOLSVIKS |AOAOLSVIKS 9SACH
tr|AOA7G7JELY|AOATGTJIELY CANGB
tr|AOA1B2JAV2 |AOA1B2JAV2 PICPA
tr|C4R232|C4R232 KOMPG
tr|AOA642UJM6 | AOA642UJM6 DIURU
tr|AOALE4UIL7|AOALE4UIL7 PACTA
tr|AOALV2LIF2 |AOALV2LIF2 CYBFA
tr|A0A221Y943|A0A221Y943 9ASCO
tr|AOA1DSPK28 |AOA1DSPK28 CANAL
tr|C4YQI4|C4YQI4 CANAW
tr|G8Y7L3|G8YTL3_PICSO
tr|A0AOV1Q5J4|A0ROVIQ5J4 9ASCO
tr|A5DC55|A5DC55 PICGU
tr|AOA512UAUO |AOA512UAUO 9ASCO
tr|AOALLODOV4 |AOALLODOV4 9ASCO
tr|AOAOLONRDL | AOAOLONRDL CANAR

IVVAKR-RTTAFVDRD-V-NLSSSKAKPI-LKHPLNSSPFKDT--DV
IIISKRKKVSAVIDRK-M-KAVD--------SSPLKNAKQL----DI
VYLGRKAIRSAAASRH-V-TFGAKFK---SVSSPVAGKSIDIPHSDP
IQFGRRTVKTVASDRK-V-TFTTAVP---NSSSPH-----VIAHGTP
IQFTRRPVRSVAVNRE-V-TFHSTSA---ASQI--------VPPPSE
VKATRRTVRTAAIRRA-V-NFNIGQD---AQSSPF VTAPNTP
ITIRRRTIRSAAASQR-A-NVDVRSS---VQSSPF----- VTAPPTP
IQLGRRTIRTAAAAKR-A-NFNMSSI---TPSSPF----- TTAPGTP
INIGRRTVRNAAATKR-I-NINAGSN---SSSSPF----- VTAPGTP
ITFGRKTVRSVAAIRQ-V-NISSKSN---SPTSPF----— VTAPATP
IFVGRRTVRRVAAKRE-V-NLSSKSN---PLASPV----— VA-PGTP
IHFGRKKFKSIAAQRQ-M-NISAQ-TAPLTSSPTY----- VTAPNTP

IHFNRRKVKSVAAQRQ-L-NIHAKAAVPVTSSPTY--—-— VTAPNTP
LADEEDDEDSDEDIILKRRTMRSVITTRR-V-NIDSRSN---PSTSPF----- VTAPGTP
IILKRRTMRSVTTTRR-V-NIDSRSN---PSTSPF----- VTAPGTP
VIVTKRKMRTATAVRK-V-NLDSKSA---LSSSPY-----— VITPGTP
LLISRRARTANTEISREINMRASVIEEK-----— T-—m===== ADADP
LLISRRARTANTEISREVNMRASVIEEK----— A-——————— ADADS
IV-VVRPRAAAVAPRPKMSTISSIKANV-
IIVSRRPRAATSRVDRSV-NLAATKKLP-
IVVVKRPRVSTTAVNR-SVNLTAAKANE-
IVVTRKPRAS-GAVRKTLGVVSSVKLTP-
IVYSRKPRAA-VVKKNQVDTVSAVKANQ-
IVYSRKPRAA-VVKKNQVDTVSAVKANQ--—--———-—-—-————-—
'VIVTRRPRAV-GKNRNNDVNFTSVNETK-
VIVTRRPRAA-SANKHKAANFSAVKASN-
VVVARRPKSA--VSRTTMSTLTAVRTSE-
IVMRRRQRT-TVAAPKTAANISSVKTAS--
VVVRRRPRT-SAPVRETVATISTVKAAD--
IVVAKRPRAAAAPARNTGATISAVKASG--—-———————-—-——— L-——-

N
Znl 3
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DISNEMGQSLTPKAQSWELAEMYQVYJOREYKPLEINFNDARY HEDANFLVLAL
DVSNEMGQSLTOKJONWE LTEMYQVAGOKDHKATEINFNDVRFQEDVSLEVLAL
DISNEMGQSLTPKAQSWELAEMYQVIGNKEHKFLDVDYSDAQYHDNANCLVLAL
DISNEMGQSLTPKAQONWELHEMY FVAGQKDHKS LDINFQASQYQSDVNAFTLAL
DISNEMGQSLTPKAQSWDLYEMYQVIGOKEQRTLEINYQNPQYQNDVNSMIMAL
DISNEMGQSLTPKAQSWDLIRMYQVIGOKEHKS LEVNYQS PQYQNDVNSMVLAL
DISNEMGQSLTPKAQSWELARMYQVIGOKEHKAMEINYQSPQYQSDVNSMI LAL
DIANDMGQSLTPKAQTWDLYAMFEVAGNKEHKSLDINYQNPQYQTDAETMTMAL
DIANDMGQSLTPKAQTWDLHEMY LVAGGKETTPLDINYQNPHYREDADTMAMAL
DISNEMGQSLTPKAONWELNEMYQVYQGIERKSLEINYLNPIYQEDESQMLLAL
DISNEMGQSLTQKJONWELNEMYQI4GGIERKSLEINYLSPIYQEDESQMILAL
SGRLICDIANEMGQSLTPKCQSWDLSEMYQVTCEKEHKPLDIDYQNPQYQONDVNSMTMAL
SGRLIDIANEMGOSLTPRdoswDLYHMYQVId EKEHKPLDI DYQNPQYQNDVNSMTMAL
AGRLI[JDIGNEMGOSLT PKJONWDLARMYQVGOVDHKPLEINYONTQYQDDVNLLTMAL
QGRLIYJDIGNDMGQSLTTKOSWDLHEMYQSYGGKNFKPSEIALNNPQLSENVNLLLTIA
HGRLIYJDIGNDMGQSLTTKOSWDLHMYQSYJGKTFKPSE TALNNPQLSENVNLLLTVA
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QGRLIJDIANEMGQSLTMKOSWDLHEMY DVYGHKKHS PVE INYQNLKYAEDAHLFLMAL
QGRLIJDIANEMGQSLTMKOSWDLHEMY DVYGHKKHS PVE INYQNLKYAEDAHLFLMAL
QGRLIJDIANEMGQSLTPKOSWDLNEMYEVIGGKKLPQLEVNYQNSRYSDDANFLLIAL
QGRLIDIANEMGQSLTPKJOSWDLNEMY DVY{¢HKKQI PLEINFENPRYAEDASFLLMAL
QGRLIJDIANEMGQSLTTKOSWDLYHMLDVYGHKKHTALE INFTNPRYAEDASFLLMAL
QGRLIJDIANELGQSLTPKOSWDLHMYEVYINEKHTSPEINFHNPRYAEDASFLLMPL
QGRLI{DIANELGQSLTPKOSWDLHMYNVYGHKQHSAME INFQNPRYAEDASFLLMPL
OGRLIY|DIANELGQSLTTR{OSWDLHHMY SV OKQYNAVELNFLNPRYAEDAGFLLMSL
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tr|AOATDIGZJL |AOATDIGZI1_DEKBR
tr |AOAIE3NHX3 |AQOAIE3NHX3 9ASCO
tr|RIXN45|RIXN4S ASHAC
tr|I6NDML|I6NDM1 ERECY

tr |AOA109UYKO |[AOA109UYKO 9SACH
tr|AOA1G4J8LY |AOA1G4J8LY 9SACH
tr|AOAOP1KX40|AOAOP1KX40_9SACH
tr|AOAIG4KH46 |AOA1G4KHA6 9SACH
tr|AOAIG4KMB7 |AORA1G4KMB7 9SACH
tr|AOAISTHLF8 |AOAISTHLF8 9SACH
tr|AOAIQ3ASMI |AOAIQ3AOMY ZYGRO
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tr |AOATDIGZJL | AOATDIGZJI1 DEKBR
tr|AOA1E3NHX3|AOAIE3NHX3 9ASCO
tr|RIXN4S|RIXN4S ASHAC
tr|I6NDML | I6NDM1 ERECY
tr|AOAL09UYKO|AOAL09UYKO 9SACH
tr|AOALG4J8LY|AOALG4I8LY 9SACH
tr|AOAOP1KX40|AOAOP1KX40 9SACH
tr|AOA1G4KHA6 | AOAL1GAKH46 9SACH
tr |AOA1G4KMB7 | AOA1G4KMB7 9SACH
tr |AOALSTHLFS | AOALSTHLFS 9SACH
tr|AOA1Q3A9MI | AOALQ3AIMI ZYGRO
tr|AOASP2U3L1|AOASP2U3L1_KLULC
tr |WOTGP7|WOTGP7 KLUMD
sp|P13382|DPOA YEAST
tr|AOAOLBVIKS|AOAOLBVIKS 9SACH
tr|AOA7G7JELY|AOATG7JIELY CANGB
tr|AOALB2JAV2|AOALB2JAV2 PICPA
tr|C4R232|C4R232 KOMPG
tr|AOA642UJM6 | A0A642UJM6 DIURU
tr|AOALE4U1L7|AOALE4UIL7 PACTA
tr|AOALV2L9F2|AOALV2LIF2 CYBFA
tr|AOA221Y943|A0A221Y943 9ASCO
tr|AOALD8PK28|AOALD8PK28 CANAL
tr|C4YQI4|C4YQI4 CANAW
tr|G8Y7L3|G8Y7L3 PICSO
tr|AOAOV1Q5J4|A0AOV1Q5J4 9ASCO
tr|A5DC55|A5DC55 PICGU
tr|AOA512UAUO | AOAS512UAUO_9ASCO
tr|AOA1LODOV4 | AOAILODOV4 9ASCO
tr |AOAOLONRDI | AOAOLONRD1 CANAR

/IEnd of C-terminal of DNA pol o from ye

tr |AOATDIGZJL | AOATDIGZJI1 DEKBR
tr|AOA1E3NHX3|AOAIE3NHX3 9ASCO
tr|RIXN4S|RIXN4S ASHAC
tr|I6NDML | I6NDM1 ERECY
tr|AOAL09UYKO|AOAL09UYKO 9SACH
tr|AOALG4J8LY|AOALG4I8LY 9SACH
tr|AOAOP1KX40|AOAOP1KX40 9SACH
tr|AOALG4KH46|AOALGAKHA6 9SACH
tr|AOALG4KMB7|AOALG4KMBT 9SACH
tr|AOALS7HLF8|AOALSTHLF8 9SACH
tr|AOA1Q3A9MY | AOALQ3AIMY ZYGRO
tr|AOASP2U3L1|AOASP2U3L1_KLULC
tr |WOTGP7|WOTGP7 KLUMD
sp|P13382|DPOA YEAST
tr|AOAOLBVIKS|AOAOLBVIKS 9SACH
tr|AOA7G7JELY|AOATGTJIELY CANGB
tr|AOALB2JAV2|AOALB2JAV2 PICPA
tr|C4R232|C4R232 KOMPG
tr|AOA642UJM6 | A0A642UJM6 DIURU
tr|AOA1E4U1L7 |AOALIE4UIL7 PACTA
tr|AOALV2L9F2|AOALV2L9F2 CYBFA
tr|AOA2721Y943|A0A221Y943 9ASCO
tr|AOA1D8PK28 | AOA1D8PK28 CANAL
tr|C4YQI4|C4YQI4 CANAW
tr|G8Y7L3|G8Y7L3 PICSO
tr|AOAOV1Q5J4|A0AOV1Q5J4 9ASCO
tr|A5DC55|A5DC55 PICGU
tr|AOA512UAUO | AOAS512UAUO_9ASCO
tr|AOA1LODOV4 | AOAILODOV4 9ASCO
tr |AOAOLONRDI | AOAOLONRD1 CANAR
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DRMLYNQLLYLQSLFDVEKAKKRTLKPLYDITTQONKD----DLPPELNQGELDAL
DKMIYNQLLYLQTLFDIEKTKQQOQLKPLPS————— DK----PLPVTLNKGEIDAL
DKOLYNQLLYFDSLFDIVKTKNKDLKPLYLPGDVD-————— MPAEPLSSSQVAAL
DKKLYNQLLYFDSLFDIEKNKKQELKPLYLPNDAD-————— IPTDLLNSSQIAAL
DKOLYNQLLYFDSLFDINKNKAQLLRPLYLPGDPD-————— EPKEPLSSSQIAAL
JDKOLYNQLLYFESLFDVSKNKSQQLKPLYSPDDSD—————— KPTHKLPTSQVAAL
DKOLYNQLLYFESLFDVEKNKKDALKPLYRPDHPD- —-—-APEAKIPTSQLLAL
DKOLYNQLQYFGSLFDVKKNKRELLKPLYRPDHPD- --AAETKIPTCQVLAL
DKOLYNQLLYFESLFDVDKNKKELVKPLYRPDHPD- —--IPETKLSTSQVLAL
IDKOLYNQLLYFDSLFDCEKNKNQGLKPLYHEGDAD—————— FPGETMTDSSVKAL
JDKOLYNQLLYFDSLFDCEKNKKQQLKPLYVEGDTD—————— FPRELLTDSSVKAL
JDKOLYNOMLYFQSLFDLOKNKLOTLKPLYHSGDSN—————— APEKSLSHSEVQAL
4DKRLYNOQMLYFQSLEFDLNKNKTQALKPLYHPGDKN—————— APEKPLSHSEIQAL
SDKQLYNQLLYFDSLFDCEKNKKQELKPIYLPDDLD— —-—-YPKEQLTESSIKAL
HYKYJDKOLYNQLLYFDSLFDCEKNKKQELKPIYLPDDLD- --YPKEQLTESSIKAL
HYRYTDKOLYNQLLFFDSLFDCDKNKKRELKPLYLEGDQD-----— YPSEKLSDTSINAL
YVYTDRELYNQLLYLESLFDVDKARRQELRPLODDRDDKSSPDSGEMKKGISQSTLDAL
YVYTDRELYNQLLYLESLFDVDKARRQELRPLODDTENRIRSDSGETKKGISQSTLDAL
HYEYTDRDLYNQLLYFSSLFDVDKAKKGQLKSLDIPG--—-=-—-—-——-——— VEALPHGSLEAL
HYRYYDKQLYNQLLFFDSIFDVDKAKKRSLKPLYEEQGEEDK----ENVKPITQGALDAL
HYKYYDKDLYNQLLYFDSLFDVEKNKSQKIKPLYDPED---K----TKPEPLIKGQIDAL
HYKYYDRALYNQLLYFDAIFDVDKAKLGQLRPIYDPFA---A----NPPSKLPGGQIDAL
HYRYNDKQLYNQLLYFQSIFDVDKTKRGELRPLVDALEESKD----KQLPKLPSGQVEAL
HYRYNDKQLYNQLLYFQSIFDVDKTKRGELRPLVDALEESKD-~-~-KQLPKLPSGQVEAL
RYRYYDKALYNQLLYFDSIFDVNKAKKQKLKPLYESHENI-E--~--NIPPKIPSAQVEAL
HYKYYDKALYNQLLYLHSLFDVDKAKKNQLRPIYDVGA=~-==-=~=~~~ PLPLASGQVDAL
RYKYYDRALYNQLLYFSSIFDVDKARKTELKPVFDAFD--KG-~---SEPAKLASGQIEAL
RYKYYDKALYNQLLYFQSVFDVDKAMKKKLKPISE-~~~~~ E----SKVPEMTEGEINAL
RYKYIDKALYNQLLYFDAIFDVDKAKSNKLRPVS-—~~~~~ D----SALENLSEGQLNAL
RYFYYDKALYNQLLYFDSVFDVEKAKQKKLRPIIYD-~--TD-~---VVAPELSTGQLNAL
*'*: :***: T ::** * T . . * K
asts
VEQSRPEFGVIQSVVTKYLDDCGRRYVDMGSIFGFLK—-—-——-——-— 1504
AEQNRKQFSLLRKVVQKYLDVNGRRYVDLASIFRVN---— - 1494
AEQNRDLLELNRAVVQKYLSQCGRRYVDMGEIFDFMGQ- - 1436
SEQNRETEFNINRSVVQKYLDQCGRRYVDMGDIFDEFMKA-————— 1475
SEQNRELFETSQAVVQKYLNQCGRRYVDIRAIFDFMV—-—————— 1453
SEQNRELFEIMNSVVQKYLSDCGRRYVDMKSIFSFMGPP-—-——— 1474
GEQNRELFQVMSSVVQKYLANCARRFVDMDAIFAFAVAN--—-— 1457
GEQNRDLFQTMESVVQKYLGNCARSFVDMGSIFDFMNPE----— 1468
GEQNRELFQTMEKVVQKYLDNCARRYVDMGTIFDFMVTH----— 1478
SEQNRDYLGIARGVVQKYLSDCGRRYVDMSVIFDFMTAAK-——— 1443
SEQNRDYLDVGRGVIQKYLGDCGRRYVNMSNIFDYMTPAK-——-— 1455
AEQNRLLFEVSKQVVEKYLSDCGRAYVNMGSIFDFMLSQ—--——-— 1430
AEQNRSLFETAKQVVEKYLSDCGRAYVDMGSIFDFMQQ-—-——-— 1433
TEQNRELMETGRSVVQKYLNDCGRRYVDMTSIFDFMLN-----— 1468
TEQNRELMETGRSVVQKYLNDCGRRYVDMTSIFDFMLN-—----— 1468
TEQNRDLLELNHSIVQKYLSDCGRRYVDMATIFEFMMN-—-——— 1454
AEQNRDTFRAFQSVVQKYFEQCGRRYVDMASLFNFS--- - 1441
AEQNRDTFGAFQSVVQKYFEQCGRRYVDMASLEFNFS—-—-——-——-— 1442
AEQNRELFTRCTSVPEKYLSNCGRRYVNMGSIFNFLQV-—-—--— 1408
CEQNRDFFDICRGVINRYLNNSGRRYVDMGSIFEFMVPEQKAVN 1526
SEQNRDLFEVQKGVVQRYLSDCGRRYVNMASIFDEFMK——————— 1443
AEQNRIYFGYSKEVVQKYLGSCGRRYVNMGALFEFMS—-—-—-— 1464
AEQNRELFGICQEVVQKYLGECGRRYVNMGSIFDFIRN-—-—-—-— 1470
AEQNRELFGICQEVVQKYLGECGRRYVNMGSIFDFIRN-——-—--— 1470
AEQNRENFSACQDVVQKYLRDSGRRYVDMAGIFDFMGSIKS—-— 1453
AEQNRELFSICONVVQKYLSECGRRYVNMSSIFDFMSSSK-—--— 1470
AEQNREHFVHFQGIVDRYLAECGRRYVNMGSIFDFMK—-—-—--—-— 1438
AEQNRVLEDQCRQVIDQYLKDCGRRFVNMKAIFDFMTPPM-—-— 1472
AEQNRALFGNCREVVDRYLKDCGRRYVNMKAIFEFMA—-———-——— 1438
AEQNRAMFDHCREVVNKYLADCGRRYVNMRSIFDFMV—-———-——— 1442

* K K

* ek

Fig. 12 MSA analysis of DNA polymerase o c'a;[aIYtic.s.u'bu.nit from different yeasts

AOA7D9GZJ1_DEKBR, Dekkera bruxellensis

R9XN45_ASHAC, Ashbya aceri

AOA109UYKO_9SACH, Eremothecium sinecaudum

AOA1G4KMB7_9SACH, Lachancea nothofagi
AOA1G4J8L9_9SACH, Lachancea mirantina

AOA1Q3A9M9O_ZYGRO, Zygosaccharomyces rouxi

WOTGP7_KLUMD, Kluyveromyces marxianus

AOAOL8VIK5_9SACH, Saccharomyces boulardii

AOA1B2JAV2_PICPA, Komagataella pastoris

AO0A642UJM6_DIURU, Diutina rugosa

AOA1V2L9F2_CYBFA, Cyberlindnera fabianii
AOA1D8PK28_CANAL, Candida albicans

G8Y7L3_PICSO, Pichia sorbitophila

A5DC55_PICGU, Meyerozyma guilliermondii
AOA1LODOV4_9ASCO, Candida intermedia

AOALE3NHX3_9ASCO, Pichia membranifaciens
I6NDM1_ERECY, Eremothecium cymbalariae
AOA1G4KH46_9SACH, Lachancea meyersii
AOAOP1KX40_9SACH, Lachancea quebecensis
AOA1S7HLF8_9SACH, Zygosaccharomyces parabailii
AOA5P2U3L1_KLULC, Kluyveromyces lactis
P13382|DPOA_YEAST, Saccharomyces cerevisiae
AOA7G7JEL9_CANGB, Candida glabrata
C4R232_KOMPG, Komagataella phaffii
AOA1E4U1L7_PACTA, Pachysolen tannophilus
AOA2Z1Y943_9ASCO, Scheffersomyces spartinae
C4YQI4_CANAW, Candida albicans
AOA0V1Q5J4_9ASCO, Debaryomyces fabryi
AOA512UAUOQO_9ASCO, Metschnikowia sp.
AOAOLONRD1_CANAR, Candida auris
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Active Site Analyses of DNA polymerase o

Human and yeast (S. cerevisiae) DNA
polymerases o 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 a, in
complex with the B subunit was reported by Suwa
et al. %1 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; (Znl:
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 o).
(261 1t 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 a, 8, € and () suggesting
their importance in all B-family DNA
polymerases. The 8 Cys residues form two ZBMs
and are known as CysA (Znl) 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.
27 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 a. 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.
%1 The MSA analysis also confirms the two
ZBMs (marked) at the C-terminal of the
polymerase a. (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

corroborating that the ZBM in the regulatory
subunit is essential for the first dinucleotide
formation. 7]

Further, SDM analysis has shown that
—M of yeast DNA pol a exhibited normal
catalytic efficiency and processivity, but reduced
fidelity. The pol1-L868M allele conferred a
mutator phenotype in vivo, which was strongly
enhanced wupon inactivation of the 3’—5’
exonuclease of DNA pol 8 but not that of DNA pol
e. [l DePamphilis have determined crystal
structures of the catalytic core (349-1258; 910
amino acids) of yeast DNA pol a 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).
1 For structural studies of the ternary complex,
they used a polymerase mutant (D°%®—N)
(highlighted in dark blue) with attenuated catalytic
activity. They found that the catalytic region of
DNA pol a, 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 a, by sequence similarity the
proposed amino acids that could make a PR active
site in DNA pol a is highlighted in light blue and
compared with well documented PR active site
amino acids (Table 4). %81 Pavlov et al. found that
although DNA pol a contains an exonuclease
domain, no proofreading activity was observed
and the errors made by DNA pol a were corrected
by the next PR-proficient enzyme, DNA pol 8 in
yeast. ?®l It is clear that in eukaryotic genome
replication, an additional checkpoint is introduced
with the second primase, i.e., the DNA pol a. This
possibly ensures that the replicative polymerases,
viz. the pol & and pol € do not function like other
DdDps, but functional only during cell divisions
with an absolute requirement for DNA primers.

L868




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

Table 3 Proposed catalytic regions and MBSs of DNA polymerases o of eukaryotic primosomes

From animals (Human)

Zn% Catalytic regions Mg
1) -PP!EGTENIYDNVFDGSGTDMEPSLYRSNID K1316.  945R-5QKALK'LTANSMY8GCLGF- 1)-1036_EIDIDG-
CX2C CX4
2) -IQEEPTERNRTRHLPLQFSRTGPL!%PAEW375- SSHIR7SEILMHTK'EMVQKMNLEVIY13GD1002TDS-  2) -D1002TDS-
CX4C

From vyeasts (S. cerevisiae)

Zn% Catalytic regions Mg
1) -[@DIANEMGQSLTPKEQSWDLSEMYQVTBE - -B7DIRSQQALK'LTANSMYéGCLGY- 1)-1030 EIDIDN-

2) -SEPS[EDKRFPFGGIVSSNYYRVSYNGLQEK! [§E318- -75R7EILMDTR'QLAELIGLRVVY3GDTDS-  2)-D%6TDS-
CX2C CX

3) -QDDS]‘@GI-VTRQVSVFGKRELNDG T1372.

CXx4c CX4C
Based on the SDM, X-ray crystallographic polymerase a and the priming reactions are
data and MSA analysis, the proposed amino shown in Fig. 13.

acids at the active site of the DNA

Fig. 13 The proposed active site structure of DNA polymerase o and the DNA priming reactions
(numbering from DNA pol a of H. sapiens).
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CLUSTAL O (1.2.4) MSA of the regulatory subunit B of DNA polymerase a
(Only the requited sequences are shown)

tr | AOAID5QNGS | AOA1IDSQNGS_ MACMU MSASPQQLAEELQIFGLPCHEALIEKLVELCVQYGONEEGMVGELIAFCTSTHKVGLTSE 60
tr |AOA2K5KX68 | AOA2K5KX68_CERAT MSASPQQLAEELQIFGLPCHEALIEKLVELCVQYGONEEGMVGELIAFCTSTHKVGLTSE 60
tr |AOA2I3SDP8|AOA2I3SDP8_PANTR MSASAQQLAEELQIFGLPCHEALIEKLVELCVQYGONEEGMVGELIAFCTSTHKVGLTSE 60
tr |AOA2J8TZ97 |AOA2J8TZ97_PONAB MSASAQQLAEELQIFGLPCHEALIEKLVELCLQYGONEEGMVGELIAFCTSTHKVGLTSE 60
tr | G3QKNO | G3QKNO__GORGO MSASAQQLAEELQIFGLPCEHEALIEKLVELCVQYGONEEGMVGELIAFCTSTHKVGLTSE 60
tr |AOA2RO9BL46 | AOA2RI9BL46_PANPA MSASAQQLAEELQIFGLPCEEALIEKLVELCVQYGONEEGMVGELIAFCTSTHKVGLTSE 60
sp|Q14181 | DPOA2 HUMAN MSASAQQLAEELQIFGLDCEEALIEKLVELCVQYGONEEGMVGELIAFCTSTHKVGLTSE 60
tr |K7B9Q6 | K7B9Q6_PANTR MSASAQQLAEELQIFGLPCHEALIEKLVELCVQYGONEEGMVGELIAFCTSTHKVGLTSE 60
tr | AOA2K6NHAO | AOA2K6NHAO_RHIRO MSASPQQLAEELQIFGLPCHEALIEKLVELCVQYGONEEGMVGELIAFCTSTHKVGLTSE 60
tr | AOA2K5ZN81 | AOA2K5ZN81_MANLE MSASPQQLAEELQIFGLPCHEALIEKLVELCVQYGONEEGMVGELIAFCTSTHKVGLTSE 60
tr |AOA2K6EC81 |AOA2K6EC81_ MACNE MSASPQQLAEELQIFGLPCHEALIEKLVELCVQYGOQNEEGMVGELIAFCTSTHKVGLTSE 60
tr |AOA2K5KER4 | AOA2K5KER4_COLAP MSASPQQLAEELQIFGLPCHEALIEKLVELCVQYGONEEGMVGELIAFCTSTHKVGLTSE 60
tr |AOA2K6NHCS8 | AOA2K6NHC8_RHIRO MSASPQQLAEELQIFGLPCHEALIEKLVELCVQYGONEEGMVGELIAFCTSTHKVGLTSE 60
tr |AOAO096MMDO | AOAO96MMDO_ PAPAN MSASPQOLAEELQIFGLPCHEALIEKLVELCVQYGONEEGMVGELIAFCTSTHKVGLTSE 60
I T R R
tr |AOA1D5QNGS | AOA1DS5QNGS5_MACMU TPLLAPAQEPVTLLGQIGQCHSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300
tr |AOA2K5KX68 | AOA2K5KX68 CERAT TPLLAPAQEPVTLLGQIJCOSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLEFPGQ 300
tr |AOA2I3SDP8|AOA2I3SDP8_PANTR TPLLAPAQEPVTLLGQIJCOSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300
tr |AOA2J8TZ97|A0A2J8TZ97_PONAB TPLLAPAQEPVTLLGQIJCOSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLEFPGQ 300
tr | G3QKNO | G3QKNO__GORGO TPLLAPAQEPVTLLGQIJCHSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300
tr |AOA2RO9BL46 | AOA2RI9BL46_PANPA TPLLAPAQEPVTLLGQIGCOSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 299
sp|Q14181|DPOA2 HUMAN TPLLAPAQEPVTLLGQIGCDSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300
tr |K7B9Q6 | K7B9Q6_PANTR TPLLAPAQEPVTLLGQIGCOSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300
tr |AOA2K6NHAO | AOA2K6NHAO_RHIRO TPLLAPAQEPVTLLGQIGCOSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 273
tr |AOA2K5ZN81 |AOA2K5ZN81_MANLE TPLLAPAQEPVTLLGQIGCOSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 250
tr |AOA2K6EC81 |AOA2K6EC81_MACNE TPLLAPAQEPVTLLGQIJCOSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 280
tr | AOA2K5KER4 | AOA2K5KER4_COLAP TPLLAPAQEPVTLLGQIJCOSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLEFPGQ 300
tr | AOA2K6NHC8 | AOA2K6NHC8_ RHIRO TPLLAPAQEPVTLLGQIJCOSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300
tr | A0OAO096MMDO | AOAO96MMDO_PAPAN TPLLAPAQEPVTLLGQIJCHSNGKLNNKSVILEGDREHSSGAQIPVDLSELKEYSLFPGQ 300
Kk ok Kk Kk Kk Kk K ok ok ok ok ok Aok Kok K ok K ok K ok K ok K ok K ok K ok K ok K ok K ok K ok K ok K ok k ok k ok k ok k kK ok Kk K
tr |AOA1D5QNGS5 | AOA1DS5QNGS5_MACMU VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGHY['T ITYDPL 360
tr |AOA2K5KX68 | AOA2K5KX68_ CERAT VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGHY['T ITYDPL 360
tr |AOA2I3SDP8|AOA2I3SDP8_PANTR VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDADFEQSMVLVACGHY[ITYDISITYDPL 360
tr |AOA2J8TZ97 |AOA2J8TZ97_PONAB VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDADFEQSMVLVACGHY[ITYDISITYDPL 360
tr | G30QKNO | G3QKNO_GORGO VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDADFEQSMVLVACGHY|'TYDIS IMYDPL 360
tr |AOA2R9BL46 | AOA2R9BL46 PANPA VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDADFEQSMVLVACGHY|[ITYDISITYDPL 359
sp|Q14181|DPOA2_ HUMAN VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDADFEQSMVLVACGPYTTSDSITYDPL 360
tr |K7B9Q6 | K7B90Q6_PANTR VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDADFEQSMVLVACGHY[ITYDISITYDPL 360
tr | AOA2K6NHAO | AOA2K6NHAO_RHIRO VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGHY[ITYDISITYDPL 333
tr | AOA2K5ZN81 | AOA2KS5ZN81_MANLE VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGHY[ITYDISITYDPL 310
tr |AOA2K6EC81 |AOA2K6EC81_MACNE VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGHY['TY ITYDPL 340
tr | AOA2K5KER4 | AOA2K5KER4_COLAP VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGHY[TTYDISITYDPL 360
tr |AOA2K6NHCS8 | AOA2K6NHC8_RHIRO VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGHY[TTYDISITYDPL 360
tr | AOA0O96MMDO | AOAO96MMDO_PAPAN VVIMEGINTTGRKLVATKLYEGVPLPFYQPTEEDGDFEQSMVLVACGHY['T ITYDPL 360
R B R E SR Y

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

AOA1D5QNG5_MACMU, Macaca mulatta AOA2K5KX68_CERAT, Cercocebus atys
AOA2I3SDP8_PANTR, Pan troglodytes AOA2J8TZ97_PONAB, Pongo abelii
G3QKNO_GORGO, Gorilla gorilla gorilla AOA2R9BL46_PANPA, Pan paniscus
Q14181|DPOA2_HUMAN, Homo sapiens K7B9Q6_PANTR, Pan troglodytes
AOA2KB6NHAO_RHIRO, Rhinopithecus roxellana AOA2K5ZN81_MANLE, Mandrillus leucophaeus
AOA2KB6EC81_MACNE, Macaca nemestrina AOA2K5KER4_COLAP, Colobus angolensis palliates
AOA2KBNHC8_RHIRO, Rhinopithecus roxellana AOA096MMDO_PAPAN, Papio Anubis

PR function DNA polymerase a of

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

RNA primer synthesized by the RNA primase is
Error-free transcription is the hallmark of all further extended by the DNA pol a, which also
DNA and RNA polymerases. Nonetheless, these again makes only short DNA primers (~25 nts).
enzymes do make mistakes, but at a rate of about Eukaryotic primase also generates large amount of
10* to 10° The RNA primases from di- and tri-nucleotides, even though the associated
prokaryotes and eukaryotes which make only DNA pol o only uses primers at least 7 nucleotides
very short oligonucleotide primers (~10 nts) to long. 1 Pavlov et al. found that the DNA
initiate replication process do not possess a PR fragments synthesized by the DNA pol a contained
activity. 21 (These mistakes may not be errors, as it does not have PR exonuclease activity.
deleterious, as they are removed in the final step 28] In contrast to other DNA polymerases, DNA pol
of the DNA replication process and are replaced a, purified from higher eukaryotes, showed no
with dNTPs detectable exonuclease activity. [34 & references therein]
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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. 4l 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 a 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 a

(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 a sequences from yeasts and
animals. These data suggest that the DNA pol o
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 a 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 a -Yeasts (S. c) DdDps DVE -- Y 3 D
Pol a - Animals (H. s) DVE -- Y 3 D
Pol |- Bacteria (E. coli) DTE YD Y 3 D
Pol 11- Bacteria (E. coli) DIE FD Y 3 D
RNase D- Bacteria (E. coli) DTE FD Y 3 D
Pol III (e-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 1/’vVD 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 iy 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 [#> %

CoVs, Coronaviruses; S. ¢, 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.

AThe 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
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