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ABSTRACT

Replication and transcription of genomes in the human pathogenic viruses, viz. Marburg, Ebola and Nipah are
accomplished by a virally encoded RNA-dependent RNA polymerase (RdRp). The enzyme performs this dual function
with a polymerase cofactor, VP35, in Marburg and Ebola viruses and a phosphoprotein, P, in Nipah and its related
viruses. As RdRp is indispensable for the viral lifecycle, it is one of the most attractive molecular targets for the
development of broad-spectrum antiviral therapeutics to control the spread of these viruses. However, until now, little
is known about the RdRp of these viruses, especially with respect to their active sites, polymerase catalytic centre and
its catalytic mechanism, which are considered the most promising molecular targets for drug development initiatives.
In this study, multiple sequence alignment (MSA) was integrated with structural information from X-ray
crystallography, cryo-electron microscopy (cryo-EM) and site-directed mutagenesis (SDM) studies to identify the
putative catalytic and metal-binding sites of the RdRp from Marburg, Ebola and Nipah viruses. MSA analysis suggests
that the RdRp from these viruses uses an -LA/VG- as the template-binding pair, an invariant K, as the proton abstractor
which initiates the catalysis and an invariant R at -4 from the catalytic K, as the nucleotide discriminator, all of which
are highly or completely conserved. Besides, the Marburg and Ebola viruses contain an additional second putative
polymerase catalytic core within the N-terminal domain (NTD), which is absent in the Nipah virus polymerase. The
identified catalytic residues exhibit strong structural similarity to the conserved polymerase catalytic site architectures
already reported in numerous RNA- and DNA-dependent polymerases, supporting a common catalytic framework. The
catalytic magnesium-binding sites are also completely conserved among these viruses and consist of two invariant
aspartate-containing motifs, -GDN- and -TDL-. This arrangement differs slightly from that what is reported for several
other non-segmented negative-sense RNA viruses, including influenza, rabies, mumps and measles, which typically use
-GDN- and -G/SDD- motifs for catalytic magnesium-binding. Furthermore, the RdARp domains of all three viruses contain
two putative zinc-binding motifs (ZBMs), suggesting an important structural role in polymerase stability and function.
Interestingly, the RdRp of Marburg and Ebola viruses, members of the Filoviridae family, possess an additional putative
HNH-endonuclease motif(s) that is absent in the Nipah virus polymerase, a member of the Paramyxoviridae family.
Collectively, these findings reveal conserved structural and catalytic features of the polymerases from these bat-borne
human pathogens, and provide new insights into their evolutionary relationships, and also identify potential molecular
targets for rational antiviral drug design.
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1 INTRODUCTION

Viruses are ubiquitous in nature and infect organisms across all kingdoms of life. Based on their genetic material, they
are broadly classified as RNA and DNA viruses. Both groups cause severe infectious viral diseases of both endemic and
pandemic proportions, highlighting the need for a deeper understanding of their pathogenic mechanisms and
replication strategies in their respective host cells in order to develop effective antiviral therapeutics [1]. However, the
majority of emerging and reemerging human and animal diseases of endemic and pandemic potential are caused by the
RNA viruses such as SARS-CoVs, Marburg, Ebola, Nipah, Rabies, etc. [2]. For example, the ongoing Ebola outbreak,
caused by the Ebola (Bundibugyo strain) in the Democratic Republic of the Congo, for which no licensed vaccine or
approved specific therapeutic is currently available, has resulted in 2378 deaths and about 5000 confirmed cases as of
19t August 2026 [Reuters]. The DNA and RNA polymerases which involve in the replication of their genomes are
collectively referred to as DNA and RNA replicases, respectively. Their primary function is to ensure accurate replication
of their respective genomes so that genetic information is faithfully transmitted to the next generation. Analyses of the
active sites of hundreds of DNA and RNA polymerases from viruses to humans, have revealed a remarkable degree of
structural and functional conservation. It is interesting to note that in spite of their evolutionary diversity, almost all
these DNA/RNA polymerases adopt the same overall 3D structure with a characteristic cupped ‘right hand’ architecture
comprising three conserved subdomains, viz. palm, fingers, and thumb, suggesting the chemical basis for designing the
active sites using the same or functionally similar amino acids to perform the polymerization reactions in all organisms.
Each of these subdomains performs a distinct, yet highly coordinated function during template recognition, nucleotide
selection, and catalysis during the polymerization process in all organisms [3, 4]. Genome replication by DNA and RNA
polymerases is generally associated with two fundamental functions: sequential addition of nucleotides on a template
following Watson-Crick base pairing and proofreading; the latter ensures replication fidelity by removing
misincorporated nucleotides [3-7]. The RdRp of these highly pathogenic bat-borne human viruses is unique in that the
single enzyme performs dual function, that is, it replicates the viral genome and also transcribes the viral genes and
thus, making the enzyme central to the viral lifecycle. Its indispensable role in viral transcription and replication make
the enzyme as one of the highly attractive targets for the development of broad-spectrum antiviral drugs.

All three bat-borne viruses possess a negative-strand RNA genome. The negative-strand RNA viruses are broadly
classified into segmented and non-segmented viruses. Examples of families of non-segmented, negative-strand RNA
viruses (nsNSVs) with a single-stranded RNA genome belong to the order Mononegavirales and include the following
families: Filoviridae (e.g., Marburg virus (MARV) and Ebola virus (EBOV), Paramyxoviridae (e.g., Nipah virus),
Pneumoviridae (e.g. respiratory syncytial virus), Rhabdoviridae (e.g. rabies virus), Bornaviridae (e.g., Borna viral
diseases, Nyamiviridae (e.g., nyaviruses that infect birds and reptiles), Mymonaviridae (e.g., mycoviruses that infect
fungi), etc. The order Mononegavirales includes many of the important human pathogenic viruses, such as rabies
(RABV), MARV, EBOV, Nipah (NiV), measles (MeV), mumps (MuV), etc. The MARV and EBOV are enveloped, bat-borne
nsNSVs, capable of causing severe human diseases with potentially fatal outcomes. They cause filovirus disease
characterized by severe haemorrhagic fever with up to 90% fatalities [8]. However, the other bat-borne virus, the Nipah
virus, is also enveloped nsNSV from the Henipavirus genus, and causes lethal encephalitis with a mortality rate of
approximately 90%. (However, the SARS-CoVs, MERS-CoV and other human CoVs are also enveloped viruses and
possess a non-segmented, but positive-strand RNA genome). The classification of these bat-borne viruses, their natural
reservoir(s) and their intermediary hosts are discussed in the previous publication by the author [7].

The MARV and EBOV which belong to the Filoviridae family, consists of two genera: EBOV with five distinct species,
including the Zaire Ebolavirus (EBOV) and the Marburgvirus (MARV) with a single species. The RNA genomes of EBOV
and MARYV are approximately 19 kb in length and encode seven structural proteins (Fig. 1). The proofreading (PR)
function in these three bat-borne viruses was found to be associated with the PRNTase domain and a detailed analysis
of the PR domain has already been reported [7]. In this communication, a structural and functional analysis of the
replicase/transcriptase systems of these bat-borne human pathogenic viruses is reported.

1.1 Genome organization of Marburg, Ebola and Nipah Viruses

As mentioned above, the MARV and EBOV genomes are approximately 19 kb in size and encode seven viral proteins in
tandem. They include: nucleoprotein (N) and other viral proteins such as VP35, VP40, glycoprotein (GP), VP30, VP24,
and a large protein (L) (Fig. 1A) [9, 10]. They produce monocistronic mRNAs, corresponding to each of the viral genes
with the ‘gene-start (GS) and gene-end (GE)’ signals on the viral RNA.
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Figure 1A: Schematic diagram showing the organization of viral genes in EBOV and MARV genomes (~19 kb);
(Zaire EBOV-18,957 nts; Lake Victoria MARV-19,111 nts). -, intergenic regions (IRs)

Ebola and Marburg viral genes are arranged in a linear order (3'-NP-VP35-VP40-GP-VP30-VP24-L-5 ") (Fig. 1A). The
genes are flanked by conserved GS and GE signals that either overlap or are separated by short IRs, generating each
mRNA with a 5’-cap and 3’-polyadenylated tail. However, during replication the polymerase synthesizes a full-length
complementary antigenome as an intermediate for genomic RNA production regardless of the transcriptional signals.
The cofactor VP35 is a multifunctional protein which is not only required for suppression of the host’s innate immune
response, but also cooperates with the L protein to perform viral genome replication and mRNA transcription [10, 11].
NP, VP35, and L, were found to be essential and sufficient for replication. In contrast to MARV, the EBOV-specific
transcription is dependent on the presence of a fourth nucleocapsid protein, VP30 [12]. Located at the ends of the
genomes are the 3'leader (Le(-)) and the 5' trailer (Tr(-) [10].

On the other hand, the NiV genome consists of six transcriptional units, encoding Nucleoprotein (N), Phosphoprotein
(P), Matrix protein (M), Fusion protein (F), Glycoprotein (G), and the large protein (L). These genes are transcribed in a
sequentially attenuated order with the consensus ‘gene-start (GS) and gene-end (GE)’ sequences generating each mRNA
with a 5’-cap and 3’-polyadenylated tail similar to MARV and EBOV [13]. Located at the ends of the NiV genome are the
3'leader (Le(-)) and the 5' trailer (Tr(-) as in MARV and EBOV genomes. However, during replication, the polymerase
synthesizes a full-length complementary antigenome as an intermediate for viral genomic RNA production regardless
of the transcriptional signal sequences as in MARV and EBOV. It is interesting to note that the ‘P’ ORF also encodes
three more non-structural proteins, viz. C, V.and W, which play key roles in NiV’s pathogenicity [14] (Fig 1B).

33— N P M F G L —s5'
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C-V-W

Figure 1B: Schematic diagram showing the organization of the genes in the NiV genome (~18 kb; 18, 246 nts).

The RNA of the P gene is edited to generate the V and W proteins, when additional guanines are inserted at the RNA editing site due
to the stuttering of the RNA polymerase during transcription. Thus, the P, V, and W proteins share a common N-terminal domain, but
each has a unique C-terminal domain. On the other hand, the C protein is encoded in an alternative reading frame of the P gene [15].

1.2  Organization of the L protein in Marburg, Ebola and Nipah Viruses

The L protein is extensively studied and has a molecular mass of ~250 kDa, and consists of at least seven discernible
domains, viz. a N-terminal domain (NTD), an RdRp domain, a Guanosine diphosphate Polyribonucleotidyl Transferase
(PRNTase) domain, a Polymerase proofreading exonuclease (PR Exo) domain, a Connector domain (CD), a
Methyltransferase (MTase) domain, and a C-terminal domain (CTD). These enzymes and domains are organized
contiguously on the L protein as shown in Fig. 2. In MARV, EBOV and NiV, both transcription and replication are mainly
accomplished by the same enzyme, i.e., by an RdRp, (EC 2.7.7.48). Other enzymes and functional domains of the L
protein also play a key role in the transcription and replication. For example, the PRNTase performs capping of the
mRNAs and the MTase is a bifunctional enzyme and exhibits dual specificity, i.e., it methylates the ribose at 2’-0 position
on the first nucleotide of the transcript and then methylates the capped 5’-guanylate at N-7 position. The CD and the
CTD, both with nonenzymatic functions, flank the MTase. It is found that the PRNTase domain also harbours the
proofreading 3’'—5’exonuclease function [7]. In MARV and EBOV, the VP35 acts as a non-catalytic cofactor for the RdRp
whereas a phosphoprotein, P acts as a non-catalytic cofactor for the RdRp of NiV. Interestingly, all these essential
enzymes are considered for the development of potential antiviral drugs for effective control of these viruses, which is
further elaborated in the following sections.

The replication and transcription of viral genomes are mediated by a polymerase complex consisting of two proteins: L
and its cofactor VP35/P [16,17]. The polymerase cofactor VP35 acts as a trimer in MARV and EBOV RdRps, and the
cofactor P (~80 kDa), a phosphoprotein, acts as a tetramer in NiV RdRp [18]. The entire NTD, up to amino acid ~380 is
required for strong VP35-L/ P-L binding.
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Figure 2: Organization of the enzymes and domains of the L protein in Marburg (2331), Ebola (2212) and Nipah
(2244) viruses.

In the first phase of their lifecycle, the viruses enter the host cell via receptor binding and membrane fusion (Both MARV
and EBOV share an essential intracellular endosomal receptor called Niemann-Pick C1 (NPC1), and in NiV, the G protein
binds to the cell-surface receptor, viz. ephrin-B2 or -B3). The viral ribonucleoprotein complex, (consisting of the
genomic RNA encapsidated by the nucleoprotein), is released into the cytoplasm of the host cells. After uncoating, the
viral RNA acts as a template for synthesis of viral mRNAs, which is followed by protein synthesis using the protein
synthetic machinery of the host cells. In nsNS RNA viruses, the RNA genome is encapsulated by NP and further forms a
ribonucleoprotein (RNP) complex with L protein and its RdRp cofactor VP35/P (and additionally with the VP30 in
EBOV). In the transcription mode, the polymerase initiates at the 3’ genome promoter and produces capped, methylated,
and polyadenylated monocistronic mRNAs by recognizing ‘gene-start’ and ‘gene-end’ signals that flank each gene. In
replication mode, the same enzyme bypasses the regulatory signals to synthesize a full-length (+) strand antigenome
which serves as the template for the synthesis of new (-) sense strand viral genomic RNAs. Assembly of viral particles
begins with the formation of RNPs which accumulate in the perinuclear region and are transported by the microtubules
to the budding sites on the plasma membrane.

The mode of replication and transcription is very similar for these viruses. For example, the transcription and
replication are accomplished by the promoter at the 3’-leader region of the genome and antigenome. (It is interesting
to note that the nsNS RNA genomes possess complementary nucleotides at their 3’- and 5’-terminals. And because of
this complementarity, the promoters at the genome and the antigenome are almost identical to each other. Therefore,
the transcription and replication start from the same promoter element at the 3’-leader of the genomic and the
antigenomic RNAs). RNA synthesis by multiprotein complexes of EBOV, human influenza B, RSV and monomeric
enzymes of hepatitis C and Zika viruses require a 5'-phosphorylated primer with a minimum primer length between
two and three nucleotides. During the replication mode, the RdRp with NP, VP35/P bound to the viral RNA becomes
super processive, and ignores the regulatory sequences and replicates the entire viral genome without any pause. Thus,
the viral RNA replication is a two-step process, i.e., in the first step, a full-length copy of the genome with positive
polarity is synthesized, which is also known as the antigenomic RNA. The antigenomic RNA, that is the plus-strand
intermediate RNA, is concurrently encapsidated by the viral nucleocapsid protein N. The encapsidated antigenome now
serves as a template for the synthesis of viral genomic RNA4, i.e., the negative-strand RNA [7]. It has been shown that the
replication and transcription of viral genomes are mediated by a polymerase complex essentially consisting of two
proteins: L protein and its cofactor VP35 in MARV and EBOV which is analogous to the P protein of other nsNSVs [17,18].

1.3 The viral RdRp as a potential drug target in Marburg, Ebola and Nipah viruses

Consistent with their shared genome structure, the nsNS RNA viruses have evolved similar ways to transcribe their
genomes into mRNAs and then to replicate to produce new genomes. A single viral RdRp (of the L protein) performs
both functions. The transcribed viral mRNAs are then capped, methylated by the other two enzymes (PRNTase and
MTase) of the L protein. The poly-A tails are added to the mRNAs at their 3’-ends by a stuttering mechanism at a slippery
stop-site present at the end of the viral genes. The capped and tailed mRNAs are then translated into viral proteins in
the cytoplasm using the host cell machinery. In the transcription mode, the polymerase performs the sequential
transcription of all the mRNAs using a ‘termination-reinitiation’ mechanism that responds to ‘GS and GE’ signals. Some
polymerases could also disengage from the template at each gene junction, resulting in decreasing abundance of
transcripts from the 3' to the 5' end of the genome. Once enough nucleocapsid proteins (N) are made from its mRNA,
the viral RNA is now tightly encapsidated by the N and thus, the RdRp switches from transcription to the replication
mode, which is tightly linked to the intracellular concentrations of N. As discussed elsewhere, in the replication mode,
the polymerase replicates the entire viral genome without recognizing the transcription signals, and the replicated
genome is not capped or polyadenylated. Thus, the RdRp of these RNA viruses plays a dual role, first as a transcriptase
and then as a replicase (except in retroviruses) in animal and human cells. Therefore, RARp from these viruses has been
the main target for antiviral drug development to control their proliferation in animal and human cells.

2  MATERIALS AND METHODS

Full-length L protein sequences from the MARV, EBOV and NiV were obtained from the PubMed and Swiss-Prot
databases. The advanced version of Clustal Omega was used for MSA analysis [19, 20]. The conserved motifs and
sequence similarities identified by the bioinformatics analysis are integrated with the data already available from
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biochemical, SDM, cryo-EM, and X-ray crystallographic analyses on these enzymes to arrive at the potential polymerase
active site amino acids in the RdRps of the MARV, EBOV and NiV.

3 RESULTS AND DISCUSSION

Figure 3 shows a part of the NTD and RdRp domains in the L protein of different strains of the MARV (only the region
required for the discussion is shown here). The MARV (MARV/Mus) is a highly virulent variant of the MARV which was
identified from a human case in 1980 in Kenya and is used as the standard strain and is highlighted in yellow. Besides,
Musoke is a cornerstone strain for understanding filovirus infections in general, which is characterized by a severe,
often fatal, haemorrhagic fever and multi-organ failure in humans and non-human primates [21]. The tentative region
that harbours the RdRp domain is shown by arrows. The region is highly conserved with a large number of conserved
peptides from the N-terminal to the end of the RARp domain. The NTD harbours a putative -DH- type HNH-endonuclease
motif except in Dianlovirus menglaense L protein (highlighted in magenta). Interestingly, a complete set of putative
conserved amino acid residues constituting the polymerase catalytic core was identified by sequence similarity within
the RARp domain and is highlighted in yellow. This catalytic core identification is strongly supported by the data from
RNA/DNA polymerases from viruses to humans (Table 1). Interestingly, all the strains of the MARV use the same
completely conserved catalytic core, viz.- 56INIGR- 4TFGK568LPYRVRNVQTLAEALLAD‘iLAK as shown in Fig. 3. In most
of the RNA/DNA polymerases the template-binding pair is -Y/F/V/LG-. However, an -LA- pair is identified here by
sequence similarity and distance conservations. The metal-binding motifs, viz. -634TDL- and -744GDNQ- are completely
conserved in all. These data are further confirmed by the cryo-EM map of the MARV polymerase [16]. The invariant Ds
in these motifs are implicated in the catalytic MgZ+-binding. (Interestingly, a tripeptide tandem repeat is observed within
the polymerase catalytic core (marked by arrows) (Table 1). The NTD of the MARV also harbours a putative polymerase
catalytic core region (highlighted in yellow). Additionally, a completely conserved -FDD -motif (highlighted in light
green) is also found in the RdRp of all strains (Fig. 3). Other interesting features of the MARV RdRp are the presence of
a putative -HH- type HNH-endonuclease motif (highlighted in magenta) and two putative Zinc-binding motifs (ZBMs)
(highlighted in orange) [22]. The HNH-endonuclease motif and its relevance are discussed elsewhere.

CLUSTAL O (1.2.4) MSA of the NTD and RdRp domains from different strains of MARV and from various regions.
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Dok ok n ok ko ok ok ke ke s k[ ek ke ke sk o e e e ek e

ZBM—P>

trIAOA3Q8U7G4\AOA3Q8U7G479MONO TEREQKESLLHQASW SASIGDNAIVRGASFEV| KYJ AFRYEFTKPFID Y 660
tr | AOAOU2VUG68 | AOAOU2VUG8_9MONO TEREQKEALLHQASW SASIGENAIVRGASEV] SKYNLAFRYEFTRHFID Yy 659
sp|lQ1PDC4 | L_MABVR TEREQKEALLHQASW SASIGENAIVRGASEV] KYN[LAFRYEFTRHF I D Yy 659
trIQlFDA3\QlPDA379MONO TEREQKEALLHQASW SASIGENAIVRGASEV] KY]J AFRYEFTRHEID Y 659
Sp1Q6UY63 | L_MABVO TEREQKEALLHQASW, SASIGENAIVRGASEV] KYNLAFRYEFTRHEIN [y 659
sp|P31352|L_MABVM TEREQKEALLHQASWHHNSASIGENAIVRGASFVTDLEKYNLAFRYEFTRHFIDYCNRCY 659
tr|Q1PD47\QlPD477MAEvA TEREQKEALLHQASW| SASIGENAIVRGASEYV] AFRYEFTRHEID Y 659
sp|P35262|L_MABVP TEREQKEALLHQASW, SASIGENAIVRGASEV] AFRYEFTRHFID Yy 659
tr|G9HWE8\G9HWE879MONO TEREQKEALLHQASWHHINSASIGENAIVRGASFEV| KYN AFRYEFTRHFID Y 659

e ek e e e e e PR ke ke ko SRR T PR Y Y

ZBM ¢——

tr | AOA3Q8U7G4 | AOA3Q8U7G4_9MONO GVKNLEFDWMHFELI P SDYYSPPYGLNAENRERPPECENGYYYHLGGIEGFQQKLW 720
tIIAOAOUZVUGB\AOAOUZVU6879MONO GVKNLFDWMHFELTI PIL{C| SDEYSPPHCVTENNRNNPPDCANAYHYHLGGIEGLQQOKLW 719
sp | Q1PDC4 | L_MABVR GVKNLEFDWMHFLIPIC SDFYSPPHCVTENNRNNPPDCANAYHYHLGGIEGLOOKLW 719
t?|Q1PDA3\Q1PDA379MONO GVKNLFDWMHFL I PT{C] SDEFYSPPHCVTENNRNNPPDCANAYHYHLGGIEGLQOKLW 719
Sp|Q6UY63\L7MABVO GVKNLEFDWMHELT PT|C] SDEYSPPHCVTEDNRNNPPDCANAYHYHLGGIEGLQOKLW 719
sp|P31352|L_MABVM GVKNLEDWMHFELIPLCYMHVSDFYSPPHCVTEDNRNNPPDCANAYHYHLGGIEGLQOKLW 719
tr|Q1PD47 |Q1PD47_MABVA GVKNLFDWMHFLI PIJC SDFYSPPHCVTEDNRNNPPDCANAYHYHLGGIEGLOQKLW 719
Sp|P35262\L7MABVP GVKNLEFDWMHELTI PIL|C| SDEYSPPHCVTEDNRNNPPDCANAYHYHLGGIEGLQOKLW 719
tr | GOHWES | GSHWES__9MONO GVKNLFDWMHFLIPIC SDFYSPPHCVTEDNRNNPPDCANAYHYHLGGIEGLOOKLW 719

FSSVRUS USSR S Y DS . .. . [

ZBM

tr | AOA3Q8U7G4 | AOA3Q8U7G4_9MONO QITLVELRTRLKLKSCV TTLSLFQ ITTPENQEKIAELNAARVAVEL 780
trIAOADUZVUGB\AOAOUZVU6879MONO QOITLVELKTKLKLKSSVI TTLSLEPT] PNDYQENEAELNAARVAVEL 779
sp|1Q1PDC4 | L_MABVR QITLVELKTKLKLKSSV] TTLSLEPIDAPNDYQENEAELNAARVAVEL 779
tr|Q1PDA3\Q1PDA379MONO QOITLVELKTKLKLKSSVI TTLSLFPT] PNDYQENEAELNAARVAVEL 779
SplQ6UY63 | L MABVO QITLVELKTKLKLKSSV] TTLSLEPIDAPNDYOENEAELNAARVAVEL 779
sp|P31352|L_MABVM TCISCAQITLVELKTKLKLKSSVMGDNQCITTLSLFPIDAPNDYQENEAELNAARVAVEL 779
tr|Q1PD47\Q1PD477MAEVA IClT QOITLVELKTKLKLKSSVI TTLSLFEP PNDYQENEAELNAARVAVEL 779
sp|P35262 | L_MABVP LCLJ OITLVELKTKLKLKSSV TTLSLEPI] PDDYQENEAELNAARVAVEL 779
tr | GOHWES | GOHWES__9MONO CJr S| pQITLVELKTKLKLKS SV TTLSLEPIHAPDDYOENEAELNAARVAVEL 779

Y [ SO ) oSS S . e e
tr|A0A3Q8U7G4\AOA3Q8U7G479MONO ANITGFSGIFLKPEETFVHSGFIYFGKKQYLNGIQLPOSLKTMARCGPLSDSIEDDI.OGS 840
tr | AOAOU2VU68 | AOAOU2VUGE8_ 9MONO AITTGYSGIFLKPEETFVHSGFIYFGKKQYLNGVQLPQSLKTMARCGPLSDSIFDDLQGS 839
sp | Q1PDC4 | L_MABVR AITTGYSGIFLKPEETFVHSGFIYFGKKQYLNGVOLPOSLKTMARCGPLSDSIEDDL.OGS 839
trIQlFDA3\QlPDA379MONO AITTGYSGIFLKPEETFVHSGFIYFGKKOQYLNGVOLPOSLKTMARCGPLSDSIEFDDLOGS 839
sp | Q6UY63 | L_MABVO AITTGYSGIFLKPEETFVHSGFIYFGKKQYLNGVOLPOSLKTMARCGPLSDSIEDDLOGS 839
sp|P31352\L7MABVM AITTGYSGIFLKPEETFVHSGFIYFGKKQYLNGVOLPOSLKTMARCGPLSDSIFDDLQOGS 839
tr | QlPD47 | Q1lPD47_MABVA 839
sp|P35?67\L7MARVP AITTGYDGIFLKPEETFVHSGFIYFGKKQYLNGVQOQLPOSLKTMARCGPLSDSIEFDDLOGS 839

AITTGYSGIFLKPEETFVHSGFIYFGKKQYLNGVQLPQOSLKTMARCGPLSDSIEDDLOGS 839
* Aok s Ak ok ko ko kA kA kA kR R 3 ok R kK kK ok ok ok ok ok ok ok ok ok ok ko e ok e ok ok

AITTGYSGIFLKPEETFVHSGFIYFGKKQYLNGVQLPOSLKTMARCGPLSDSIEFDDY.OGS
tr | GOHWES8 | GOHWES8__ 9MONO

RARP 4—— —Pp PRNTase

tr |AOA3Q8U7G4 |A0OA3Q8U7G4_9MONO LASIG |TAFERGISETRHIFPSRWVAAFHSFTAVNLLNSTHLGFPANTSLDIVSLGKPLTY 900
tr |AOAOU2VU68 |A0OAOU2VU68_9MONO LASIG |TSFERGASETRHIFPSRWIAAFHSMLAVNLLNQNHLGFPLGFSIDVSCFKKPLTEF 899
sp|Q1PDC4 |L_MABVR LASIG |TSFERGASETRHIFPSRWIAAFHSMLAVNLLNONHLGFPLGFSIDVSCFKKPLTE 899
tr|Q1PDA3|Q1PDA3_9MONO LASIG |TSFERGASETRHIFPSRWIAAFHSMLAINLLNOQNHLGFPLGFSIDVSCFKKPLTEF 899
sp|Q6UY63|L_MABVO LASIG |TSFERGTSETRHIFPSRWIASFHSMLAINLLNONHLGFPLGFNIDISCFKKPLTF 899
sp|P31352|L_MABVM LASIG |TSFERGTSETRHIFPSRWIASFHSMLAINLLNOQNHLGFPLGFNIDISCFKKPLTE 899
tr|Q1PD47|Q1PD47_ MABVA LASIG |TSFERGTSETRHIFPSRWIASFHSMLAINLLNONHLGFPLGFNIDISCFKKPLTF 899
sp|P35262|L_MABVP LASIG |TSFERGTSETRHIFPSRWIASFHSMLAINLLNONHLGFPLGFSIDISCFKKPLTF 899
tr | GOHWES | GOHWES_9MONO LASIG TSFERGTSETRHIFPSRWIASFHSMLAINLLNQNHLGFPLGFSIDISCFKKPLTF 899
Kok KKk sk kkk kkkkkkkkkkok gk g okkk o kykkkk  kkkkk Lk L Kkkk

//End of Marburg viral L protein sequences

tr |AOA3Q8U7G4 |AOA3Q8U7G4_9MONO ICKNHLIEKCCTNADQHLVKLDFLKNTTVAEEKFLNRIVGLIIMFPSGIN-—-—-—-——— 2276
tr |AOAOU2VU68 |AOAOU2VU68_9MONO VCITHVDHECIGCERRLLLKLDEVRNTKIAEQKLLNRVIGYILFFPFGFSRPK———— 2327
sp|Q1PDC4|L_MABVR VCITHVDHECIGCERRLLLKLDEFVRNTKIAEQKLLNRVIGYILFFPFGFSRPK—-——— 2327
tr|Q1PDA3|Q1PDA3_ 9MONO VCITHVDHECIGCERRLLLKLDFVRNTKIAEQKLLNRVIGYILFFPFGFSRPK—-—-— 2327
sp|Q6UY63|L_MABVO VCIVHVDHECFGCEKRLLLKLDFIRNTKIAEQKLLNRVIGYILFFPFGLSKSRSLRA 2331
sp|P31352|L_MABVM VCIVHVDHECSGCEKRLLLKLDFIRNTKIAEQKLLNRVIGYILFFPFGLFKSGSLRA 2331
tr|Q1PD47|Q1PD47_MABVA VCIVHVDHECFGCEKRLLLKLDFIRNTKIAEQKLLNRVIGYILFFPFGLFKSGSLRA 2331
sp|P35262|L_MABVP VCIVHVDHECFGCEKRLLLKLDFIRNTKIAEQKLLNRVIGYILFFPFGLFKSESLTA 2331
tr | GOHWES | GOHWES8_9MONO VCIVHVDHECFGCEKRLLLKLDFIRNTKIAEQKLLNRVIGYILFFPFGLFKSESLRA 2331

I ke ek s KAk k g kK sAhk ik akkkg ok Kgikk K,

AO0A3Q8U7G4_9MONO RNA-directed RNA polymerase L, Dianlovirus menglaense
AO0A0U2VUG8_9MONO RNA-directed RNA polymerase L, Orthomarburgvirus marburgense
Q1PDC4|L_MABVR RNA-directed RNA polymerase L, Lake Victoria Marburgvirus (strain Ravn-87)
Q1PDA3 _9MONO RNA-directed RNA polymerase L, Lake Victoria Marburgvirus - DRC1999
Q6UY63|L_MABVO RNA-directed RNA polymerase L, Lake Victoria Marburgvirus, (strain Ozolin-75)
P31352|L_MABVM RNA-directed RNA polymerase L, Lake Victoria Marburgvirus (strain Musoke)
Q1PD47_MABVA RNA-directed RNA polymerase L, Lake Victoria Marburgvirus (strain Angola 2005)
P35262|L_MABVP RNA-directed RNA polymerase L, Lake Victoria Marburgvirus (strain Popp-67)
G9HWES8_9MONO RNA-directed RNA polymerase L, Lake Victoria Marburgvirus — Leiden

Figure 3: MSA of the NTD and RdRp domains from different strains of MARV and from various origins

Figure 4 shows a part of the NTD and RdRp domains from different strains of EBOV and from different geographical
regions. EBOV (Zaire) is used as the standard and highlighted in yellow (only the region required for the discussion is
shown here). The tentative region that harbours the RdARp domain is shown by arrow marks. The NTD is not highly
conserved except for a region at the very beginning of the domain which shows a putative ZBM and a putative
polymerase (Pol2) active site core (highlighted in yellow). However, the RARp domain shows a large number of highly
conserved peptides. Interestingly, a complete set of conserved polymerase catalytic core (Pol1) active site amino acids
are identified in this region (highlighted in yellow). These identified catalytic core active site amino acids are in close
agreement with alarge number of RNA/DNA polymerases from viruses to humans (Table 1). Interestingly, all the strains
of the EBOV use the same completely conserved amino acids in the catalytic core, viz.- 38NVGR-
4TFGK565LPYPTRNVQTL_CE‘XLﬂGLAKAFP- as shown in Fig. 4. In most of the RNA/DNA polymerases the template-
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binding pair is -Y/F/V/LG-. However, an -LA- pair is found here by sequence similarity as in MARV RdRp. The metal-
binding motifs, viz. -631TDL- and -741GDNQ- are completely conserved in all. Muhlberger et al. and Schmidt et al. [12, 23]
provided the first experimental evidence to show that the -GDNQ- motif is indeed essential for both EBOV genome
replication and transcription. This was further corroborated by MSA of the RdRps from a large number of non-
segmented, negative strand viruses. When this motif was mutated by substituting of the -DNQ- sequence to 3 Ala
residues, they found that this motif was essential for both viral genome replication and transcription. Their finding was
further corroborated by an additional SDM experiment where only the D in the -GD742NQ- was substituted to an Ala742
and the EBOV D742-A mutant enzyme lacked the ability to extend the primer in the presence of Mg2+ [24]. The EBOV
also harbours an additional putative Pol 2 catalytic core region at the NTD (highlighted in yellow). The 3D structure
showed that the RdRp domain of EBOV L folds into the canonical right-handed fingers-palm-thumb architecture
observed in most of the RNA viral polymerase structures [17]. They also further confirmed that the D742—A mutant did
not produce any transcript. Additionally, as in MARV RdRp, an -FDD -motif is completely conserved (highlighted in light
green) in all (Fig. 4). Recently, it was found that the MARV polymerase and the invariant Ds in these motifs are implicated
in the catalytic Mg?*-binding by cryo-EM mapping [16]. Interestingly, a tripeptide tandem repeat is observed within the
polymerase catalytic core (marked by arrows) asin MARV. Other interesting features of the EBOV RdRp are the presence
of a putative HNH- endonuclease motif (highlighted in magenta) and two putative zinc-binding motifs (ZBMs)
(highlighted in orange). The HNH-endonuclease motif and its relevance is discussed elsewhere.

CLUSTAL O (1.2.4) MSA of the NTD and RdRp domains of different strains of EBOV and from different origins

<4—— ZBM —»

tr\G8EFI9|G8EFI979MONO ———-MQEAQYPDARLSSPIVLD LVARACNLYSNYSYNPTLKHCRLPHHIYRLQYDIAV 57
tr | AOACD3VMIS8|AOACD3VMIS_ 9MONO ———MQEAQYPDARLSSPIVLD LVARACNLYSNYSYNPTLKHCRLPHH[ YRLOYDIAV 57
tr\AOA343EQF6\AOA343EQF679MONO —-MASSHTQYPDARLSSPIVLD LVTRACHEIFSAYSLNPQLKYCRLPHHI YRLRYDPTV 59
spl1Q05318|L_EBOZM —-MATQHTQYPDARLSSPIVLDQCDLVTRACGLYSSYSLNPQLRNCKLPKHIYRLKYDVTV 59
tr | AOAOE3KN53 | AOAOE3KN53_9MONO -MATQHTQYPDARLSSPIVLD LVTRACELYSSYSLNPOLRNC YRLKYDVTV 59
tr\B8XCP4|B8XCP4_9MONO —MATQHTQYPDARLSSPIVLD LVTRACHLYSAYSLNPQLKNC YRLKYDTTV 59
tr | AOAOU3BG92 | AOAOU3BG92_9MONO -MATQHTQYPDARLSSPIVLD LVTRACELYSAYSLNPQLKNC YRLKYDTTV 59
tr\B8XCN5|B8XCN579MONO —-MATQHTQYPDARLSSPIVLD LVTRACHELYSSYSLNPQLKNC YRLKFEDATV 59
tr | R4AQUHS5 | R4QUHS5_9MONO -MATQHTQYPDARLSSPIVLD LVTRACELYSSYSLNPQLKNC YRLKFDATV 59
Sp\Q5XXOlIL7EBOSU MMATQHTQYPDARLSSPIVLDOLCHPLVTRACELYSEYSLNPKLKTC YRLKYDTIV 60
Sp\QBJPX5IL7EBORR -MATQHTQYPDARLSSPIVLD LVTRACELYSSYSLNPQLRQC YRLKEFDTIV 59
ik kkk ok kkx ok k ok kg kk s x Ak sk ke kx x| ks k *
Pol 2 NTD
tr\GBEFI9|GSEFI979MONO TIGINTMIDLGTFHNSAKKILLNERIIDEAVTWLDLVVAARRARM NTYRSTWYASGEL 177
tr\AOACD3VMI8\AOACD3VM1879MONO TIGINTMIDLGTFHNSAKKILLNERIIDEAVTWLDLVVAARRARMN NIYRSIWYASGEL 177
tr | AOA343EQF6 | AOA343EQF6_9MONO TTGSEEKEGNLTANPALKNVILKNEFLPQLYFWYDLAILARRGRL NARS[FTWEVHDKL 179
SP\QO5318IL_EBOZM NVGAQEDCVDEHFQEKILSSIQGNEFLHOMFFWYDLAILTRRGRLNRGNSRSTWEVHDDL 179
tr | AOAOE3KN53 | AOAOE3KN53_9MONO NVGAQEDCVDEHFQEKILSSIQGNEFLHOMFFWYDLAILTRRGRLNRGNYRS[TWEVHDDL 179
tr\BBXCP4|B8XCP479MONO RAGVHNDHVDRDFGQKIRNLICDNEVLHOMFHWYDLAILARRGRLN NNRST'WEASDNL 179
tr | AOAOU3BG92 | AOAOU3BG92 9MONO RAGVHNDHVDRDFGQOKIRNLICDNEVLHOMFHWYDLAILARRGRLNRIGNNRS[FWFASDNL 179
tr | B8XCN5 | B8XCN5_9MONO HVGVHDDNVGKNFEPKIKALIYDNEFLQQLFYWYDLAILTRRGRL NNRS[FWFANDDL 179
tr\R4QUH5|R4QUH5_9MONO HVGVHDDNVGKNFEPKIKALIYDNEFLQQLEFYWYDLATILTRRGRLN NNRSWEANDDL 179
Sp\QSXXOlILiEBOSU QIKTQEGVITDQLKONIRRVIHKNRYLSALFFWHDLATILTRRGRMN NYRSIWEVTNEV 180
sp|Q8JPX5|L_EBORR ATGAQDHLTNIATREKLKNEILNNDYVHQLFFWHDLSILARRGRL NNRS[TWEVHDEF 179
‘ ... P JRFUFIEF [ I
<+ —
tr\GBEFI9|G8EFI979MONO IDILGKGDYIFWKIPLKLLPLNKRGVPHASAPWYDPTTFKSCSEGSTVVVSISTVEVLLM 237
tr | AOACD3VMI8|AOACD3VMI8 9MONO IDILGKGDYIFWKIPLKLLPLNKRGVPHASAPWYDPTTFKSCSEGSTVVVSISTVEVLLM 237
tr | AOA343EQF6|AOA343EQF6_9MONO IDILG}GDYIFWKFPLSLLPMNENGIPHAAMDWYQRGLFQEAIQGYKYIVSVSTADVLIM 239
splQ05318|L_EBOZM IDILGYGDYVFWKIPISMLPLNTQGIPHAAMDWYQASVFKEAVQGHTHIVSVSTADVLIM 239
tr | AOAOE3KN53 | AOAOE3KN53_9MONO IDILG}KGDYVFWKIPISMLPLNTQGIPHAAMDWYQASVFKEAVQGHTHIVSVSTADVLIM 239
tr\BBXCP4|B8XCP479MONO VDILGKGDYIFWKIPLSLLPVDTQGLPHAAKDWYHESVFKEATIQGHTHIVSISTADVLIM 239
tr | AOAOU3BG92 | AOAOU3BG92 9MONO VDILGKGDYIFWKIPLSLLPVDTQGLPHAAKDWYHESVFKEAIQGHTHIVSVSTADVLIM 239
tr\BBXCN5|B8XCN579MONO IDILGKGDYIFWKIPLSLLSLNTEGIPHAAKDWYHASIFKEAVQGHTHIVSVSTADVLIM 239
tr\R4QUH5|R4QUH579MONO IDILGKGDYIFWKIPLSLLSLNTEGIPHAAKDWYHASIFKEAVQGHTHIVSVSTADVLIM 239
Sp\QSXXOlILiEBOSU VDILGKYGDYIFWKIPIALLPMNTANVPHASTDWYQPNIFKEAIQGHTHIISVSTAEVLIM 240
sp | Q8JPX5 | L_EBORR IDI|LGKGDYIFWKIPLSLLPVTIDGVPHAATDWYQPTLFKESILGHSQILSVSTAEILIM 239
JRPINY PRV AU Cikkks kL ... Lk ikk L sakak
NTD —P>RdRp __
tr|GSEFI9|GS8EFI9_9MONO LRAQOWCELFSIQKHWGHPVL| HSELAIAKVKKHGTCLKVLRPSIMFDTHCVFKYMVGKHH 416
tr\AOACD3VMI8\AOACD3VM1879MONO LRAQOWCELFSIQKHWGHPVL| HSELATAKVKKHGTCLKVLRPSIMFDTHCVFKYMVGKHH 416
tr |AOA343EQF6 | AOA343EQF6_9MONO STPQQECELFSIQKHWGHPIL| HSERAIQKVKRHATIMKALRPIVIFETYCVFKYSVAKHY 419
SP\QO5318IL7EBOZM MTPQQLCELFSIQKHWGHPVL| HSETAIQKVKKHATVLKALRPIVIFETYCVFKYSIAKHY 419
tr | AOAOE3KN53 | AOAOE3KN53_ 9MONO MTPQOI|CELFSIQKHWGHPVL| HSETAIQKVKKHATVLKALRPIVIFETYCVFKYSIAKHY 419
tr\BBXCP4|B8XCP479MONO ATPQOICELFSVQKHWGHPVL| HSEKAIQKVKKHATVIKALRPIIIFETYCVNFKYSTIAKHY 419
tr\AOAOU3BG92\AOAOUSBG9279MONO ATPQQOICELFSVQKHWGHPVL| HSEKATIQKVKKHATVIKALRPIIIFETYCVFKYSIAKHY 419
tr\B8XCN5|B8XCN579MONO STPOQIUCELFSVQKHWGHPVL| HSEKATIQKVKKHATVIKALRPVIIFETYCVFKYSIAKHY 419
tr | R4AQUHS5 | R4QUHS5_9MONO STPQOICELFSVQKHWGHPVL| HSEKAIQKVKKHATIIKALRPITIIFETYCVFKYSIAKHY 419
sp\QBXXOlILiEBOSU STPOOICELFSIQKHWGHPVL| HSEKAIQKVKNHATVLKALRPIIIFETYCNVFKYSVAKHEF 420
sp|Q8JPX5|L_EBORR LSPQQECZLFSVQKHWGHPILLHSEKAIQKVKRHATILKALRPNVIFET&CVFKYNIAKHY 419
o e sk ko k e Rk Rk Rk k% sk kkk gk k dRferer ok
tr|GBEFI9|G8EFI9 9MONO IFIKDRATAVESJCWDAVFEPNVLGYAPPMRFITKRVPEQFLAQEDFSLEAVISYAEKLQ 536
tr |AOACD3VMI8|AOACD3VMI8 9MONO IFIKDRATAVESJCWDAVFEPNVLGYAPPMRFITKRVPEQFLAQEDFSLEAVISYAEKLQ 536
tr |AOA343EQF6|AOA343EQF6 9MONO IFIKDRATAVEQNCWDAVFEPNVLGYNPPYRFTTKRVPEQFLEQENFSIDSVLNFAQSLD 539
splQ05318|L EBOZM IFIKDRATAVERTCWDAVFEPNVLGYNPPHKFSTKRVPEQFLEQENFSIENVLSYAQKLE 539
tr |AOAOE3KNS53 |AOAOE3KN53 9MONO IFIKDRATAVERTCWDAVFEPNVLGYNPPHKFSTKRVPEQFLEQENFSIENVLSYAQKLE 539
tr|B8XCP4 \BSXCP4_9MONO IFIKDRATAVEKCWNDAVFEPNVLGYNPPNKFATKRVPEQFLEQENFSIESVLHYAQRLE 539
tr |AOAOU3BGI92 IAOAOU3BG92_9MONO IFIKDRATAVEKICNDAVFEPNVLGYNPPNKFATKRVPEQFLEQENFSIESVLHYAQRLE 539
tr|B8XCNS5 \B8XCN5_9MONO IFIKDRATAVEKICNDAVFEPNVLGYSPPNKFSTKRVPEQFLEQENFSIDSVLTYAQRLD 539
tr |R4QUHS | R4QUH5_9MONO IFIKDRATAVEKICNDAVFEPNVLGYSPPNKEFSTKRVPEQFLEQENFSIDSVLTYAQRLD 539
sp|Q5XX01 | L_EBOSU IFIKDRATAVEQICNDAVFEPNVLGYSPPYRENTKRVPEQFLEQEDFSIESVLQYAQELR 540
sp | Q8JPX5 | L_EBORR IFIKDRATAVEQICNDAVFEPNVLGYNPPNKEFSTKRVPEQFLEQEDFSIESVLNYAQELH 539
*k ok ok ok ok ok ok ok ok ok Kk rkrkkkkkkhkk Kk 1k KKK KRXXKIAK Ak okk .. Ko Tk X

1177



World Journal of Advanced Research and Reviews, 2026, 31(02), 1171-1190

tr|GS8EFI9|G8EFI9_9MONO

tr | AOACD3VMIS8 | AOACD3VMIS_9MONO
tr |AOA343EQF6 |AOA343EQF6 9MONO
sp Q05318 |L_EBOZM

tr | AOAOE3KN53 | AOAOE3KN53_9MONO
tr|B8XCP4|B8XCP4_9MONO

tr | AOAOU3BG92 | AOAOU3BG92_9MONO
tr|BB8XCNS|B8XCN5_9MONO

tr | R4QUHS | R4QUHS5_9MONO

sp | Q5XX01|L_EBOSU
sp|Q8JPX5|L_EBORR

tr|G8EFI9|GBEFI9 9MONO
tr|AOACD3VMIS8 | AOACD3VMI8 9MONO
tr|AOA343EQF6 |AOA343EQF6 9MONO
sp Q05318 |L_EBOZM
tr|AOAOE3KNS53 | AOAOE3KN53 9MONO
tr|B8XCP4 |B8XCP4 9MONO
tr|AOAOU3BG92 | AOAOU3BGI2 9MONO
tr|B8XCNS5 |B8XCNS5 9MONO
tr|R4QUHS |R4QUHS 9MONO
spQ5XX01 |L_EBOSU

sp | Q8JPX5|L_EBORR

tr|G8EFI9|GBEFI9 9MONO
tr|AOACD3VMI8 | AOACD3VMI8 9MONO
tr|AOA343EQF6 |AOA343EQF6 9MONO
sp Q05318 |L_EBOZM
tr|AOAOE3KNS53 | AOAOE3KN53 9MONO
tr|B8XCP4 |B8XCP4 9MONO
tr|AOAOU3BG92 | AOAOU3BG92_ 9MONO
tr|B8XCN5 |B8XCN5 9MONO
tr|R4QUHS |R4QUHS 9MONO
sp|Q5XX01 |L_EBOSU

sp | Q8JPX5|L_EBORR

tr|G8EFI9|G8EFI9_9MONO

tr | AOACD3VMI8 | AOACD3VMIS8_9MONO
tr | AOA343EQF6|AOA343EQF6_9MONO
sp Q05318 |L_EBOZM

tr | AOAOE3KNS53 | AOAOE3KN53_ 9MONO
tr|B8XCP4|B8XCP4_9MONO

tr | AOAOU3BG92 | AOAOU3BG92_9MONO
tr | BEBXCN5 | B8XCN5_9MONO
tr|R4QUHS | RAQUHS__9MONO
spQ5XX01 | L_EBOSU
sp|Q8JIPX5 | L_EBORR

tr | GSBEFI9|G8SEFI9_ 9MONO

tr | AOACD3VMIS8 | AOACD3VMI8_9MONO
tr | AOA343EQF6 | AOA343EQF6_9MONO
sp Q05318 |L_EBOZM

tr | AOAOE3KN53 | AOAOE3KN53_ 9MONO
tr | B8XCP4 | B8XCP4_ 9MONO

tr |AOAOU3BG92 |AOAOU3BG92_9MONO
tr | B8XCNS5 | B8XCN5_9MONO

tr | R4QUHS | RAQUHS5__9MONO
splQ5XX01|L_EBOSU
sp|Q8JPX5|L_EBORR

tr |GS8EFIQ|G8EFI9_9MONO

tr |AOACD3VMIS8 | AOACD3VMI8 9MONO
tr | AOA343EQF6 | AOA343EQF6_9MONO
sp1Q05318|L_EBOZM

tr | AOAOE3KNS53 | AOAOE3KN53_9MONO
tr|B8XCP4|B8XCP4_9MONO

tr | AOAOU3BG92 | AOAOU3BG92_9MONO
tr | BEBXCN5 | B8XCN5_9MONO

tr |R4QUHS | RAQUHS__9MONO
sp1Q5X%X01 | L_EBOSU
sp|Q8JIPX5 | L_EBORR

//End of Ebola viral L protein
tr | GSEFI9|G8EFI9_9MONO

tr | AOACD3VMIS8 | AOACD3VMIS 9MONO
tr | AOA343EQF6 | A0OA343EQF6_9MONO
sp1Q05318|L_EBOZM

tr | AOAOE3KNS53 | AOAOE3KN53_ 9MONO
tr|B8XCP4|B8XCP4_9MONO

tr | AOAOU3BG92 | AOAOU3BG92_9MONO
tr | BE8XCNS5 | B8XCN5_9MONO

tr | R4QUHS | R4QUHS5__9MONO

sp | Q5XX01 | L_EBOSU

sp | Q8JPX5 | L_EBORR
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IGTAFERAIAESRHIIFPIRI
IGTAFERSISETRHIILPCRT

AIQSYLAVKVLOENHLGFPKNT |[DLGVLALGKPISAKMI
AFHTFFSVRILOHHHLGFNKGT |[DLGOQLAISKPLDFEGTTI
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AFHTYFSVRILOHHHLGFHKGS | DLGQLAINKPLDEGTI
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G8EFI9_9MONO RNA-directed RNA polymerase L, Cuevavirus lloviuense
AOACD3VMI8_9MONO RNA polymerase, Cuevavirus lloviuense
AOA343EQF6_9MONO RNA-directed RNA polymerase L, Bombali virus

QO05318|L_EBOZM RNA-directed RNA polymerase L, Zaire Ebolavirus (strain Mayinga-76)

AOAOE3KN53_9MONO RNA-directed RNA polymerase L, Ebola virus
B8XCP4_9MONO RNA-directed RNA polymerase L, Tai Forest ebolavirus

AOA0U3BG92_9MONO RNA-directed RNA polymerase L, Tai Forest ebolavirus

B8XCN5_9MONO RNA-directed RNA polymerase L, Bundibugyo virus
R4QUH5_9MONO RNA-directed RNA polymerase L, Bundibugyo virus

Q5XX01|L_EBOSU RNA-directed RNA polymerase L, Sudan ebolavirus (strain Human/Uganda/Gulu/2000)
Q8JPX5|L_EBORR RNA-directed RNA polymerase L, Reston ebolavirus (strain Reston-89)

Figure 4: MSA of the NTD and RdRp domains of different strains of EBOV and from different origins
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Figure 5 shows the MSA of a part of the NTD and RdRp domains of NiV and its related viruses. Nipah and its related
species. The NiV and its related Hendra virus are used as the standards and highlighted in yellow (only the region
required for the discussion is shown here). The tentative region that harbours the RdRp domain is shown by arrow
marks. The N-terminal region is not highly conserved and shows numerous of gaps and a few highly conserved large
peptides are found in this domain (data not shown). However, the RARp domain shows high conservations and a large
number of highly conserved residues. Interestingly, a complete set of conserved, putative catalytic core active site amino
acids are identified in this region and are highlighted in yellow. This catalytic core is in close agreement with a large
number of RNA/DNA polymerases from viruses to humans (Table 1). Interestingly, all the strains of the Nipah and their
related viruses use the same set of completely conserved amino acids in the catalytic core, viz. -348QAGR-
4LF553AK555MTYKMR561ACQMAMGVGKYF- as shown in Fig. 5 (the amino acids highlighted grey are from cryo-EM
data). The two completely conserved metal-binding motifs, viz. -721TDL- and -830GDNQ- are found in the RdRp of NiV
species as reported for the other two bat-borne viruses, viz. MARV and EBOV. Wang et al. [25] have shown that the -
830GDN- motif is found to be in the active site region of the polymerase by cryo-EM analysis which is in agreement with
the MSA analysis. Furthermore, they found that the six amino acids that line the channel, Lys+74, Arg5%4, Arg>4, Phe553,
Arg561, and Lys8%4, are conserved among the EBOV, RSV, and NiV RdRp structures. They suggested that the five positively
charged amino acids are likely to interact with the RNA backbone, whereas the sixth one, the Phe553, could interact with
RNA bases (guanine in EBOV and cytosine in RSV, respectively) through m-m interactions [25]. It is interesting to note
that these two amino acids, Phe553, Arg561 (highlighted in grey) are also found within the catalytic core of the NiV RdRp
by MSA analysis (Fig. 5). The MSA analysis has also identified an additional DxD type metal-binding motif (highlighted
in light green).

Recently, structural insights into the NiV RdRp complex have emerged at an unprecedented pace. It is interesting to note
that Peng et al. [26] found by cryo-EM analysis that one of the critical amino acids identified in the catalytic core (R551)
by MSA analysis in the present study, is actually in the binding interface amino acid residues, viz. E291, K542, R551, K724,
N833, and K893 which are conserved in all the nsNS RNA viruses, suggesting the broad-spectrum inhibition of suramin
(a synthetic molecule and a century-old medication primarily used to treat the early stage of African sleeping sickness
and river blindness) against different nsNS RNA viruses could be by occluding the substrates from entering the active
site. Arecentreportby Sala and Hellen [27] found that the incoming nucleotide is stabilized within the active site groove
through interactions with R551 from the fingers’ domain, the template C10 base, and a coordinated magnesium ion. Their
findings further corroborate the MSA analysis result, in identifying R551 in the nucleotide discrimination site. In support
of this conclusion, Hu et al. [28] found by cryo-EM mapping that the side chain of R551 interacts with the phosphates of
the incoming nucleotide during RNA elongation, while the side chains of D832 of -GD832NE- motif and D722 of the -TD722L-
motifs coordinate the active site metal ion. They also found that the D832— A mutant was inactive. These findings were
further confirmed by Balikei et al. [29] where substitution of the catalytic active site Asp with Ala at position 832
(D832-5A), resulted in the absence of any RNA product, indicating the loss of polymerase activity. Interestingly, a
tripeptide tandem repeat is observed within the polymerase catalytic core (marked by arrows) as in MARV and EBOV.

In addition to the above conserved motifs, two putative ZBMs are also found in this domain (highlighted in orange)
which could play a role in maintaining the structural integrity of the RdRp. A marked difference between the MARV and
EBOV RdRps is the absence of the HNH-endonuclease motif in the NiV RdRp (Fig. 4).

CLUSTAL O (1.2.4) MSA of RdRp domains of Nipah and its related viruses.

NTD «——| —p RdRp
tr | AOAB382J54 | AOAB38ZJsS4_9MONO SNGEFTDSDDINNFTRALIDIMSLDDIHCVSEFFSFFRTFGHPILE| ATITAAEKVRSHMQKP 383
tr | AOA9Y2E3U6 | AOA9Y2E3U6_ 9MONO NNGEFTNPEDITTFTRALIDIMSIDDIHCVSEFFSFFRTFGHPILE| AVTAADKVRSHMQKP 383
tr | AOAATO9TTJI8 | AOAATIOTTJI8 9MONO NNGEFVHPQDAENLFDEFVEIMSLDDIHLVGEFFSFFRTFGHPTLE | AT TAADKVRSHMQKP 329
tr | AOAB38ZKA8 | AOAB38ZKA8_9MONO ANGFDDMNDIDDFTKRIINIMSLDDIHLIAEFFSEFYRTFGHPTLE | ALTAADKVRSHMQKP 383
tr | AOAAE9HRD4 | AOAAE9HRD4 9MONO NNGFTDIDDINDFTHRIINIMSIPDIHLIAEFFSFYRTFGHPTLE | ALTAAEKVRSHMQKP 383
tr | AOAAUOQM20 | AOAAUOQM20_9MONO NNGFTEDSDISDFTSRIINIMSLSDIHLIAEFFSFFRTFGHPTLE | ALTAADKVRSHMQKP 383
trIAOAAESXQPS|AOAAE8XQP579MONO NNGFTDQADINDFTDRIINIMSLPDIHLIAEFFSFFRTFGHPTLE | ALTAAEKVRGHMQKP 383
trIAOAAX3C928|AOAAX3C92879MONO KNGFNDEQDINEFTSRIINIMSIPDIHLVAEFFSFFRTFGHPTLE | ALTAAEKVRTHMQKP 383
trIWSSYGl\WBSYG179MONO KNGFHDEQDIEDFTSRIINIMSLPDIHLVAEFFSFFRTFGHPTLE | ALTAAEKVRTHMQKP 383
tr|H9M6P4\H9M6P479MONO SNGFTDDEKIERFCDKLVNILNNNDIHMIAEMFSFFRTFGHPTLE | AVTAASKVRDYMKAD 384
trlAOAlSSKRV3|AOA185KRV379MONO ESKNYPEDEIKRFANDLINVMTCRDIHLVAEFFSFFRTFGHPILN| AQTAARKVREYMLAD 540
splQ997F0|L_NIPAV ECGFTDOQKIRSMFIDDLLSILNIDNIHLLAEFFSFFRTFGHPILE | AKVAAEKVREHMLAD 384
sp|089344 |L_HENDH GCGFTDQKTRSIFIDDLLSVMNIDNIHLLAEFFSFFRTFGHPILE | AKTAADKVREHMLAD 384
tI|G5CPP9\G5CPP979MONO ECGFTDQKTRSIFIDDLLSVMNIDNIHLLAEFFSFFRTFGHPILE | AKTAADKVREHMLAD 384
tr|F4YH99\F4YH9979MONO ECGFTDQKTRSIFIDDLLSVMNIDNIHLLAEFFSFFRTFGHPILE | AKTAADKVREHMLAD 384

i S
e — _
trIAOAB382JS4|AOAB382JS4_9MONO KMLSYLPIMKAHATHCEIIINGYRDRHEGSWPPLELPPHATSTIKRAHSNGEALTHEMCA 443
trIAOA9Y2E3U6IAOA9Y2E3U679MONO KMLTYLPIMKAHATIHCEITIINGYRDHRHEGSWPPLELPAHAVSVIKRAHSNGEALTHEMCA 443
tr | AOAATOTTJI8 | AOAATOTTIS_9MONO KMLEFLPIMKAHAIHCEITIINGYRDHRHEGAWPPLTLPNHASPVIRRLOSNGESLTHATC 389
tr | AOAB38ZKA8 | AOAB38ZKA8_9MONO KMLEFLPIMKAHAIHCEITIINGYRDHRHEGAWPPLEFPEHVSPLIKRIYGNSEALTHE JC 443
tr | AOAAE9HRD4 | AOAAE9HRD4_9MONO KMLEFLPMMKAHATHCETIIINGYRDHRHEGAWPPVIFPDHVSPLIKRIYGNSEALTHE JC 443
tr | AOAAUOOM20 | AOAAUOQM20_ 9MONO KILEFLPIMKAHATHCEITIINGYRDHRHEGAWPPIEFPPHVSTVVRRLYSNSEALSHDIC 443
tr | AOAAES8XQPS5 | AOAAES8XQPS5_9MONO KILEFLPIMKAHATHCEITIINGYRDHRHEGAWPPVEFPAHVSPVIRRLYGNSEALSHEYC 443
tr | AOAAX3C928 | AOAAX3C928_9MONO KILEFLPIMKAHATHCEITIINGYRDRHEGAWPPVVFPEHASVLIKRLHNSSEALTHE JJC 443
tr|W8SYG1 |W8SYG1l_9MONO KILDFLPIMKAHATHCEITIINGYRDRHEGAWPPVIFPEHVSVLIKRLHNSSEALTHE JC 443
tr | HO9M6P4 | HOM6P4_9MONO KVLEYETIMKGHATHCEITIINGYRDHHEGVWPPLTFPKHVHOQEIKRLOSSGERLTYE JC 444
trlAOAlSSKRV3|AOA185KRV379MONO KILEYEPIMKGHATIHCATITIINGFRDRHEGVWPPLDLPKHCSKNIISLKNTGEGVTYEYA 600
sp|Q997FO\L7NIPAV KVLEYAPIMKAHATHCETI INGYRDRHEGAWPPLYLPAHASKHI IRLKNSGESLTIDHCY 444
sp|089344\L7HENDH KVLEYGPIMKAHAVHCETI INGYRDRHRGAWPPLYLPSHASKHIIRLKNSGESLTVDHCY 444
tr|G5CPP9\G5CPP979MONO KVLEYGPIMKAHAIHCETIINGYRDHHEGAWPPLYLPSHASKHI IRLKNSGESLTVDIOCY 444
tr|F4YH99\F4YH9979MONO KVLEYGPIMKAHAIHCETIINGYRDHRHEGAWPPLYLPSHASKHIIRLKNSGESLTVDOCY 444
A ) A ) I . e ;
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tr|AOAB382J54 | AOAB382J54_ 9MONO
tr|AOA9Y2E3U6|AOAIY2E3U6_9IMONO
tr | AOAATOTTJI8 | AOAATITTIS 9MONO
tr | AOAB382ZKA8 | AOAB38ZKAS_9MONO
tr | AOAAESHRD4 | AOAAE9HRD4_ 9MONO
tr | AOAAUOQM20 | AOAAUOQM20_9MONO
tr | AOAAESXQPS5 | AOAAESXQP5 9MONO
tr | AOAAX3C928 | AOAAX3C928_ 9MONO
tr|W8SYG1 |W8SYG1l 9MONO
tr|HOM6P4 | HOM6P4_ 9MONO

tr | AOAL85KRV3|AOAL85KRV3_9MONO
sp1Q997F0 |L_NIPAV

sp|089344 |L_HENDH
tr|G5CPP9|G5CPP9_9MONO
tr|FAYHO99|F4YHO9_ 9MONO

tr | AOAB382JS4 |AOAB382JS4_9MONO
tr | AOA9Y2E3U6 | AOA9Y2E3U6_9MONO
tr | AOAATOTTJIS | AOAATITTJIS_9IMONO
tr | AOAB38ZKAS8 | AOAB38ZKA8_9MONO
tr | AOAAE9HRD4 | AOAAE9HRD4 _9MONO
tr | AOAAUOQM20 | AOAAUOQM20_ 9MONO
tr | AOAAESXQPS5 | AOAAESXQP5_9MONO
tr | AOAAX3C928 | AOAAX3C928_9MONO
tr |W8SYGL|W8SYG1l 9MONO

tr | HOM6P4 | HOM6P4_9MONO

tr | AOA185KRV3|AOAL85KRV3_9MONO
splQ997F0 | L_NIPAV

sp|089344 |L_HENDH
tr|G5CPP9|G5CPP9_9MONO

tr | FAYH99|F4YH99 9MONO

tr|AOAB382JS4 | AOAB382J54_9MONO
tr | AOA9Y2E3U6 | AOAIY2E3U6_9IMONO
tr | AOAATOTTJI8 | AOAATOTTIS 9MONO
tr | AOAB382ZKA8 | AOAB38ZKAS_9MONO
tr | AOAAESHRD4 | AOAAE9HRD4_ 9MONO
tr | AOAAUOQM20 | AOAAUOQM20_9MONO
tr | AOAAESXQPS5 | AOAAESXQP5_9MONO
tr | AOAAX3C928 | AOAAX3C928_9MONO
tr|W8SYG1 |W8SYG1l_9MONO
tr|HOM6P4 | HOM6P4 _9MONO

tr | AOA185KRV3|AOAL85KRV3_9MONO
sp1Q997F0 |L_NIPAV

sp|089344 |L_HENDH
tr|G5CPP9|G5CPP9_9MONO
tr|FAYHO9|F4YHO9 9MONO

tr|AOAB382JS4 |AOAB38ZJS4_9MONO
tr|AOA9Y2E3U6 |AOAIY2E3U6_9IMONO
tr|AOAATITTJI8 | AOAATITTIS 9MONO
tr|AOAB38ZKA8 | AOAB38ZKAS8_9MONO
tr|AOAAE9HRD4 | AOAAE9HRD4_9MONO
tr | AOAAUOQM20 | AOAAUOQM20_ 9MONO
tr|AOAAESXQP5 | AOAAESXQP5_9MONO
tr|AOAAX3C928 | AOAAX3C928_9IMONO
tr|W8SYGL |W8SYG1_9MONO
tr|HI9M6P4 |HIM6P4_9MONO
tr|AOA185KRV3|AOAL85KRV3_9IMONO
splQ997F0|L_NIPAV
sp|089344|L_HENDH
tr|G5CPP9|G5CPPY_9MONO
tr|F4YH99|F4YH99_ 9MONO

tr|AOAB382JS4 |[ROAB382JS4_9MONO
tr|AOA9Y2E3U6|AOASY2E3U6 9MONO
tr|AOAATITTJIS | AOAATITTI8 9MONO
tr|AOAB38ZKAS|AOAB38ZKA8 9MONO
tr|AOAAE9HRD4 | AOAAE9HRD4 9MONO
tr|AOAAUOQM20 | AOAAUOQM20 9MONO
tr|AOAAESXQP5|AOAAESXQPS 9MONO
tr|AOAAX3C928 | A0AAX3C928 9MONO
tr|W8SYGL|W8SYGLl 9MONO
tr|H9M6P4 |HIM6P4 9MONO
tr|AOA185KRV3 |A0A185KRV3 9MONO
sp|Q997F0|L_NIPAV

sp|089344 |L_HENDH
tr|G5CPP9|G5CPP9 9MONO
tr|F4YHOO|F4YH99 9MONO

tr|AOAB38ZJS4 |AOAB382JS4_9MONO
tr|AOA9Y2E3U6|AOAIY2E3U6_9IMONO
tr|AOAATITTJI8 |AOAATITTIS_9IMONO
tr|AOAB38ZKAS |AOAB38ZKAS_9MONO
tr|AOAAE9HRD4 | AOAAE9HRD4_9MONO
tr|AOAAUOQM20 | AOAAUOQM20_9MONO
tr|AOAAESXQP5 | AOAAES8XQP5_9IMONO
tr|AOAAX3C928|A0AAX3C928_9IMONO
tr|W8SYGL|W8SYG1_9MONO
tr|HIM6P4 |HOM6P4_9MONO
tr|AOAL185KRV3|AOAL85KRV3_9IMONO
sp|Q997F0 | L_NIPAV
sp|089344|L_HENDH
tr|GS5CPP9|G5CPP9I_9MONO
tr|F4YHI9|F4YHI9_9MONO

<4+—— zZBM__
TNWKSFCGLRFHC] ALSPICPEWDTVYPRENLKYSPPRLTTSRR
TNWRSFCGLKFHC ALSPICSEWDTVYPRENLKYSPPRLTTSRR
NEWKSFCGLHFHC ALSPLKSEWDTVYPKENMKYMTGVQSTSRR
QEWRSFCGFHFHC ALSPIKSEWDSVYPKESMFYKVPPNTTSRR
QEWRSFCGFHFHC ALSPIKSEWDSVYPKESMYYKVSPATTSRR
QEWKSFCGFKFHC ALSPIKDEWDSVYPYDCMYYKPPASTTSRR
QEWKSFCGFHFHC ALSPIKSEWDTVYPKESLMYKPPIQTSSRR
QEWKSFCGFKFHC ALSPIKDEWDSVYPSESMCYSPPNSTTSRR
QOEWKSFCGFKFHC ALSPVKNEWDSVYPYESMCYNPPASTTSRR
KHWKSFCGLNFHC ALAAIRNEWDSVYPKENLSYQPTKNTTPRR
NNWRSEVGLKFHC ALSPLRDLWDSIYSREVMSYQPPRNKKSRR
KNWESFCGIQFDCFMELKLDSDLSMYMKDKALSPIKDEWDSVYPREVLSYTPPKSTEPRR
KNWESFCGIQFDCFMELKLDSDLSMYMKDKALSPIKEEWDSVYPREVLNYTPPRSTEPRR
KNWESFCGIQFCFMELKLPSD[LSMYM ALSPIKEEWDSVYPREVLNYTPPRSTEPRR
KNWESFCGIQF[C”MELKL SDILSMYM ALSPIKEEWDSVYPREVLNYTPPRSTEPRR

[ ) ks ek s & o ok

LVDVFIDDDKFDPYTLIQYVLSGEYKTDPDENISYSLKEKETKQAGQRLEFAKMTYKMRAC
LVDVFIDDDKFDPYTLIQYVLSGDYKNDPEFNISYSLKEKETKQAGQRLFAKI YKMRAC
LVDVEVNDGEFDPYNILNYVLSGEYINDPEFNISYSLKEKETKQAGQRLF. YKMRAC:
LVDVFINDADFDPYNILNYILSGEYINDPEFNISYSLKEKETKQVERLF, YKMRAC:
LVDVFINDIDFDPYNILNYITISGEYINDPDENISYSLKEKETKQVH{RLEF. YKMRAC:
LVDVEFINDPNFDPFDIINYVLSGEYKHDPAFNISYSLKEKETKQOAQRLFEFAKI YKMRAC:
LVDVFINDPDFDPNEIIEYVLSGTYKDDPDENISYSLKEKETKQAQRLEAKMTYKMRAC!
LVDVEVNDADFDPYEITIDYVLSGKYKTDPEFNISYSLKEKETKQAGQRLFAKI YKMRAC
LVDVEVNDAEFDPYEITIDYVLSGRYIDDPEFNISYSLKEKETKQAGQRLF. YKMRAC:
LVDYFINDEDFDPYSMLQYVINGDYLNDPDEFNVSYSLKEKETKEVERLF, YKMRAC:
LVEVFVDDQDFDPVDMINYVLTGEYLRDDDENASYSLKEKETKQVJRLEFAKMTYKMRAC!
LVDVEFVNDENFDPYNMLEYVLSGAYLEDEQFNVSYSLKEKETKQAGRLFAKMTYKMRACQ
LVDVFVNDENFDPYNMLEYVLTGDYLTDEQFNVSYSLKEKETKQAGRLFAKMTYKMRACQ
LVDVEVNDENFDPYNMLEYVLTGDYLTDEQFNVSYSLKEKETKQAGRL YKMRAC:
LVDVFVNDENFDPYNMLEYVLTGDYLTDEQFNVSYSLKEKETKQAGRLFAKMTYKMR. C
Kok s kp A KAk siikiaLk K * EE IR R O R R R

YFKENGMVKDEHELIKNLLQLSISSVPKAEVYNDDHWELRKKT————
KEFFKENGMVKDEHELIKNLLQLSISSVPKSEVYNNDHWELRKQS—
RYFKENGMVKDEHELLKTLHQLSVSSVPKTESYNDDPWKINKES—

FFKENGMVKDEHELLKSLHQLSASSVPKNEGYNQDSWKLLKRA—
REFKENGMVKDEHELLKSLHQLSASAVPKNEGYNQDNWRLLKNT —

YFKENGMVKDEHELLKSLHQLSASAVPKNEGYDNDCWRLSKKS—
RYFKENGMVKDEHELLRSLHQLSASSVPKNEGYNNDSWKIRKQL————
YFKENGMVKDEHELLKSLHQLSASSVPKNEGEFNEDNWKIDKKP————
YFKENGMVKDEHELLKSLHQLSASSVPKNEGEFNEDNWKISKRP————
KEFFKENGMVKDEQDLLKSLFQMSTISGVPRGNIRGGAPSKMSQSERKMR
RYFHENGMVKDEHELSKSLFQLSISGIPRGNKNNKSTNDTIHESKIEN

VIAEALIASGVGKYFKENGMVKDEHELLKTLFQLSISSVPRGNSQGRDSEFSNN TEK

VIAEALIASGQVGKYFKENGMVKDEHELLKTLFQLSISSVPRGNSQGRDSEFSNN-—--TEK

VIAEALIAS GKYFKENGMVKDEHELLKTLFQLSISSVPRGNSQGRDSEFSNN-—-—-TEK
*

kakk kkk K|k ok ikkkkkkkok s sk 2k kak Kk _aoks s .

ZBM —p

IRNEDKYDTISSFLT LINWRYESTALFAQRMDEIYGLPGFENWLHNRLENCVLY
TKTEDKYDTISSFLT LNWRYESTALFAQRMDEIYGLPGFFNWLHNRLEKCVLY
IRSDDKYDTISSFLT LINWRYESTALFAARMDEIYGLPGFFNWLHNRLERSVLY
DRSDDKYDTISSFLT LINWRYESTALFAERVDEIYGLPGFEFNWLHKRLENCVLY

ERSDEKYDTISSFLT
TKSVDKYDTISSFLT
DKSETKYDTISSFLT
DKSEEKYDTISSFLT

LINWRYESTAIFAERVDEIYGLPNFENWLHKRLERCTLY
LNWRYESTAIFAERVDEIYGLPGFFNWLHNRLENSTLY
LNWRYESTAIFAERVDEIYGLPGFFNWLHNRLERCTLY
LNWRYESTALFAERVDEIYGLPGFEFNWLHNRLENCTLY

AXRXAANRNINARANXNRNR
OO0

DRSDDKYDTISSFLT INWRYESTALFAERVDEIYGLPGFFNWLHNRLERCTLY
EENNIKYDVISSFLT I[NWRHESVAIFARRMDEIYGLPNFEFNWMHKILDKSTIY
KEDEERYDVISAFLT INWRHESIGIFARRMDEIYGLPGFFNWMHRRLERSVLY

DNTGTKFDTVSAFLTTDLKKFCLNWRYESMAIFAERLDEIYGLPGFFNWMHKRLERSVIY
DGTGTKFDTVSAFLTTDLKKFCLNWRYESMAIFAERLDEIYGLPGFFNWMHKRLEKSVIY
DGTGTKEFDTVSAFLT KYFCLNWRYESMAIFAERLDEIYGLPGFFNWMHKRLEKSVIY
DGTGTKEFDTVSAFLT ANWRYESMAIFAERLDEIYGLPGFFNWMHKRLEKSVIY

kKR K e Kok kg ok x

I sKK K gkokkkkkK kkkk ok Kk

VADPYCPPNLSKHIDLKDTEDKGIFIHRPMGGIEGYSQKLWTIITIPFLFLSGLETNTRI
VADPYCPPNLDKHIDLAETEDRGIFIHKPMGGIEGYSQKLWTIITIPFLFLSGLETNTRI
VADPYCPPSFDKHLDLDEVPDEGMFIHNPMGGIEGYSQKLWTIITIPFLFLSGVETNIRI
VSDPYCPPNEYVHKELDDTEDQGIFIHHPMGGIEGYSQKLWTIITIPFLFLSGVETNIRV
VADPYCPPDEKEHIELDDIRDEGIFIKHPMGGIEGYSQKLWTIITIPFLFLSGVETNIRV
VADPHCPPSFDKHYDLDDVPDEGMFIKHPMGGIEGYSQKLWTIITIPFLFLSGVETNTRI
VADPHCPPPFTEHYELDDVPDEGMFIRHPMGGIEGYSQKLWTIITIPFLFLSGVETNTRV
VADPYCPPPFTAHIDLDDVPDEGMFIRHPMGGIEGYSQKLWTIITIPFLFLSGVETNTRV
VADPHCPPPFTDHLELDEVPDEGIFIRHPMGGIEGYSQKLWTIITIPFLFLSGVETNTRV
VADPNCPPSNRSHVDLDFQPDDHIYIVHPKGGIEGYSQKLWTIITIPFLFLSAYETGTRI
VADPHCPPSINEHIDLNDSPERDIFIHHPKGGIEGYSQKLWTIATIPFLFLSAHETNTRI
VADPNCPPNIDKHMELEKTPEDDIFIHYPKGGIEGYSQKTWTIATIPFLFLSAYETNTRI
VADPNCPPDIGKHINLDDTPEDDIFIHSPKGGIEGYSQKTWTIATIPFLFLSAYETNTRI
VADPNCPPDIGKHINLDDTPEDDIFIHSPKGGIEGYSQKTWTIATIPFLFLSAYETNTRI
VADPNC PDIGKHINLDDTPEDDIFIHSPKGGIEGYSQKTWTIATIPFLFLSAYETNTRI
* kx| * ek . Sak ok kkkkkkkkk kkk KkKkkkKkkk | kKk Kk
AAV SIAITYKVHPNISYLEKKRISAERAQAYFVKLRENLAALGHNLKATETIIS
AAV SIAITYKVHPNISYLEKKRISAERAQAYFIRLRDNLAALGHNLKATETIIS
AAV SIAITHKVHPHLSYKVKKDISAQQAQIYFKKLRENLGALGHNLKLTETIIS
AA SIAITHKVHPNLSYQRKKDLSAEQAKIYFKQLRKNLAALGHNLKLTETIIS
AA SIAITHRVHPNLSYQAKKDISAEQAKIYFKALRRNLAALGHNLKLTETIIS
AA SIAITHKVHPHMSYQAKKEASAQKAKIYFARLRDNLSALGHNLKLTETIVS
AA SIAITHKVHPNLSYLAKKDASARRAKIYFENLRNNLAALGHNLKLTETIIS
AA SIAITHRVHPNMSYIAKKNVSAEKAKIYFERLRSNLDALGHNLKLTETIIS

AN SIAITHKVHPNMSYIAKKDVSAEKARIYFERLRTNLDALGHNLKLTETIIS
AA SIAITTKVHPSLPYKIKKEISASKAKEYFYRLRDNLRSLGHDMKATETVIS

AA SIAITHKVHPHLPYKMKKELSAMQOAKKYFSRLRHNMKALGHELKATETIIS
AAIVQOGDNESIAITQKVHPNLPYKVKKEICAKQAQLYFERLRMNLRALGHNLKATETIIS
AATIVQOGDNESIAITQKVHPNLPYKVKKEICARQAQLYFDRLRMNLRALGLNLKATETIIS
SIAITQKVHPNLPYKVKKEICARQAQLYFDRLRMNLRALGHNLKATETIIS
SIAITQKVHPNLPYKVKKEICARQAQLYFDRLRMNLRALGHNLKATETIIS

* k. Lk kkkk  .kkk . K * % * ek Kk kk ke skk s ek kkke ook

503
503
449
503
503
503
503
503
503
504
660
504
504
504
504

563
563
509
563
563
563
563
563
563
564
720
564
564
564
564

619
619
565
619
619
619
619
619
619
624
780
621
621
621
621

756
756
706

758
758
758
758
758

1019
765
765
765
765

816
816
766
818
818
818
818

818
833
1079
825
825
825
825

876
876
826
878
878
878
878
878
878
893
1139
885
885

885
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ZBM
tr|AOAB38ZJS4 |A0OAB38ZJS4_9MONO THFFVYSKRIYYDGMVLSQSLKTISFE‘FWSETLVDETRS{ESNISTAVAKSIETGLSKD 936
tr|AOASY2E3U6 |AOASY2E3U6_9IMONO THFFVYSKRIYYDGMVLSQSLKTISHCYFWSETLVDETRSACENISTAVAKSIETGLSKD 936
tr |AOAATOTTJI8 | AOAATITTIS_9MONO THFFVYSKRIYYDGMVLSQALKTLSHCYFWSETLVDETRSACENISTSIAKSIENGLSKD 886
tr|AOAB38ZKA8|AOAB38ZKA8_9MONO THFFVYSKRIYYDGMVLSQSLKSISHCYFWSETLVDETRSACENISTSIAKSIENGLSKD 938
tr |AOAAE9HRD4 | AOAAE9HRD4_9MONO THEFFIYSKRIYYDGMVLSQGLKSISHCYFWSETLVDETRSACENISTSTAKSIENGLSKD 938
tr |AOAAUOQM20 | AOAAUOQM20_9MONO THFFVYSKRIYYDGMVLSQGLKSISHCYFWSETLVDETRSACENISTSTAKSIENGLSKD 938
tr |AOAAESXQPS5|AOAAESXQP5_ 9MONO THFFVYSKRIYYDGMVLSQGLKSISHCYFWSETLVDETRSACENISTSTAKSIENGLSKD 938
tr|AOAAX3C928|AOAAX3C928_9MONO THEFVYSKRIYYDGMVLSQGLKSVSHCYFWSETLVDETRSACENISTSTAKATENGMSKD 938
tr|W8SYG1 |W8SYG1_9MONO THEFFVYSKRIYYDGMVLSQGLKSVSHCYFWSETLVDETRSACENISTSTAKATENGLSKD 938
tr|HO9M6P4 |HO9M6P4_ 9MONO TNFFIYSKRIYYDGVMLSQGLKTISHCYFWSETLVDETRSACBENISTAITKSTIENGIDHR 953
tr|AOA185KRV3|AOA185KRV3_9MONO THFFIYSKKIHYDGAVLSQSLKSMAHCYFWSETLVDETRAACENISTTIAKATENGYSRR 1199
sp|Q997F0|L_NIPAV THLFIYSKKIHYDGAVLSQALKSMSRCCFWSETLVDETRSACSNISTTIAKATIENGLSRN 945
sp|089344 |L_HENDH THLFVYSKKIHYDGAVLSQALKSMSRCCFWSETLVDETRSACSNISTTIAKATENGLSRN 945
tr|G5CPPY|G5CPPY_9MONO THLFVYSKKIHYDGAVLSQALKSMSHCELFWSETLVDETRSACENISTTIAKATENGLSRN 945
tr|F4YH99|F4YH99 9MONO THLFVYSKKIHYDGAVLSQALKSMSHCECFWSETLVDETRSACENISTTIAKATENGLSRN 945
*::‘k:***:*:*‘k* :***.**:::** ***********: *k****:::*:**_*
RdRp ¢——— | ——Pp PRNTase
tr|AOAB382JS4 |A0OAB382JS4_9MONO VGYGLNILKTIQQLHISLQFSINE | TMTKDVVTPLINNQSWELSACLMPAPLGGENYLNLS 996
tr|AOA9Y2E3U6|AOA9Y2E3U6_9MONO VGYGLNILKTIQQLHIALQFSINE |TMTKDVVMPLIQNQSWILSACLLPAPLGGEFNYLNLS 996
tr |AOAATIOTTJI8 |AOAATOTTJI8_ 9MONO FGYALNILKTLQQLVLSLKFTINE |TLTPDITSPIINNPLWLLTATLVPAPLGGFNYLNMS 946
tr |AOAB38ZKA8 | AOAB38ZKA8_9MONO IGYALNILKTIQQICISLKEFSINE |[TMTPDVTNPILHNVNWLLTACIMPASLGGEFNYLNLS 998
tr |AOAAE9HRD4 | AOAAE9HRD4_9MONO IGYSLNILKTLQQVCISLKEFSINE |TMTPDVTNPILHNINWLLTACLMPASLGGENYLNLS 998
tr |AOAAUOQM20 | AOAAUOQM20_9MONO IGYALNILKTIQQLTISLKESINE |[TMTPDITNPLIQNIDWLLTACLVPASLGGENYLNIS 998
tr |AOAAESXQP5|AOAAESXQP5 9MONO IGYALNILKTLQQLVISLKEFSINE |TMTPDVTNPLIQNINWLLTACLVPSSLGGENYLNIS 998
tr|AOAAX3C928|A0AAX3C928_ 9MONO VGYSLNILKTIQQIVVSLKFSINE | TMTPDVTNPLIQNVNWLLTACLMPASLGGEFNYLNLS 998
tr|W8SYG1 |W8SYG1_ 9MONO IGYSLNVLKTIQQIIVSLKEFSINE |TMTPDVTNPLIQNINWLLTACLMPASLGGENYLNLS 998
tr|HOM6P4 |HOM6P4_9MONO FGFCLNYLKTMQQLSISLNFSINE |TITDDIKMAFTNHPEWYKISSMIPAALGGEFNYLNVS 1013
tr|AOA185KRV3 |AOA185KRV3_9IMONO SGYLINVLKTIQQINISLSFNINE |CMTDDIIRPFRDNPNWIKHAALIPASLGGLNYMNMS 1259
sp|Q997F0|L_NIPAV VGYCINILKVIQQOLLISTEFSINE |[TLTLDVTSPISNNLDWLITAALIPAPIGGFNYLNLS 1005
sp|089344 |L_HENDH VGYCINVLKVIQQLLISTEFSINE |[TLTADVTSPISNNLDWLVTASRIPAPIGGEFNYLNLS 1005
tr|G5CPP9|G5CPPY_9MONO VGYCINVLKVIQQLLISTEFSINE |TLTADVTSPISNNLDWLVTASLIPAPIGGFNYLNLS 1005
tr|F4YH99 |F4YHO9_ 9MONO VGYCINVLKVIQQLLISTEFSINE |TLTADVTSPISNNLDWLVTASLIPAPIGGFNYLNLS 1005
* e sk Kok e kok. LK Rk sk ke : . * H sk sk Kk e kk ok ek
v

//End of the L-protein sequences from Nipah and their related viruses

tr|AOAB382JS4 |AOAB382JS4 9MONO LRKKAREVGVKSAWVIKLETREIKQWWKLISYSLVL-—-—-—-—— 2291
tr|AOASY2E3U6 |AOA9Y2E3U6_9MONO LRKKSREVGMKTAWVIKLDTREIKQWWKLISYSIIV-—-—-—--— 2291
tr|AOAATITTJI8 |AOAATITTI8_9MONO MFKRIKDSGFKTCWRFKLLTKEVKIWWKLISYAPIFHNNN-- 2189
tr |AOAB38ZKA8 | AOAB38ZKA8_9MONO YFKRIKKNSFKONWILELETKEIKMWWKLISYVPIYNSEYHP 2271
tr | AOAAE9HRD4 | AOAAE9HRD4 9MONO YYKRIKKNSFKONWLIELETKEIKMWWKLISYVPIYNS-—--— 2273
tr |AOAAUOQM20 | AOAAUOQM20_ 9MONO YYKRMKKNKFKONWIIDLKTKEIKLWWKLISYVPVEFKDNR-— 2257
tr |AOAAESXQPS5 |AOAAESXQP5_ 9MONO YYKRIRRGKFKONWMVELQTKEIKLWWKLISYVPIYKTITVT 2261
tr | AOAAX3C928 | AOAAX3C928_ 9MONO YYKRIKKGKFKQSWMISLATKEIKLWWKLISYVPVFRKIV-— 2277
tr|W8SYGL|W8SYG1l_9MONO YYKRINKGKFKONWMISLTTKEIKLWWKLISYVPIFNKTT-- 22717
tr|H9M6P4 | HOM6P4 9MONO LRERVHTALENSIHIINLERVIQKRWWKIVGYTGIL---—--— 2250
tr|AOA185KRV3 |AOA185KRV3_9MONO LRERGDSKGMKSIWFTKLTSQEVKRWWKMISYIVIISNP-—-- 2501
splQ997F0|L_NIPAV MOERREKNGFKEVWIVDLSNREVKIWWKIIGYISII--——-—--— 2244
sp|089344|L_HENDH MKERREKSGFKEIWIFDLSNREVKIWWKIIGYLSLV-——--— 2244
tr|G5CPP9|G5CPP9_9MONO MKERREKSGFKEIWIFDLSNREVKIWWKIIGYLSLI--—-—-—--— 2244
tr|F4YHI9|F4YHO9 9MONO 2244

MKERREKSGFKEIWIFDLSNREVKIWWKIIGYLSLV-—-——-—
AOAB38ZKA8_9MONO RNA-directed RNA polymerase L, Jingmen Crocidura shantungensis henipavirus
AOA9Y2E3U6_9MONO RNA-directed RNA polymerase L, Crocidura tanakae henipavirus
AOAATITTI8_IMONO RNA-directed RNA polymerase L, Chodsigoa hypsibia henipavirus
AOAB382JS4_9MONO RNA-directed RNA polymerase L, Jingmen Crocidura shantungensis henipavirus
AOAAEIHRD4_9MONO RNA-directed RNA polymerase L, Melian virus

AOAAUOQM20_9MONO RNA-directed RNA polymerase L, Lechcodon virus

AOAAEBXQP5_9MONO RNA-directed RNA polymerase L, Wenzhou Apodemus agrarius henipavirus
W8SYG1_9MONO RNA-directed RNA polymerase L, Mojiang virus

AOAAX3C928 9IMONO RNA-directed RNA polymerase L, Langya virus

HIM6EP4_9MONO RNA-directed RNA polymerase L, Ghana virus

A0A185KRV3_9MONO RNA-directed RNA polymerase L, Cedar virus

Q997F0| NIPAV RNA-directed RNA polymerase L, Nipah virus

089344|L_HENDH RNA-directed RNA polymerase L, Hendra virus (isolate Horse/Australia/Hendra/1994)
G5CPP9_9MONO RNA-directed RNA polymerase L, Henipavirus hendraense

FA4YH99 9MONO RNA-directed RNA polymerase L, Henipavirus hendraense

Figure 5: MSA of the NTD and RdRp domains of NiV and its related viruses
3.1 ‘Mix and Match’ MSA analysis of the NTD and RdRp domains of all three bat-borne viruses: MARV, EBOV
and NiV

Figure 6 shows the ‘Mix and Match’ MSA of part of the NTD and RdRp domains of all the three bat-borne human
pathogenic viruses, viz. MARV, EBOV and NiV (only the region required for the discussion is shown here). The
representative strains of the three viruses are highlighted in yellow. The tentative RARp domain in all three viruses is
marked by arrows. The conserved motifs and amino acids in the catalytic core are highlighted in yellow. The typical,
proton abstractor K and the nucleotide discriminator R at -4 from the catalytic K are completely conserved in all and
the template-binding pair is highly conserved and is completely aligned from all three viral RdRps (Fig. 6). Only the
MARYV and EBOV harbour an additional putative polymerase catalytic core at the NTD (highlighted in yellow), but absent
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in the NiV. Another significant finding is the presence of an additional -DH- type putative HNH-endonuclease motifs
(highlighted in magenta) in the NTD of MARV (highlighted in magenta), but not in the EBOV and NiV [22].

The HNH-endonucleases are essentially involved in a metal ion-mediated cleavage of DNAs resulting in single-stranded
breaks (nicking) or double-stranded cuts. The HNH-endonuclease motifs are ubiquitous in biological systems and have
been reported from both prokaryotes and eukaryotes. They are known to be involved in many important functions like,
DNA packaging in double-stranded DNA viruses and herpesviruses, DNA homing where it acts as mobile genetic
elements encoded by introns and inteins (where it creates double-stranded breaks on DNAs that drive the self-
propagation and horizontal transfer of these elements), restriction, repair, chromosome degradation, etc. One of the
main functions of these endonucleases is to promote the lateral transfer of their own coding and flanking DNA regions
between genomes, by a recombination-dependent process known as ‘homing’ [22]. The presence of HNH-endonuclease
motif has been already reported in the DNA polymerases of poxviruses like smallpox and monkeypox viruses, which are
linear, double-stranded DNA viruses [30] and in the PB1 subunit of the RNA polymerase of human influenza viruses A,
B and C which are segmented, negative-strand RNA viruses, in the CRISPR-Cas9 system (a bacterial defense mechanism
against any invading phages or genetic elements), colicins and pyosins (types of bacteriocins), group I and group II
introns, inteins, etc. by Palanivelu [22, 31].

CLUSTAL O (1.2.4) ‘Mix and Match’ MSA of the NTD and RdRp domains from MARV, EBOV and NiV and their related

viruses.

tr | AOA185KRV3 |AOAL185KRV3_9MONO
sp| 089344 |L_HENDH
tr|G5CPP9|G5CPP9_9MONO
tr|F4YH99|F4YH99 9MONO
sp|Q997F0|L_NIPAV

tr | AOA7L5MR62 | AOA7L5MR62 NIPAV
tr|Q1PDA3|Q1PDA3_9MONO

tr | AOAOU2VU68 | AOAOU2VU68_IMONO
sp|Q1PDC4 |L_MABVR
tr|GOHWES | GOHWES_9MONO
tr|Q1lPD47|Q1PD47_MABVA
sp|P31352|L_MABVM

tr | AOACD3VMIS8 | AOACD3VMI8_9MONO
sp|Q5XX01|L_EBOSU

tr | AOA343EQF6|AOA343EQF6_9MONO
splQ05318|L_EBOZM

tr|B8XCP4 |B8XCP4_9MONO

tr |R4QUHS5 | R4QUHS5 _9MONO

tr | AOA185KRV3 |AOAL185KRV3_9MONO
sp| 089344 |L_ HENDH
tr|G5CPP9|G5CPP9_9MONO
tr|F4YH99|F4YH99_ 9MONO
sp|Q997F0|L_NIPAV

tr | AOA7L5MR62 | AOATL5MR62_ NIPAV
tr|Q1PDA3 | Q1PDA3_9MONO

tr | AOAOU2VUG68 | AOAOU2VU68_9IMONO
sp|Q1PDC4 |L_MABVR

tr | GOHWES | GOHWES_ 9MONO
tr|Q1PD47|Q1PD47_ MABVA
sp|P31352|L_MABVM

tr | AOACD3VMI8 | AOACD3VMI8_9MONO
sp|Q5XX01 | L_EBOSU

tr | AOA343EQF6|AOA343EQF6_9MONO
sp|Q05318|L_EBOZM

tr|B8XCP4 |B8XCP4 9MONO

tr |R4QUHS5 | R4QUH5_ 9MONO

tr | AOA185KRV3|AOAL85KRV3_9MONO
sp 089344 |L_HENDH
tr|G5CPP9|G5CPP9_9MONO

tr | FAYHO9 |F4YH99 9MONO
sp|Q997F0|L_NIPAV

tr | AOA7L5MR62 | AOATLS5MR62_NIPAV
tr | Q1PDA3 | Q1PDA3_9MONO

tr | AOAQU2VU68 | AOAOU2VU68_ 9IMONO
sp|Q1PDC4 | L_MABVR

tr | GOHWES | GOHWES_ 9MONO
tr|Q1PD47|Q1PD47_MABVA
sp|P31352|L_MABVM

tr | AOACD3VMIS8 | AOACD3VMIS_9MONO
sp|Q5%XX01 | L_EBOSU

tr | AOA343EQF6 | AOA343EQF6_9MONO
sp Q05318 |L_EBOZM
tr|B8XCP4|B8XCP4_ 9MONO

tr | R4QUHS5 | R4AQUHS5__9MONO

tr | A0OA185KRV3|AOAL185KRV3_9MONO
sp 089344 |L_HENDH
tr|G5CPP9|G5CPP9_9MONO

tr | FAYHO99 |F4YH99 9MONO
Sp|IQ997F0 | L_NIPAV

tr | AOA7LSMR62 | AOA7LSMR62_NIPAV
£r | Q1PDA3 | Q1PDA3_9MONO

tr | AOAOU2VU6E8 | AOAOU2VUGE8__9MONO
sp | Q1PDC4 | L_MABVR

tr | GOHWES | GOHWES__9MONO
tr|Q1PD47|Q1PD47 MABVA
sp|P31352|1L_MABVM

tr | AOACD3VMIS | AOACD3VMIS__9MONO
sp|05%XX01 | L_EBOSU

tr | AOA343EQF6 | AOA343EQF6_9MONO
splQ05318|L_EBOZM
tr|B8XCP4|B8XCP4_9MONO

tr | RAQUHS | RAQUHS5__9MONO

KNYYHVPYPECNRDLFLISDDKIAFKLSKIMDN—-———— SNKLFDGLERKLSRLISNVDNQ
KEFLHVSYPECNKSLFSLKSPGMTSKLSNIMKK-————SFKAYNIVSRKIIEMLONITRN
KEFLHVSYPECNKSLESLKSPGMTSKLSNIMKK SFKAYNIVSRKIIEMLONITRN
KEFLHVSYPECNKSLFSLKSPGMTSKLSNIMKK SFKAYNIVSRKITIEMLONITRN

KEFMHIAYPECNNILFSITSQGMTSKLDNIMKK-——---SFKAYNIISKKVIGMLONITRN
KEFMHIAYPECNNTLFSITSQGMTSKLDNIMKK————— SFKAYNIISKKVIGMLONITRN
RNSTALK-—————— TFLONCSILTVPFHSIWDHIITSIQHDAINHINDFKYLLPSELIK-
RNSTALK-—————— TFLONCSILTVPFHS IWDH[ ITSIOHDANHINDFKYLLPSELIK-
RNSTALK-—————— TFLONCSILTVPFHSIWPH[I ITSIQHDAINHINDFKYLLPSELIK—
RNSTALK-—————— TFLONCSILTVPFHS IWPH[ LTSIQYDAINHVDDFKYLLPSELVK -
RNSTALK-—————— TFLONCSILTVPFHS IWPH[I LTSIQYDAINHVDDFKYLLPSELVK-
RNSTALK-—————— TFLONCSILTVPFHSIWDHILTSIQYDAINHVDDFKYLLPSELVK—
QYDIAVN-—————— EFLAGVPLSTLPIDYLVPLIINANTDS IKTODQPSIKNHIKDGIS—
KYDTIVL-—————— RFISDVPVATIPIDYIAPMLINVLADSKNVPLEPPCLSFLDEIVN-
RYDPTVA-—————— QFLSDVPVATLPIDYILPVLLRAISEGEYCPLEPRCKQFQNEILD-
KYDVTVT-—————— KFLSDVPVATLPIDFIVPVLLKALSGNGFCPVEPRCQQFLDEIIK—
KYDTTVT-—————— EFLSDVPVATLPADFLVPTFLRTLSGNGSCPIDPKCSQFLEEIVN-—

KFDATVT—-—————— KFLSDVPIVTLPIDYLTPLLLRTLSGEGLCPVEPKCSQFLDEIVS—

*

LLNATSLHNNSEMDRKGKEHPCFPEKSTIDDVRQQRQTRDFPKNSTREGRSPKHPDAGPT

CKGHLHLLhDKPLLVPDlRYlQNHLSNNDLhPKKLKKkCKLPEQSDNLLKLMVNSKWYNP
YEQDRLSNIGKYMSQSQWYEC
I————————= YEQDRLSNIGKYMSQSQWYEC
——————— I-—-——————--YEQDRLSNIGKYMSQSQWYEC
IT-————————- HECRRLGDLGKNMSQSKWYEC

——————— I---------HECRRLGDLGKNMSQSKWYEC
—ILRLEﬁtFTNSAKLQR 77777777 EDFSPKENPYYWG
H| N |

—ILRL] FTNSAKLQC—-——————— EDEFSPK YYWG

—ILRLDHAFTNSAKLQC— —EDFSPKENPYYWG
———ILGLPHVFPASARSQC—-——————— EDFSPKENPYYWG
———ILGLNHNVFPTSARSQC———————— EDESPKENPYYWG
———ILGLPHNFSASARSQC———————— EDESPKENPYYWG
———IGINTMIDLGTFHNSA-———————— KKILLNERIIDE
———IKTQEGVITDQLKONI-———————— RRVIHKNRYLSA
———TGSEEKEGNLTANPAL-———————— KNVILKNEFLPQ

—VGAQEDCVDEHFQEKT — LSSIQGNEFLHQ

—AGVHNDHVDRDEFGQKI — RNLICDNEVLHQ
———VGVHDDNVGKNFEPKI—-———————— KALIYDNEFLQQ
FLEWETVKTELRACQKE-—-NYKRKNRKLGIITSIKGSCYK—-———————— LILNONLVATIE
FLEWETIKTEMRAVIKN-—-SQKPKFRSDSCIIHMKDNNME-———————— IVMNPNLVCIY
FLEFWETIKTEMRAVIKN--SQKPKFRSDSCIIHMKDNNME - — —IVMNPNLVCIY
FLEWETIKTEMRAVIKN--SQKPKFRSDSCIIHMRDNNME - ———————— IVMNPNLVCIY
FLEWFTIKTEMRAVIKN--SQKPKFRSDSCIIHMRDKSTE-———————— IILNPNLICIF
FLEFWFTIKTEMRAVIKN--SQKPKFRSDSCIIHMRDKSTE-———————— ITILNPNLICIF

MLLLVHLSQLARRIKG!
MLLLVHLSQLARRIKG!
MLLLVHLSQLARRIKG!
MLLLVHLSQLARRIKG!
MLLLVHLSQLARRIKG:
MLLLVHLSQLARRIKGORGSLRSNWKFIGTDLELFGIADFVIFKVPVKTIIRNAVSLOAS
AVTWLDLVVAARRARMNRENTR YASGELIDILGFGDYIFWKIPLKLLPLNKRGVP——
LFFWHDLAILTRRGRMNR N RYTWEVTNEVVDILGKGDYIFWKIPIALLPMNTANVE——
LYFWYDLAILARRGRLNR RYTWEFVHDKLIDILGKGDYIFWKFPLSLLPMNENGIP——
MFFWYDLAILTRRGRLNRGNSR(TWFVHDDLIDILCYGDYVFWKIPISMLPLNTQGIP——
MFHWYDLAILARRGRLNRENNRYTWFASDNLVDILGKGDY IFWKIPLSLLPVDTQGLEP -~
TFYWYDTATTTRRGRT R RYTWFANDDLIDILGKGDYIFWKIPLSLLSLNTEGIP——

KFIGVDLEIFGEADFVIFKVPLKAIIRNATSLOAS
KFIGVDLEIFGIADFVIFKVPIKAIIRNATSLOAS
WKFIGVDLEI|FGIADFVIFKVPIKAIIRNATSLOAS
WKFIGTDLEI|FGIADFIIFKVPVKTIIRNAVSLOAS
WKFIGTDLEI|FGIADFVIFKVPVKTIIRNAVSLOAS

222272

|
Pol2 in NTD MARV & EBOV

137
135
135
135
135
135
128M
143
135
131
137
137M
103
106
105
105
105
105

197
140
140
140
140
140
133M
148
140
136
142
142M
108
111
110
110
110
110

317
169
169
169
169
169
172
187
179
175
181
181
l4e6
149
148
LALE)
148
148

366
218
218
218
218
218
232
247
239
235
241
241
204
207
206
206
206
206
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tr|AOA185KRV3 |AOALI85KRV3_9MONO

sp|089344 |L_HENDH
tr|G5CPP9|G5CPP9_9MONO
tr|F4YH99|F4YH99 9MONO
sp|Q997F0|L_NIPAV

tr |AOA7L5MR62 | AOATL5MR62_ NIPAV

tr|Q1PDA3 |Q1PDA3_ 9MONO

tr\AOAOU2VU68\AOZOUZVU6879MONO

sp|Q1PDC4 | L_MABVR
tr|GOHWES | GOHWES_9MONO
tr|Q1PD47|Q1lPD47_ MABVA
sp|P31352|L_MABVM

tr|AOACD3VMI8 |AOACD3VMI8_9MONO

sp|Q5XX01|L_EBOSU

tr|AOA343EQF6|AOA343EQF6_9MONO

sp|Q05318|L_EBOZM
tr|B8XCP4|B8XCP4_9MONO
tr|R4QUHS5 | R4QUH5_9MONO

tr |AOA185KRV3 |AOALI85KRV3_9MONO

sp|089344|L_HENDH
tr|G5CPP9|G5CPP9_9MONO
tr|F4YH99|F4YH99 9MONO
sp|Q997F0|L_NIPAV

tr|AOA7LS5MR62 |AOA7L5MR62_NIPAV

tr|Q1PDA3|Q1PDA3_ 9MONO

tr\AOAOU2VU68\AOXOUZVU6879MONO

sp|Q1PDC4 |L_MABVR
tr|GOHWES | G9HWES_9MONO
tr|Q1lPD47|Q1PD47_ MABVA
sp|P31352|L_MABVM

tr|AOACD3VMI8 |AOACD3VMI8_9MONO

sp|Q5XX01 | L_EBOSU

tr |AOA343EQF6|AOA343EQF6_9MONO

sp|Q05318|L_EBOZM
tr |B8XCP4 |B8XCP4_9MONO
tr |R4QUH5 |R4QUHS_9MONO

tr |AOA185KRV3 |AOALI85KRV3_9MONO

sp|089344 |L_HENDH
tr|G5CPP9|G5CPPY_9MONO
tr|F4YH99|F4YHO9_ 9MONO
sp|Q997F0|L_NIPAV

tr |AOATLS5MR62 | AOATL5MR62_NIPAV

tr|Q1PDA3|Q1PDA3_9MONO

tr |AOAQU2VU68 |AOAOU2VU68_IMONO

sp|Q1PDC4 |L_MABVR
tr|GOHWES | G9HWES_9MONO
tr|Q1PD47|Q1PD47_ MABVA
sp|P31352|L_MABVM

tr|AOACD3VMI8 |AOACD3VMI8_ 9MONO

sp|Q5XX01|L_EBOSU

tr |AOA343EQF6|AOA343EQF6_9MONO

sp|Q05318|L_EBOZM
tr|B8XCP4|B8XCP4_9MONO
tr|R4QUHS5 | R4QUH5_9MONO

tr |AOA185KRV3 |AOALI85KRV3_9MONO

sp|089344 |L_HENDH
tr|G5CPP9|G5CPP9_9MONO
tr|F4YHOO|F4YH99 9MONO
sp|Q997F0 | L_NIPAV

tr|AOATL5MR62 | AOATLS5MR62_NIPAV

tr | Q1PDA3 |Q1PDA3_9MONO

trIAOAOU2VU68\AOXOU2VU6879MONO

sp|Q1PDC4 | L_MABVR
tr | GOHWES | GOHWES_ 9MONO
tr|Q1PD47|Q1PD47_MABVA
sp|P31352|L_MABVM

trIAOACD3VMf8\AOACD3VM1879MONO

sp|Q5XX01 | L_EBOSU

tr |AOA343EQF6|A0OA343EQF6_9MONO

sp|Q05318|L_EBOzZM
tr|B8XCP4 |B8XCP4 9MONO
tr |R4QUH5 |R4QUHS 9IMONO

tr|AOA185KRV3|AOAL185KRV3_9MONO

sp|089344 |L_HENDH
tr|G5CPP9|G5CPPY_9MONO
tr|F4YH99|F4YH99 9MONO
sp|Q997F0|L_NIPAV

tr|AOATL5MR62 | AOATLS5MR62_NIPAV

tr|Q1PDA3|Q1PDA3_9MONO

tr |AOAQU2VU68 |AOAOU2VU68_9MONO

sp|Q1PDC4|L_MABVR
tr|GOHWES | GOHWES 9MONO
tr|Q1PD47|Q1PD47 MABVA
sp|P31352|L_MABVM

trIAOACD3VMf8\AOACD3VMIS_9MONO

sp|Q5XX01 | L_EBOSU

tr |AOA343EQF6 |AOA343EQF6_9MONO

sp|Q05318|L_EBOZM
tr|B8XCP4|B8XCP4_9MONO
tr|R4QUHS5 | R4AQUH5_9IMONO

NTD ¢—— | ™ RdRp

GDLFEELRESKNYP-—----— EDEIKRFANDLINVMTCRDIHLVAEFFSFFRTEFG| HPILNA
KEIHQELIGCGFTD-———---— QKTRSIFIDDLLSVMNIDNIHLLAEFFSFFRTFG|HPILEA
KEIHHELIECGFTD-—-—-—--— QKTRSIFIDDLLSVMNIDNIHLLAEFFSFFRTFG|HPILEA
KEIHQELIECGFTD-———--— QKTRSIFIDDLLSVMNIDNIHLLAEFFSFFRTEFG| HPILEA
KEMHQELSECGFTD-————— QKIRSMFIDDLLSILNIDNIHLLAEFFSFFRTFG| HPILEA
KEMHQELSECGFTD-—-——--— QKIRSMFIDDLLSILNIDNIHLLAEFFSFFRTEFG| HPILEA

KSYYDELRSLNLKLQIPDNRTECAQNFIKTIIQAK—LTPQQYCELFSLQKHWG |HPVLYN
KSYYDELQSLNLKLOQIPDNRTECAQNFIKTITIQAK—LTPQQYCELFSLQKHWG | HPVLYN
KSYYDELQSLNLKLQIPDNRTECAQNFIKTIIQAK—LTPQQYCELFSLQKHWG | HPVLYN
KSYYDELCSLNLKFQISGNKAECAQNFIKTIIQAK—LTPQQYCELFSLQKHWG | HPVLYN
KSYYDELCCLNLKLQISDNKAECAQNFIKTITQAK—LTPQQYCELFSLQKHWG | HPVLYN
KSYYDELHDLNLKLQISDNKAECAQNFIKTIVQAK—LTPQQYCELFSLQKHWG | HPVLYN
VALLKDLAERTKGRELTLYQQTKIRSFHQILFRLK—LRAQQWCELFSIQKHWG | HPVLHS
LAVIQTLRELLLNRGLKKSQLSKIREFHQLLLRLR—STPQQLCELFSIQKHWG | HPVLHS
LAVIHTLEELLNGRNLKTFQLQKIREFHQIIVRLR—STPQQFCELFSIQKHWG | HPILHS
LAVNHTLEEITEMRALKPSQAQKIREFHRTLIRLE—MTPQQLCELFSIQKHWG | HPVLHS
LAVNHTLEELTGSRELRPQQIRKVREFHOMLINLK—ATPQQLCELFSVQKHWG | HPVLHS
LAVNHTLEELIEGRGLKSQQDWKMREFHRILVNLKS TPQQLCELFSVQKHWG | HPVLHS

* * : : LN AR

dR}FARTYKMRACQVIAENLIAHGIGRY FHENGMVKDEHELSKSLFQLSISGI PRGNKN
GRLFAKMTYKMRACQVIAEALIASGVGKYFKENGMVKDEHELLKTLFQLSISSVPRGNSQ
R} FAKMTYKMRACQVIAEALIASEVGKYFKENGMVKDEHELLKTLFQLS ISSVPRGNSQ
a t 2EHTYKMRACQVIAEALIASSKGEYFKENGMVKDEHELLKTLFQLSISSVPRGNSQ
GRLFAKMTYKMRACQVIAEALIASGVGKYFKENGMVKDEHELLKTLFQLSISSVPRGNSQ

JRLFAKMTYKMRACQVIAEALTASEVGKY FKENGMVKDEHELLKTLFQLSISSVPRGNSQ
JRTFEKYPYRVRNVQTLAEALLAD AFPSNMMVVTEREQKEALLHQAS————-—-—-—-——
QRTFEKYPYRVRNVQTLAEALLAD AFPSNMMVVTEREQKEALLHQAS—————————
JRTFEKYPYRVRNVQTLAEALLAD AFPSNMMVVTEREQKEALLHQAS
JRTFEKYPYRVRNVQTLAEALLAD AFPSNMMVVTEREQKEALLHQAS
QRTFEKYPYRVRNVQTLAEALLAD AFPSNMMVVTEREQKEALLHQAS——————-—-——
GRTFGKLPYRVRNVOQTLAEALLADGLAKAFPSNMMVVTEREQKEALLHQAS—————————
JRTFEKYPYLTRNLQTLCEALLAD AFPSNMMVVTEREQKETLLHQAS—————---——
JRTFEKYPYLTRNVQTLCEALLAD AFPSNMMVVTEREQKESLLHQAS
QRTFEKYPYLTRNVQTLCEALLAD AFPSNMMVVTEREQKESLLHQAS
GRTFGKLPYPTRNVQTLCEALLADGLAKAFPSNMMVVTEREQKESLLHQAS
QRAFEKPYPTRNVQTLCEALLAD AFPSNMMVVTEREQKESLLHQAS
QRAFGKI}PYPTRNVQTLCEALLAD AFPSNMMVVTEREQKESLLHQAS

L EN CF D I S PR PO P e S sikaro:

RGKTYNESHSLGKFSKEDEERYDVISAFL KFCLNWRHESIGIFARRMDEIYGLPG
- TETSDFSKYDDGTGTKFDTVSAFL KFCLNWRYESMATIFAERLDEIYGLPG
- TETSDFSKYDDGTGTKFDTVSAFL KFCLNWRYESMATIFAERLDEIYGLPG
————— TETSDFSKYDDGTGTKFDTVSAFL KFCLNWRYESMAIFAERLDEIYGLPG
————— TEAAVLSRYEDNTGTKFDTVSAFLTTDLKKFCLNWRYESMATIFAERLDEIYGLPG

————— TEAAVLSKYEDNTGTKFDTVSAFL KFCLNWRYESMATIFAERLDEIYGLPG
—————————— [HHNSASIGENAIVRGASE KYNLAFRYEFTRHFIDY(NRCYGVKN

[HHNSASTIGENAIVRGASE NLAFRYEFTRHFIDY CYGVKN
[HHNSASTGENATIVRGASE
[HHNSASIGENAIVRGASFE

K N

KYNLAFRYEFTRHFIDY(JNRCYGVKN
KYNLAFRYEFTRHFIDY(NRCYGVKN
K N
K

—————————— [HHNSASIGENAIVRGASE NLAFRYEFTRHFIDY CYGVKN
——————— WHHNSASIGENAIVRGASFVTDLEKYNLAFRYEFTRHFIDYCNRCYGVKN
[HHEOGNLGDHVQVRGASFE KYNLAFRFEFTRPFIEY(NHCYNIKN

[HH' SDDFGEHATVRGSSFE KYNLAFRYEFTAPFIKY(JNOCYGVRN
[HH' SDDFGEHATVRGSSF KYNLAFRYEFTSPFIEY(NRCYGVRN
WHHTSDDFGEHATVRGSSFVTDLEKYNLAFRYEFTAPFIEYCNRCYGVKN

[ SDDFGENATVRGSSFE NLAFRYEFTAPFIEYJNRCYGVRN

—————————— [HH' SDDFGENATVRGSSFE NLAFRYEFTAPFIEY(QNRCYGVKN

HRO * o

IPFLFLSAYETNTRIAAIVQ ESIAITQKVHPNLPYKVKKEICARQAQLYFDRLRMNL
IPFLFLSAYETNTRIAAIVQ ESTAITQKVHPNLPYKVKKEICARQAQLYFDRLRMNL
IPFLFLSAYETNTRIAAIVQ) ESTAITQKVHPNLPYKVKKEICARQAQLYFDRLRMNL
IPFLFLSAYETNTRIAAIVQGDNESIAITQKVHPNLPYKVKKEICAKQAQLYFERLRMNL
I PFLFLSAYETNTRIAAIViESIAITQKVHPNLPYKVKKEICAKQAQLYFERLRMNL

IPFLFLSAHETNTRIAAVVQIQSIAITHKVHPHLPYKMKKELSAMQAKKYFSRLRHNM

CAQITLVELKTKLKLKSSV] QCITTLSLEPIDAPNDYQENEAELNAARVAVELAITT
CAQITLVELKTKLKLKSSVI QOCITTLSLFPIDAPNDYQENEAELNAARVAVELAITT
CAQITLVELKTKLKLKSSV] QCITTLSLEFPIDAPNDYQENEAELNAARVAVELAITT
CAQITLVELKTKLKLKSSV] OCITTLSLFPIDAPDDYQENEAELNAARVAVELAITT
CAQITLVELKTKLKLKSSV! OQCITTLSLEPVDAPNDYQENEAELNAARVAVELAITT
CAQITLVELKTKLKLKSSVMGDNQCITTLSLFPIDAPNDYQENEAELNAARVAVELAITT
CAQISLAELRSGFKTRSAvaCITVLSVFPDHYQEDLQELEZ—\EDNAARVAAILARIT

CAQISLVEIKTGFKLRSAVI QCITVLSVEFPLESSPNEQERCAEDNAARVAASLAKVT
CSQISLVEIKTGFKLRSAV] QCITVLSVFPLESDPDEQELHAEDNAARVAASLAKVT
CAQISLVEIKTGFKLRSAVMGDNQCITVLSVFPLETDADEQEQSAEDNAARVAASLAKVT
CAQISLVEIKTGFKLRSAV:'QCITVLSVFPLETESSEQELSSEDNAARVAASLAKVT

CAQISLVEIKTGFKLRSAVI OCITVLSVFPLETDSNEQEHSSEDNAARVAASLAKVT

* . *

KALGHELKATETIISTHFFIYSKKIHYDGAVLSQSLKSMARCVFWSETﬂG'ﬂTRAACSNI
RALGLNLKATETIISTHLEVYSKKIHYDGAVLSQALKSMSRCCFWSETLVDETRSACSNI
RALGHNLKATETIISTHLEVYSKKIHYDGAVLSQALKSMSRCCEFWSETIVDE[TRSACSNI
RALGHNLKATETIISTHLEVYSKKIHYDGAVLSQALKSMSRCCEFWSET RSACSNI
RALGHNLKATETIISTHLFIYSKKIHYDGAVLSQALKSMSRCCFWSETLVDETRSACSNI
RALGHNLKATETIISTHLFVYSKKIHYDGAVLSQALKSMSRCCFWSET RSACSNT
GYSGIFLKPEETFVHSGFIYFGKKQYLNGVQLPQSLKTMARCGPLSDSJFDDILOGSLAST
GYSGIFLKPEETFVHSGFIYFGKKQYLNGVQLPQSLKTMARCGPLSDS JEDDILOGSLAST
GYSGIFLKPEETFVHSGFIYFGKKQYLNGVQLPQSLKTMARCGPLSDS JEFDDILOGSLAST
GYSGIFLKPEETFVHSGFIYFGKKQYLNGVQLPQSLKTMARCGPLSDSJEFDDILOGSLAST
GYSGIFLKPEETFVHSGFIYFGKKQYLNGVQLPQSLKTMARCGPLSDS JJEFDDLOGSLAST
GYSGIFLKPEETFVHSGFIYFGKKQYLNGVQLPQSLKTMARCGPLSDSIFDDLQGSLAST
ASCGIFLKPEETFVHSGFIYFGKKQYLNGVQLPOSLKTAARMAPLSDAFDDILOGTLAST
SACGIFLKPDETFVHSGFIYFGKKQYLNGIQLPQSLKTAARMAPLSDAFDDLQGTLAST
SACGIFLKPEETFVHSGFIYFGKKQYLNGVQLPQSLKTAARMAPLSDAFDDLQGTLAST
SACGIFLKPDETFVHSGFIYFGKKQYLNGVQLPQSLKTATRMAPLSDAIFDDLQGTLAST
SACGIFLKPDETFVHSGFIYFGKKQYLNGVQLPQSLKTATRIAPLSDAFDDILQGTLAST
SACGIFLKPDETFVHSGFIYFGKKQYLNGVQLPQSLKTATRIAPLSDATED QGTLASI

kKK Kk s s sn s KKk . ik Kk kakkg Lk

526
370
370
370
370
370
409
424
416
412
418
418
379
383
382
382
382
382

765
609
609
609
609
609
637
652
644
640
646
646
607
611
610
610
610
610

1004
750
750
750
750
750
687
702
694
690
696
696
657
661
660
660
660
660

1124
870
870
870
870
870
807
822
814
810
816
816
777
781
780
780
780
780

1184
930
930
930
930
930
867
882
874
870
876
876
837
841

840
840
840
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RARP 4—— —> PRNTase

tr|AOA185KRV3|AOAL185KRV3_9MONO S|TTIAKAIENGYSRRSGYLINVL------ KTIQQINISLSFNINECMTD-DIIRPFRDNP 1237
sp|089344|L_HENDH S|TTIAKAIENGLSRNVGYCINVL------ KVIQQLLISTEFSINETLTA-DVTSPISNNL 983
trIG5CPP9IG5CPP9_9MONO S|TTIAKAIENGLSRNVGYCINVL------ KVIQQLLISTEFSINETLTA-DVTSPISNNL 983
trIF4YH99IF4YH99_9MONO S|TTIAKAIENGLSRNVGYCINVL--—---- KVIQQLLISTEFSINETLTA-DVTSPISNNL 983
Sp|Q997FOIL_NIPAV S |TTIAKAIENGLSRNVGYCINIL------— KVIQQOLLISTEFSINETLTL-DVTSPISNNL 983
tr|AOA7L5MR62 |AOATLS5MR62_NIPAV S|TTIAKAIENGLSRNVGYCINIL------ KVIQQLLISTEFSINETTL-DVTSPISNNL 983
tr|Q1PDA3|Q1PDA3_9MONO G|TSFERGASETRHIFPSRWIAAFHSMLAINLLNQNH-LGFPLGFSIDVSCFKKPLT--F 923
tr |AOAQU2VU68|AOAQU2VU68_9MONO G| TSFERGASETRHIFPSRWIAAFHSMLAVNLLNQNH-LGFPLGFSIDVSCFKKPLT--F 938
SP|Q1PDC4IL_MABVR G| TSFERGASETRHIFPSRWIAAFHSMLAVNLLNONH—LGFPLGFSIDVSCFKKPLT--F 930
trIG9HWE8IG9HWE8_9MONO G| TSFERGTSETRHIFPSRWIASFHSMLAINLLNONH—LGFPLGFSIDISCFKKPLT--F 926
trIQlPD47IQ1PD47_MABVA G |TSFERGTSETRHIFPSRWIASFHSMLAINLLNONH—LGFPLGFNIDISCFKKPLT--F 932
sp|P3l352|L7MABVM G|TSFERGTSETRHIFPSRWIASFHSMLAINLLNOQNH-LGFPLGFNIDISCFKKPLT--F 932
tr |AOACD3VMIS8|AOACD3VMI8_9MONO G |TAFERAIAESRHIFPIRIMAAIQSYLAVKVLQENH-LGFPKNTDLGVLALGKPIS--A 893
sp|Q5XX01|L_EBOSU G |TAFERSISETRHILPCRVAAAFHTYFSVRILQHHH—LGFHKGSDLGQLAINKPLD--F 897
tr|AOA343EQF6|AOA343EQF6_9MONO G |TAFERSISETRHILPCRIAAAFHTFFSVRILQHHH—LGFNKGTDLGQLAISKPLD--F 896
sp|0Q05318 | L_EBOZM G |TAFERSISETRHIFPCRITAAFHTFFSVRILQYHH—LGFNKGFDLGQLTLGKPLD--F 896
tr|B8XCP4|B8XCP4_9MONO G | TAFERSISETRHVVPCRVAAAFHTFFSVRILQYHH-LGFNKGTDLGQLSLSKPLD-~F 896
tr |R4QUHS5 |R4QUH5_9MONO G |TAFERSISETRHVYPCRVVAAFHTFFSVRILQYHH-LGFNKGTDLGQLSLSKPLD--F 896
PR . . .. * . * .
s e

//End of the L protein sequences from all the three viruses

tr|AOA185KRV3|AOAL185KRV3_9MONO P-——--—=—= 2501

Sp|089344|L_HENDH —————————— 2244

trIG5CPP9IG5CPP9_9MONO —————————— 2244

trIF4YH99IF4YH99_9MONO —————————— 2244

sp|Q997F0|L NIPAV  —om——————o 2244

tr|AOA7L5MR62 |AOATLSMR62_NIPAV ~  ——————--—- 2244

trIQlPDA3IQ1PDA3_9MONO GFSRPK---- 2351

trIAOAOU2VU68\AOAOU2VU68_9MONO GFSRPK---- 2366

sp|Q1PDC4|L_MABVR GFSRPK---- 2358

GLFKSESLRA 2358
GLFKSGSLRA 2364
GLFKSGSLRA 2364

tr|GIHWES | G9HWES_9MONO
tr|Q1PD47|Q1PD47_MABVA
sp|P31352|L_MABVM

trIAOACDSVME8\AOACD3VM1879MONO GL--==-———- 2196
sp|Q5XX01|L_EBOSU GFRSSSV--- 2210
tr|AOA343EQF6|AOA343EQF6_9MONO GFQNPP---- 2210
sp|Q05318 |L_EBOZM GLYREDZSSS 2212
tr|B8XCP4|B8XCP4_9MONO GFFR---—--— 2210
tr|R4QUH5 |R4QUH5_9MONO GINT------ 2210

AO0A185KRV3_9MONO RdRp of L protein, Cedar virus

089344|L_HENDH RdRp of L protein, Hendra virus (isolate, Horse/Autralia/Hendra/1994)
G5CPP9_9MONO RdRp of L protein, Henipavirus hendraense
FAYH99|F4YH99_9MONO RNA-directed RNA polymerase L, Henipavirus hendraense
Q997F0|L_NIPAYV RdRp of L protein, Nipah virus

AOA7L5MR62_NIPAYV RdRp of L protein, Nipah virus

Q1PDA3_9MONO RdRp of L protein, Lake Victoria Marburg virus, (DRC1999)
AOA0U2VVUB8_9MONO RdRp of L protein, Orthomarburgvirus marburgense
Q1PDC4|L_MABVR RdRp of L protein, Lake Victoria Marburgvirus (strain Ravn-87)
G9HWES8_9MONO RdRp of L protein, Lake Victoria Marburgvirus (Leiden)
Q1PD47_MABVA RdRp of L protein, Lake Victoria Marburgvirus (strain Angola/2005)
P31352|L_MABVM RdRp of L protein, Lake Victoria Marburgvirus (strain Musoke-80)

AOACD3VMI8_9MONO PdRP of L protein, Cuevavirus lloviuense

Q5XX01|L_EBOSU RdRp of L protein, Sudan Ebolavirus (strain Human/Uganda/Gulu/2000)
AOA343EQF6_9MONO RdRp of L protein, Bombali virus

Q05318|L_EBOZM RdRp of L protein, Zaire Ebola virus (strain Mayinga-76)
B8XCP4_9MONO RdRp of L protein, Tai Forest ebolavirus

R4QUH5_9MONO RdRp of L protein, Bundibugyo virus.

Figure 6: ‘Mix and Match’ MSA of Marburg, Ebola, Nipah and their related viruses

3.2 Conservation of the catalytic core region in the RNA/DNA polymerases from viruses, prokaryotic and
eukaryotic organisms

Table 1 shows that the polymerase catalytic core is highly conserved in all organisms from viral (bacterial and animals),
prokaryotic, (Eubacterial and Archaebacterial) and eukaryotic (plants and animals) RNA/DNA polymerases (only the
representative organisms are shown in the Table 1). It is clear from the table, that invariably, all these polymerases
possess three highly conserved catalytic core components, viz. a basic catalytic amino acid, R/K for proton abstraction
from the growing 3’-OH to enable nucleotide addition, an R/Q/N at -4 from the proton abstracting K/R for nucleotide
discrimination and a template-binding pair -YG- (the template-binding pair shows small variations). Interestingly, by
sequence similarity, all three conserved elements are observed among the three human pathogenic bat-borne viruses,
viz. MARV, EBOV and NiV.
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Table 1: Conservation of polymerase catalytic region(s) in the viral, prokaryotic and eukaryotic RNA/DNA polymerases
(Proposed and Confirmed).

Polymerase Type Catalytic Core Region(s)

1.BACTERIAL VIRUSES

SSU RNA POLYMERASES: SSU DNA-dep RNAPs

Viral T7 SSU RNA pol 620 AY-SGVTRASVTIF RSVMTLARRGS- |
Viral SP6 SSU RNA pol 12WDSIEGITRASLTKKPVMTLPY2GS-
Viral T3 SSU RNA pol -WLAY8GVTR4SVTKRSVMTLAYEGS642-
Viral BPK11 SSU RNA pol -WLQYSGVTR*KVTKRSVMTLAY&GS634-

2. HUMAN VIRUSES
(+) Strand RNA Viruses (SARS-Coronaviruses)
RNA-dep RNAPs (NSP12)

SARS-CoV-1 -STMTNR®Q“*FHQKLLKSIAATRGATVVIGTSKFY?'GG5%7-
SARS-CoV-2 -STMTNRS5Q“FHQKLLKSIAATRGATVVIGTSKFEGG57-
MERS-CoV -STMTNR®°Q*YHQKMLKSMAATRGATCVIGTTKFY?'GG5%-

3. PROKARYOTIC AND EUKARYOTIC MSU DNA-dep RNAPS (mRNAS)

a) MSU RNAP Family (Prokaryotic and Eukaryotic Initiation subunits: (B_and Rpb2 subunits)

E. coli MSU RNAP B subunit -S39TRERSAGFEVRDVHPTHY'GRV5%%8-

S. cerevisiae MSU RNAP Il Rpb2 subunit BSIERSSLFFRSYMDQEKKYGMS86°-
S. pombe MSU RNAP Il Rpb2 subunit -S40FERSSIFYRTYTDQEKKISGMTE58-

A. thaliana MSU RNAP 1l Rpb2 subunit  -81°FRSYR-°*DEEKKMGTLVKEDF°GRP#&40-
Human MSU RNAP Il Rpb2 subunit B06ER-SSVFYRSYKEQESKKGFDQ#8?5-

b) MSU RNAP Family (Prokaryotic and Eukaryotic Elongation subunits: (8’ and Rpb1 subunits)
E. coli MSU RNAP 8’ subunit -833NS.DAVKVRSVVSC6DTDFGVC13AHC;6Y16GRDLSGl-

S. cerevisiae MSU RNAPII Rpb1 subunit-55DPR'6LGSIDRNLKCSQTCSQEGMNEQ;PGHFlBGHI84-

P. pastoris MSU RNAPII Rpb1 subunit -55DPK‘6LGSIDRNFKC5QTCSGEGMAE01§PGHFlSGHMB“-

A. thaliana MSU RNAPII Rpb1 subunit -54DTR'7LGTIDRKVKC4ETC7MANMAEC1'4PGHF17GYL83-

H. sapiens MSU RNAPII Rpb1 subunit -59DPR'GQGVIERTGRC5QTC8AGNMTEC};PGHFlSGHI%-

4. ORGANELLAR SSU RNAPs (NEPSs)

Mitochondrial (S. cerevisiae) -TR*KVVKQTVMTNVY8G\/1024-
Mitochondrial (Arabidopsis thaliana) -QVDR-*KLVKQTVMTSVY8GV762-
Mitochondrial (Nicotiana sylvestris) -QVDR-*KLVKQTVMTSVY8éGV788-
Mitochondrial RNA pol (H. sapiens) -TRAKVVKQTVMTVVYEGV100L
Chloroplast (Oryza sativa, Japonica) -QVDR-*KLVKQTVMTSVY8GV73°-
Chloroplast (Arabidopsis thaliana) -QVDR-*KLVKQTVMTSVY8GV77-
5. HUMAN and ANIMAL DNA VIRUSES ( DNA-dependent RNAPs)

Smallpox RNA pol  (DdRp) -SR“*YPDRDSMVCHRILTYGK364-

Mpox virus RNA pol (DdRp) -SR*YPDRDSMVCHRILTY!GK364-

Cowpox virus RNA pol (DdRp) -SR“YPDRDSMVCHRILTY1GK364-

6. VIRAL and PROKARYOTIC DNA POLYMERASES

T7 phage DNA pol SONQIAAELPTIRRDNAIRTFYGFLIBGAG
Smallpox DNA pol S4TTEKAIYDSMQ-4YTYKEOIANSVY'GLM-
Vaccinia DNA pol -S48TEKAIYDSMQ“YTYK L VANSVY'GLM-
Mpox DNA pol S48TEKAIYDSMQ*Y T Y VANSVY'GLM-
DNA pol | (E. coli)@ - 745PLETVTSEQIRS AINEEGLIEGVS-
Taq pol | (T. aquaticus) -650pREAVDPLM|EER TINFGVLY8GM-

Pfu DNA pol (P. furiosus) AT8|LLDYRQ“KAIK*88L LANSFY’GYYGYAK-
Desulfurococcus DNA pol -BLYRQ“RAIK*®7ILANSYY'GYYAYA-
Thermococcus gorgonarius DNA pol -BIYRQ“RAIK*7ILANSFY'GYYGYA-
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DNA pol Il (E. coli)@ -480AKRQGNKPLS*QALK*SIIMNAFY’GVL-
DNA pol Ill MSU (Replicase, E. coli)  -$51SYPDVQWQH“ESLK®*PVLEPTY'GII-

6. EUKARYOTIC DNA POLYMERASES#

Yeast a DNA pol (S. cerevisiae) -931HKRVQCDIRQ“QALK*L TANSM Y [BRlCL -
Yeast a DNA pol (A. thaliana) -980 KYWELDIRQ“QALK®3LTANSMY8GCL-
Animal a DNA pol (H. sapiens) -%87DLILQYDIRQ“*KALK®*°LTANSMY8GCL-

Yeast € DNA pol (S. cerevisiae) -""MIVLYDSLQ“LAHKE®VILNSFY'GYV-
Plant € DNA pol (A. thaliana) -"IOMVVVYDSLQ“LAHK®CILNSFY'GYV-
Animal € DNA pol (H. sapiens) SSI2MEVLYDSLQ“LAHKECILNSFY'GYV-

Yeast d DNA pol (S. cerevisiae) -588FKRDVLNGRQ“LALK " SANSVY'GFT-
Plant & DNA pol (A. thaliana) -679LEKA°LDGRQ'Z’[ALKSQZISANSVY7GFT-
Animal & DNA pol (H. sapiens) 681 RRQVLDGROQ HALKGQ“VSANSVWGFT-

8. Organellar DNA POLYMERASES

. cerevisiae Mitochondrial DNA pol y (Repl) 741 GCSR“*NEAKIFNYGRIY8GAG-
. thaliana Mitochondrial DNA pol y (pol 1) S2ER“RKAK®"MLNFSIAYSGK-
. thaliana Mitochondrial DNA pol y (pol 2) STUER“RKAKE°MLNFSIAYSGK-
. sapiens Mitochondrial DNA pol y (Repl) SUTTVGISRAEHAK Y IFNYGRIYESGAG-

. thaliana Chloroplast DNA pol IA -STBER“RKAK®SMLNFSIAYSGK-
. thaliana Chloroplast DNA pol IB -857ER“RKAK®MLNFSIAYSGK-

. coli DNA pol | (cf) 48TV TSEQEERSAEA INFGLIIIGMS-

9. Human Immunodeficiency Viruses (HIVs), (RNA Viruses) RdDp

HIV-1 Reverse transcriptase -255N“DIQK?*°LI'VGKLNWASQIY?PG?73-
HIV-2 Reverse transcriptase -256N“4DIQK 2L 'WVGVLNWASQIY?PG?74-
SIV Reverse transcriptase -266N4DIQK?"°LI'VGKLNWASQIY1?SG?284-

10. Segmented, Negative-strand RNA Viruses (RdRp)

Human Influenza A Virus (PB1 subunit) -258 ARSSICEKL'EQSGLPVEGGN-
Human Influenza B Virus (PB1 subunit) -258 AK->NICENL'EQSGLPVEGGN-
Human Influenza C Virus (PB1 subunit) -260\/AQ-°KICEKL*KESGLPVEGGN-

11. Non-segmented; |Positive-strand RNA Viruses (RdRp)

SARS-CoV-1 RdRp (NSP12) -STMTNRQ“*FHQKL'LKSIAATRGATVVIGTSKFY?'GG%".
MERS-CoV RdRp (NSP12) -STMTNRQ“*YHQKM!LKSMAATRGATCVIGTTKFY?1GG5%8-
SARS-CoV-2 RdRp (NSP12) -STMTNRQ“FHQKL'LKSIAATRGATVVIGTSKFY?!GG597-

12. Non=segmented, Negative-strand RNA Viruses (RdRp)

Respiratory syncytial virus (RdRp) -?°*CLN“TLNKS!LGLRCGFNNVILTQLFLY®GD- Catalytic core-1
" (RARp) -54°QVQ°ILAEKM!IAENILQFFPESLTRY'GD- Catalytic core-2

13. Non-segmented, Negative-strand RNA Viruses (RdRp) »

Marburg Virus- RdRp (Poll) -596(3R'4TFGK601L1PYRVRNVQT%ALQPGL20AK-
Marburg Virus (Pol2 at NTD) -1%QR*GSLR?*!SINWKFIGVDLELF3GIA-

Ebola Virus- RdRp (Poll) -56°GR'4TFGK565L1PYPTRNVQT£EALLA GL2°AK-
Ebola Virus- RdRp (Pol2 at NTD) 163RLNR*GNSR"°S'TWFVHDDLIDIL*GYGDY-

Nipah Virus- RdRp SSOGRALFSSPAKSSSMITYKMREACQVI EA%SGVzOGK-

m >»>» I>»>W0

Palanivelu and references therein [32].

>
>
>

Pol, Polymerase; NEPs, Nuclear Encoded Polymerases; Repl, Replicase.

Pfu, Pyrococcus furiosus; SIV, Simian Immunodeficiency Virus

The confirmed active site amino acids (by SDM, X-ray crystallography and active site-directed inhibitors) are highlighted
in dark blue and those from the cryo-EM data are highlighted in light blue.

#Eukaryotic replicative DNA polymerases, viz. a pols act as primase, whereas the € and 6 pols involve in leading and
lagging strand syntheses, respectively.

@DNA pol I and II are not the replicative pols, but only pol II possesses the two typical conserved motifs, -SLYPS- and -
YGDTDS- as those in eukaryotic replicative DNA pols a and § suggesting a separate evolutionary pathway. It should be
noted that these two motifs are also found in the poxviral DNA pols. However, they are not found in the bacterial DNA pol
I, bacterial replicative pol Il and in the eukaryotic € pol, suggesting their separate evolutionary pathway. In E. coli DNA pol
I, replacement of the conserved catalytic core amino acid, K758 with A758 caused a 1,000-fold reduction in kcar In Taq pol |,
the conserved catalytic core amino acids, R659 and K¢63 were immutable.

~Present work. A tripeptide tandem repeat (marked by arrows) is seen within the proposed polymerase catalytic core
regions of MARV, EBOV and NiV.
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3.3 Conservation of the catalytic metal-binding sites in the RNA/DNA polymerases from viruses,
prokaryotic and eukaryotic organisms

Table 2 shows the conservation of the catalytic metal-binding sites of the RNA/DNA polymerases from viruses to
humans (only the representative organisms are shown here). In all these polymerases, the metal-binding sites are
invariably composed of two to three invariant Ds. The positive-strand RNA viruses use -S/ADD- and -GDD- motifs for
catalytic MgZ*-binding, whereas the negative-strand RNA viruses use -SDD- and -GDN- motifs. The three bat-borne
viruses use -GDN- and -TDL- motifs (arrived at by sequence similarity and in the case of EBOV the metal-binding site
amino acids are also confirmed by SDM experiments). HIVs use -LDV- and -MDD- in the catalytic metal-binding site.
Interestingly, the DdDps from poxviruses and eukaryotic replicative polymerases (a and §) use the same metal-binding
sites having invariant Ds. The SSU RNA polymerases from mitochondria, chloroplasts and bacteriophages use -DGS/T-
and -HDS- as metal-binding sites. Based on the highly conserved catalytic Mg2+-binding sites, the DdDps (EC 2.7.7.7)
maybe broadly classified into two evolutionary families: one with the -YGDTD- type with an invariant -SLYPS- motif and
the other with the -DTD- type. Both types use one more invariant D, as shown in Table 2. DNA polymerases from
bacteriophages, bacterial pol II type, poxviruses, eukaryotic replicative a and § pols. pox viral DNA pols, etc. belong to
the -YGDTD- type, whereas the eubacterial pol [ type, archaebacterial and eukaryotic replicative € pol, etc. belong to the
-DTD- type, further corroborating their distinct evolutionary pathway. It is interesting to note that both types do not
differ much in their catalytic core amino acids. The single-subunit (SSU) organellar and bacteriophage RNA polymerases
use different types of metal-binding sites, viz. -Q/FDGS/T- and -HDS- motifs.

Table 2: Conserved catalytic metal-binding sites in various RNA/DNA polymerases (RdRps, RdDps DdDps and DdRps)

o rganism Metal-binding sites

SARS-CoWV-1
MERZS-CoW
SARS-Cow-2
Bat_RaTGE13-CoV
Pangolin Cov

Follo Type 1 iSuuvm)
Hepatiltlis C (canorypes 1R, dnpansos)
Dengue

Zika

¥ ellow Fewver

Rube=lla
Encephalomy oca rditls

Influsnza A STEODFENTH- & -QS
Influsnza B «TEDFY RN T & -

Influenza STEODATTHNESK- & QS

Rabies ~QED N QY- & -LE

Measles SQEDTTTMN@T- B -AY

Mumps SQEDTTTNQA- & -S5

M ative-strand RNA Viuses, Rd=R EC 2. 7. 7F.48)™

Marburg (Musoke-80) -PASDT A - B - b -

Ebocla (Zalre) M= T - B -

Hipah = HNES- & - -

Human Immuncdeficiency Virnses (HI1Vs) IRdDvps, (EC 2.7.7.40

HIV-1 Reverse transcriptase - L, - MDD |-
HIV-2 Reverse transcriptase - L, - IMBETEE| -
SiV Reverse transcriptase - L - MBEST -
Poxviruses (DdD EC 2.7.7T.T

Smallpox Virus (Vaccinia virus) -1 FEEEE Y 1N - YGRS -
variola vVirus | FIEEEE 1 WY G TESE =
Monkeypox Vins -1FESEY - Y GETOEE S
oth firal, Prokany ot = A ki i AT ST S (255 i
Bacteriophage ( T4) A FETLT - S1na AGDTDS V-
Bacterial DMNA pol 1l (E. coli) ST B Y- -y SDTDS T-
Yeast replicative a DHNA Pols (Sc) =™ MEBF M- SN Y GETDS VM-
Plant replicative a DNA Pols (Os) 224 LIBFM- SRy GETDSIM-
Animal replicative a DNA Pols (MHs) -**LLEFMN- - vy GOTOSIM-
Yeast replicative & DNA Pols (Sc) -SHTLEFM- -y y GRS Y-
Plant replicatlive & DNA Pols (A1) s=oTL_BFA- -y GRS -
Animal replicative & DNA Pols (Hs) - TLEFS- -TEay TS V-

*The first Invariant D s found just before the conscrved - SLY PSS motlf.

Eubactera (EC 2.7.7.7)

Eacterial DNA pol | (E coli) YO . EDFAD. -FDTE™ T-
Bacterial DNA pol I, Repl (E. coli) -FDss5 - -POFD*YH.-
Buhkaryotes (BC 2.7.7.7)

Eucaryortic DNA pol £, Repl (Yeast, Sc) = BT LOTDY T =
Eucaryoric DNA pol £, Repl (Human, Hs) - HED %W —L BT -
Eucaryoric DNA pol £, Repl (Plants, Arf) -y HEDES. - —LD TR =
Archaebacteria (EC 2.7.7.7)

Thenmococous gorgonarius DNA pol S LD -ADTDA? =
Pru DMA pol (P. furfosus) DS - - IDTD*= -
Desulfurococcus DHA pol -1 LDy N =y =
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Organism Metal-binding sites
Mitochondria (SSU RNA pol. EC 2.7.7.6)

lArabidopsis thaliana -QDS"GSC- 8 -VHY®DSF-
Nicotiana sylvestris -QDSGSC- & -VH*4DSY-
S. cerevisiae -QD***GTC- & -VH''8DSY-
Candida albicans QD¥IGTC- & -VH'"?'DSF-
Neurospora crassa -QD??'GTC- & -VH'"'®°DSF-
Chloroplast (SSU RNA pol, EC 2.7.7.6)

\Arabidopsis thaliana -QDfMGSC- 8 -VH*°DSY-
Brassica napus -QDf%¥0GSC- & -VH*'’DS Y-
Bacteriophages (SSU RNA pol, EC 2.7.7.6)

T7 phage -FD*’’GSC- 8 -HD®*'*SF-
Lambda Phage -FD®*¥"GSC- & -HD?2SF-

Palanivelu [5], and references therein.; Pol, polymerase; Repl, Replicase. ; Sc, Saccharomyces cerevisiae; Os, Oryza sativa; Hs, Homo sapiens; At,
Arabidopsis thaliana; P. furiosus, Pyrococcus furiosus; Most of the metal-binding sites were confirmed by X-ray crystallography, cryo-EM, SDM and
other techniques. ; * Present work. The metal-binding sites confirmed by SDM are highlighted in dark blue and by cryo-EM in light blue.

4 CONCLUSION

While a number of experimental therapeutics against these highly pathogenic human viruses target the viral RdRp,
there are still significant gaps in our knowledge on this crucial viral enzyme, which is indispensable for the virus lifecycle
as it mediates the two crucial activities, viz. replication and transcription. Until now, the experimental evidences are not
complete in identifying the catalytic centre(s) of these viral RdRps. The present findings reveal for the first time that
these highly pathogenic, human bat-borne RNA viruses, viz. MARV, EBOV and NiV, though they belong to two different
families, yet possess the same structural organization of their RdRp and exhibit similar function(s) in performing the
two essential activities, viz. transcription and replication. The high degree of conservation observed within the active-
site architecture provides strong support for the development of polymerase-targeted antiviral agents capable of
inhibiting viral multiplication and limiting the spread of these deadly pathogens in humans. Furthermore, the highly
conserved active site structures of the RdRps of these viruses highlight their evolutionary significance and suggest that
these catalytic domains have been highly conserved throughout evolution. Such comparative structural and functional
analyses of RdRps of human pathogenic RNA viruses can potentially deliver a common platform for the rational design
of broad-spectrum antiviral therapeutics. Future experimental studies, including SDM and other techniques of the
predicted polymerase catalytic residues are warranted to validate their functional roles during polymerization. The
apparent absence of the putative HNH-endonuclease motif in the NiV RdRp is intriguing.
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