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Editorial

Decoding Nipah virus polymerase: Cryo-EM reveals key targets for

antiviral drug discovery

Nipah virus (NiV) is characterised as a highly pathogenic en-

veloped RNA virus belonging to the genus NiV within the fam-

ily Paramyxoviridae, and classified as a non-segmented negative-

strand RNA virus. Following an initial outbreak which occurred

in Malaysia in 1998, the virus has caused multiple zoonotic

epidemics in Southeast Asia, resulting in a high fatality rate

(40%–70%) [1]. However, vaccines and antiviral drugs targeting the

NiV are not yet available for clinical use [2]. Against this back-

drop, four studies on the NiV have been published recently, all

employing high-resolution cryo-electron microscopy (cryo-EM) to

analyze the structure and function of the NiV large polymerase

(L)-phosphoprotein (P) complex, with each study having its dis-

tinct focus. Specifically, the study published in Cell by Abraham’s

group analyzed the structure and functional motifs of the L-P com-

plex of NiV [3], while the study published in Protein & Cell by

Xiong’s group explored in depth the zinc-finger site and L-P inter-

actions [4], and Hauke’s group published in Nature Communications

focuses on capturing the conformational changes of the L-P com-

plex [5]. Building on these, the study published in Cell by Kohn-

berg’s group used an inhibitor-bound complex as the entry point

to demonstrate that conformational changes in conserved motifs

can suppress polymerase activity [6]. Collectively, given the critical

role of the NiV L-P complex in mediating viral genome replication

and mRNA transcription, processes indispensable for viral survival

and pathogenesis, the structural insights from these four cryo-EM

studies establish a foundational framework for dissecting the com-

plex’s molecular architecture and functional mechanisms, which is

prerequisite to rational antiviral drug design.

The NiV L-P complex is constituted primarily by the L protein

and P protein, which are responsible for viral genome replication

and mRNA transcription [7,8]. The complex formed by the L and

P proteins exhibits a highly conserved architecture. Among them,

the L protein functions as the catalytic core and contains multiple

functional domains, including the RNA-dependent RNA polymerase

domain (RdRp), the polyribonucleotidyltransferase domain (PRN-

Tase), the connecting domain (CD), the methyltransferase domain

(MTase), and the C-terminal domain (CTD) [9,10]. Among these,

Jonathan Abraham’s group reported that the RdRp domain adopts

a classic "right-handed" conformation, with the Gly-Asp-Asn-Glu

(GDNE) motif in its palm subdomain serving as the core active site

for RNA synthesis [3]. The PRNTase domain is responsible for the

capping modification of viral mRNA and contains two conserved

zinc finger structures (ZF1 and ZF2), which are crucial for main-

taining enzyme activity [4]. The RdRp and PRNTase domains form

a spherical core. As visualized in the cryo-EM structures reported

by Abraham’s group [3] and Hauke’s group [5], the P protein (a co-

factor of the L polymerase) forms a tetramer via its N-terminal do-

main (NTD), central oligomerization domain (OD), and C-terminal

X domain (XD); the OD domain mediates P-L binding, while XD

binds to the CTD and RdRp domains of L to form a mushroom-like

complex that stabilizes the L-P conformation and regulates enzy-

matic activity [3–5].

While the domain composition of the L protein (RdRp, PRNTase,

MTase, CTD) and the oligomeric state of the P protein (tetramer

via NTD/OD/XD) define the basic scaffold of the L-P complex, the

dynamic conformational transitions of the complex across distinct

functional states (apo vs. early-elongation) are key to decipher-

ing how the complex executes its enzymatic activities in RNA

synthesis and mRNA capping. Recent four studies have provided

a comprehensive architectural overview of the NiV L-P complex,

along with elucidating several key structural features and dynamic

mechanisms. Researchers have successfully determined the high-

resolution structures of the NiV L-P complex in two distinct states:

the apo state (absence of nucleic acid binding) and the early elon-

gation state (bound to template RNA, product RNA, and incoming

nucleotide triphosphate NTP) [3,5]. The study demonstrated that

in the apo state, the NiV L-P complex manifests an overall com-

pact structure, with the L protein firmly bound to the four P pro-

tein subunits, the RdRp domain located at the core [5], and the

PRNTase domain positioned above it, forming a cap-like structure

[3–5]. Within the RNA-bound state, the insertion loop and priming

loop within the PRNTase domain undergo dynamic conformational

changes [5]. Roger Kornberg’s group identified the catalytic Gly-

Asp-Asn (GDN) loop (residues 830–833) within the larger GDNE

motif in the RdRp palm subdomain as a structurally conserved

motif within the NiV L-P complex. In the apo state, the loop re-

sides in a GDN-in conformation permissive for chain elongation.

Upon inhibitor binding, an 2.3 Å outward transition to the GDN-

out conformation lengthens the distance between the Mg2+-NTP
complex and the nascent RNA 3′ end, thereby arresting transloca-

tion and abolishing polymerase activity [6]. In contrast, Abraham’s

group has delved deeper into the subject by conducting molecu-

lar dynamics simulations [3]. These simulations show that it forms

functional pockets during the catalytic cycle through folding, which

mediate substrate binding and product release. These domains are

essential for RNA synthesis and offer new opportunities for drug

development. Structural and dynamic analysis of the NiV L-P com-

plex, including conserved active sites (e.g., RdRp GDN/GDNE mo-
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Fig. 1. Schematic of the Cryo-EM-Derived NiV L-P complex structure and key drug-

gable targets (PDB code: 9BDQ). The mushroom-shaped L-P complex is depicted,

with annotations of the L protein’s catalytic domains (RdRp containing GDN/GDNE

motifs, PRNTase with ZF1/ZF2 zinc fingers, MTase, CTD) and the tetrameric P pro-

tein’s domains (NTD, OD, XD). Critical regulatory elements (insertion loop, priming

loop) and antiviral target sites (RdRp active site, PRNTase zinc-binding pockets, L-P

interface [OD-CTD/XD]) are also labeled to illustrate their spatial distribution and

functional relevance to viral replication.

tifs), PRNTase zinc-binding domains, L-P interaction interfaces, and

flexible loops (insertion/priming loops), reveals the molecular ba-

sis of NiV replication and highlights multiple druggable sites, pro-

viding a foundation for targeted antiviral strategies. By targeting

these key functional domains and active sites of the L-P com-

plex, combined with novel drug discovery technologies and strate-

gies, researchers can design highly specific and potent antiviral

drugs.

In consideration of the NiV L-P complex’s pivotal function in

viral replication and transcription, and given that targeting novel

sites represents an effective strategy for combating drug resistance

[11], the development of pharmaceuticals targeting this complex

has emerged as a pivotal direction in NiV antiviral research. We

posit that antiviral drug design against NiV could be directed to-

ward the following aspects (Fig. 1):

(1) Targeting of the RdRp domain: The RdRp domain has been

identified as the catalytic centre of the L-P complex, and is

responsible for RNA chain elongation. The RdRp domain con-

tains multiple conserved catalytic motifs (such as the GDNE

motif, GDN loop), which play a key role in viral RNA synthe-

sis [3]. Competitive inhibitors, such as nucleoside analogues,

can be designed to target the GDNE motif at the RdRp ac-

tive site, leading to chain termination by incorporation into the

nascent RNA chain. For the GDN loop, non-nucleoside inhibitors

can be used to design allosteric antagonists. These antagonists

regulate the conformational transition of the "GDN loop" from

"GDN-in" to "GDN-out", thereby inhibiting polymerase activity

[6].

(2) Targeting of the PRNTase domain: The PRNTase domain is in-

volved in the capping process of mRNA, which is crucial for

viral replication and transcription. The two zinc-binding sites

in this domain have been demonstrated to play a pivotal role

in viral RNA capping [4]. The design of small-molecule com-

pounds capable of chelating zinc ions has been shown to dis-

rupt the stability of the PRNTase domain, thereby inhibiting the

mRNA capping process, hindering proper mRNA processing, and

impeding viral proliferation.

(3) Targeting L-P protein interactions: Disrupting L-P protein in-

teractions, mediated primarily by the P protein’s OD domain

[5], interferes with the assembly and function of the L-P com-

plex. The 3D structure of the L-P interaction interface provides

a basis for designing peptide or non-peptide small-molecule

inhibitors, which can block L-P binding by occupying binding

sites or inducing conformational changes.

(4) Targeting dynamic changes during viral RNA synthesis: During

the processes of RNA binding and early elongation, the inser-

tion loop and priming loop undergo dynamic conformational

changes to stabilize the RNA template and nascent RNA chain

[5]. It is therefore hypothesized that the insertion and priming

loops function as allosteric regulatory sites, inhibiting the activ-

ity of the enzyme by stabilizing the inactive conformation and

thereby preventing viral RNA synthesis.

In addition to the design of inhibitors targeting the active sites

of enzymes, the structural biology information have also given rise

to the possibility of multi-target drug design [12]. It is evident that,

in consideration of the multi-component characteristics of the NiV

L-P complex, the design of bifunctional molecules that simultane-

ously bind multiple domains of the L and P proteins is a potential

avenue for enhancement of inhibitory effects through synergistic

action, whilst concomitantly reducing the risk of resistance. For in-

stance, an inhibitor that binds to both the RdRp active site of the

L protein and the XD domain of the P protein may simultaneously

impede RNA synthesis and complex stability [4], thereby achieving

more efficient antiviral effects; this approach leverages the close

proximity of the RdRp and XD-binding interfaces observed in the

cryo-EM structures [3,4].

By targeting key functional domains and active sites of the

L-P complex, combined with novel drug discovery technologies

and strategies [13], researchers can design highly specific and

potent antiviral drugs. Outstanding challenges include validating

loop-stabilising compounds in NiV-infected cells and determin-

ing whether conformational restriction of the GDN loop can be

achieved without off-target effects. Future cryo-EM studies under

more native or inhibitor-bound conditions, along with the contin-

uous advancement of structural biology technologies, will be crit-

ical to refine these pharmacological strategies, deepen our under-

standing of NiV molecular mechanisms, and ultimately accelerate

the development of novel antiviral drugs against NiV.
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