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Abstract 

The measles virus replication complex represents a potentially important, but as yet relatively 

unexplored target for viral inhibition. Little is known about the molecular mechanisms that 

underpin replication and transcription in paramyxoviruses. In recent years it has become clear 

that conformational dynamics play an important role in paramyxoviral replication, and that a 

complete understanding of the viral cycle requires a description of the structural plasticity of 

the different components. Here we review recent progress in this direction, covering the 

dynamics of the nucleocapsid assembly process, high resolution structure and dynamics of 

protein:RNA interactions, and the investigation of the role of intrinsic conformational disorder 

in pre-assembly nucleoprotein/phosphoprotein complexes. Finally, we discuss the role of viral 

factories in the form of phase-separated membraneless organelles formed by measles virus 

phospho and nucleoproteins that promote the assembly of nucleocapsid structures.  
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Paramyxoviruses are non-segmented negative sense RNA viruses, including Measles (MeV), 

the most infectious human pathogen that still has a global mortality of 140,000 per year, as 

well as numerous emerging human pathogens with extremely high mortality rates. There are 

currently no effective treatments to combat MeV infection, whose impact is increasing 

throughout the world due to incomplete vaccine coverage [1]. The replication complex 

represents a promising, but relatively unexplored therapeutic target. Paramyxoviral replication 

machinery comprises the nucleoprotein (N), whose major role involves encapsidation of the 

viral genome, the RNA-dependent RNA polymerase (L) and its cofactor the phosphoprotein 

(P) [2–4].  

Each MeV N protein binds to six nucleotides of the viral genome or antigenome during 

encapsidation, assembling into helical nucleocapsids that are thought to protect the viral RNA 

from recognition and degradation by the innate immune system.  N is chaperoned in the 

unassembled form by P prior to encapsidation, in the so-called N0P complex, and is thought 

to co-localize N and L during the replication process [5,6].  

N and P both present a significant amount of conformational plasticity, comprising structured 

domains as well as highly disordered domains. Approximately 30 and 75% of the primary 

sequences of N and P lack tertiary structure respectively (figure 1), and fall into the category 

of intrinsically disordered proteins.  N consists of a folded domain (NCORE), that binds the viral 

RNA in the nucleocapsid structure, preceded by disordered 34 and 17 amino acid (aa) N- and 

C-terminal arms (NARM and CARM), and followed by a 134 aa flexible domain (NTAIL) [7] that 

remains dynamic in the context of assembled nucleocapsids [8]. The presence of NTAIL 

appears to introduce a level of global flexibility in the nucleocapsid, resulting in an increased 

average distance between successive helical turns when the disordered domain is present 

[9,10]. Flanking regions of NCORE, NARM, CARM and the N-terminal end of NTAIL, stabilize the 

helical superstructure of nucleocapsids by binding to neighbouring N molecules upon 

interaction with RNA (figure 1). Deletion of the flanking regions of NCORE also prevents 

assembly into nucleocapsid like particles (NCLPs). 
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The polymerase cofactor P is tetrameric, consisting of a central coiled-coil domain [3], whose 

structural properties have recently been linked to MeV gene expression [11], flanked by a long 

(304 aa) intrinsically disordered N-terminal domain (PTAIL) [12] and a shorter (80 aa) disordered 

domain (PLOOP) that is terminated by a small C-terminal three-helix bundle (XD) [13] which 

interacts with a short helical linear motif in NTAIL [7,13,14]. This level of disorder is replicated, 

in morbilliviruses and other paramyxoviruses (PTAIL in Nipah virus is 470 aa long). The N-

terminal 30 amino acids of MeV PTAIL are known to interact tightly with N, via a helix-kink-helix 

conformation [15], forming a heterodimeric chaperone (N0P) that inhibits assembly of N into 

nucleocapsids (figure 1). The sites on NCORE that interact with the neighbouring flanking arms 

in nucleocapsid structures coincide with the binding sites of the two helices of PTAIL in the N0P 

complex, suggesting an inhibitory mechanism that maintains N in the unassembled state.  

The functional role of the remainder of this extensive disorder has remained unclear. The 

conserved presence of such long disordered domains in viruses is all the more remarkable 

considering the parsimonious nature of their genetic material. Intrinsic disorder in 

paramyxoviral proteins has been rendered yet more intriguing by the recent observation that 

disordered domains play important roles in the formation of membraneless organelles that 

appear to act as viral replication factories [16–18].  

The combination of structured and highly flexible domains in functional complexes requires 

the application of multi-disciplinary approaches that are capable of capturing the atomic detail 

of both the structure and dynamics of these highly plastic assemblies [19]. Here we summarize 

recent structural, dynamic and functional descriptions of these highly dynamic assemblies 

using a combination of solution and solid-state structural biology. 

In vitro reconstitution of the MeV nucleocapsid assembly process 

One major reason for the relative lack of understanding of the RNA genome (and anti-genome) 

encapsidation process stemmed from the difficulty in isolating N, prior to assembly, due mainly 

to the high propensity of N to bind cellular RNA (for example when expressed in E. coli or 

insect cells) and spontaneously assemble into NCLPs. Experimentally this has allowed the 
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purification of MeV NCLPs and the determination of increasingly high-resolution structures of 

the NCORE-RNA complex over the last 20 years [9,10,20,21], providing a great deal of insight 

into the mechanisms of stabilization described above, but the kinetic process of assembly 

remained poorly characterized. Inspired by the mechanism exploited by the virus itself to 

stabilize N0P, N and P were co-expressed as a fusion construct, separated by a TEV cleavage 

site, which allowed the purification of N0P, where P can be of any length as long as the N-

terminal binding site is included in the construct. This tool provides access to conformational 

characterisation of N0P complexes comprising different levels of disorder (figure 1), direct 

investigation of NCLP assembly [22] and control of the RNA present in the complex. 

Indeed, addition of short RNA molecules was shown to trigger formation of NCLPs (figure 1D). 

The process can be observed in real time using NMR – by observing the appearance of 15N-

1H cross-peaks from amino acids in the P-peptide that detach from NCORE upon NCLP 

formation, and the disappearance of flexible peaks from NARM that become structured upon 

binding neighbouring NCORE domains. The process can also be observed using negative 

staining electron microscopy (EM) and more importantly fluorescence anisotropy, with 

fluorescein-labelled RNA. This latter revealed the presence of two steps in the assembly 

kinetics, one significantly faster than the other. The physical origin of the biphasic assembly 

is not yet known, for example whether the two steps correspond to binding of RNA and then 

inter-protomer assembly, or vice versa. Importantly a clear dependence on RNA sequence 

was observed, with polyA and the 5’ end of the genome assembling with high efficiency, while 

some sequences, for example polyU did not assemble. This specificity suggests a role for 

nucleation of assembly via specific sequences (5’ sequences of genome and anti-genomes 

are highly conserved in Paramyxoviridae). 

Cryo-EM structure of RNA-specific MeV nucleocapsids reveals new mechanistic insight  

While interactions between N and RNA in MeV NCLPs have been investigated for using EM 

and cryo-EM [9,20,10,21] and in single turns crystallised as closed rings in a number of related 

viruses [23–26], in all cases the particles were purified in the assembled form after 
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overexpression in cellular systems. The particles therefore contained random cellular RNA at 

each position, so that only sequence-averaged structural information is obtained, precluding 

the determination of protein-base interactions. Nevertheless, the binding mode of the RNA to 

MeV N was shown to comprise three bases pointing into, and three bases pointing away from 

the RNA binding groove [21,26]. In order to gain further insight, NCLPs were polymerized on 

polyA and viral genomic 5’ (ACCAGA) sequences using the approach described above, and 

their three-dimensional structures determined using cryo-EM to 3.4 Å resolution [27]. 

The 5’ and 3’ binding sites were unambiguously identified (figure 2), and thereby the register 

of binding of viral genomic RNA within the assembled NCLPs. This implies that the final three 

nucleotides at the 3’ end of the genome are almost fully exposed in assembled nucleocapsids 

(figure 2), allowing access to the genome for the RNA-dependent RNA polymerase complex 

[28]. Putative protein-nucleobase interactions were identified in the RNA-binding groove 

(figure 2). In particular the sidechain of R195 was found to stabilize nucleic acid backbone and 

base via a tight bipartite interaction (figure 2). This interaction was then shown to be essential 

for assembly using mutagenesis, negative staining EM and real-time NMR [27].  

N0P – A complex story of disorder and allostery 

The role of PTAIL domain was recently investigated by co-expressing integral N with PTAIL(1-

304), thereby stabilising the 90 kDa N0PTAIL sub-complex, comprising the disordered regions 

PTAIL, NARM and NTAIL (in total over 450 disordered amino acids) as well as NCORE. NMR 

spectroscopy  allows the atomic resolution description of each disordered region in such highly 

dynamic complex (figures 1, 3) [19,29,30]. This study [12] revealed that, in addition to the 

known binding site at its N-terminus, PTAIL contains an additional helical linear motif, 191HELL194 

(a4), that binds weakly (with an intrinsic KD~600µM) to the surface of the N-terminal lobe of 

NCORE. This secondary binding site is the most evolutionarily variable part of NCORE [31] and 

has been shown to be implicated in binding of cofactors of VSV [32] and RSV [33] and was 

exploited via chimeric constructs to be implicated in NTAIL:XD interactions localised on the 

surface of NCORE [34].   
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Remarkably, mutation of this site to 191AAAA194 in cell-based MeV mini-genome studies 

revealed that the HELL site is essential for viral transcription and replication. Equivalent motifs 

comprising two bulky hydrophobic residues at the C-terminus of a short helical motif are 

conserved across morbilliviruses and paramyxoviruses comprising PTAIL domains of very 

different length, such as Nipah (470 amino acids comprising 343RELL346). These sequences 

show significantly higher sequence conservation over non-redundant MeV sequences than 

the majority of PTAIL, suggesting that this motif may provide an important new target for treating 

paramyxoviruses, in particular in view of the relatively weak intrinsic affinity that renders this 

target accessible to peptide-based inhibitors.  

This study therefore revealed a more complex picture of the N0P complex than previously 

envisaged – that comprises not one but (at least) two N:P binding sites, both of which are 

essential for viral function – and sheds new light on the conserved presence of long intrinsically 

disordered paramyxoviral PTAIL domains [35]. When both sites are bound, the unfolded PTAIL 

wraps around NCORE, but because the affinity of the two binding sites differs by around 5 orders 

of magnitude, the HELL motif transiently binds and unbinds while the N-terminal site is bound 

(figure 3). The impact of the highly dynamic 150 aa separating the two sites, comprising a 

cluster of acidic amino acids, may enhance chaperone function by frustrating interaction of 

RNA with the surface of NCORE, impacting self-assembly with other N monomers or possibly 

regulating interactions with host factors involved in the immune response [36]. It should be 

mentioned that the construct investigated here comprises the genome-edited viral protein V 

[37–40] which is equivalent to PTAIL until residue 232 followed by a zinc finger domain. The 

observations made here are thus possibly equally valid for putative N0V complexes. Finally 

the essential role of the HELL motif in MeV replication exemplifies the growing number of 

examples of ultra-weak interactions involving intrinsically disordered proteins in biology [41]. 

N and P proteins form membraneless organelles that promote nucleocapsid formation 

As illustrated above, N and P proteins exhibit multiple essential interactions during the viral 

cycle, a multivalency that, in combination with their extensive intrinsic disorder and the 
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transient nature of some of the associated interactions, may play a role in the formation of 

viral factories in infected cells [42,43]. Liquid-liquid phase separation (LLPS), by which micro-

environments remain immiscible with respect to their immediate surroundings thereby 

maintaining distinct reaction or storage conditions within the condensate, are now thought to 

be prevalent throughout cell biology [44–46]. Intrinsic disorder plays a key role in the 

thermodynamic stabilisation of LLPS, due to the prevalence of weak and transient interactions 

that contribute to maintaining the liquid nature of the environment, and allowing rapid spatial 

and temporal control of biochemical processes [47].  

The formation of membraneless organelles, in addition to concentrating viral partners in a 

confined volume, may also provide protection from factors involved in the host-immune 

response. Numerous examples of colocalization of Mononegaviral N and P have been 

observed in vivo, including rabies [48], VSV [49], human parainfluenza types 5 [40] and 3 

[50,51], RSV [17], Nipah [52], human metapneumovirus [53], MeV [18,54–56] and Ebola [57]. 

A detailed study by Gaudin et al demonstrated the liquid-like nature of Negri bodies formed in 

rabies [16] and colocalization of N and P in infection-induced cytoplasmic inclusion bodies in 

MeV [18] suggests that LLPS represents a widespread mechanism exploited by 

Mononegaviruses during infection. These studies also investigate the role of transport of 

membraneless organelles along the cytoskeleton in the infection cycle [16,18]. 

The formation of membraneless organelles comprising MeV N and P proteins was recreated 

in vitro using co-expressed soluble N0P complexes and different constructs of P under 

conditions where neither N0P nor P undergoes phase separation (figure 4). Expression of 

combinations of the different domains (figure 1) identified the tetramerization domain of P, the 

disordered domain PLOOP and the three-helix bundle XD as essential for droplet formation 

(PTAIL is dispensable for LLPS). Integral N, comprising the disordered NTAIL, is essential. These 

results align with those measured in MeV [18] and rabies [16] in vivo in terms of the essential 

domains required for LLPS.  
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NMR spectroscopy was used to characterise the essential interactions, identifying the 

NTAIL:PXD interaction [14,58–60] whose inhibition via a single mutation [61], results in 

abrogation of LLPS. A recent study also showed that XD deletion abolishes LLPS in vivo  [18]. 

PLOOP and N are also shown to interact via weak interactions (200-400 µM) that affect droplet 

fluidity, suggesting that the role of PLOOP is not uniquely as a “spacer” [62] that ensures the 

physical separation of interacting components, but is also involved in regulating the dynamics 

of the droplets.  

Investigation of the thermodynamics of droplet formation using NMR spectroscopy and the 

diffusion properties of the components using fluorescence imaging, revealed a probable 

mechanism of droplet stabilisation by which the tetrameric P protein interacts with N to form 

droplets, to which additional N proteins can be recruited, allowing for variable stoichiometry 

within the droplets [63]. P would then form a dynamic, multivalent scaffold comprising four 

branched dynamic XD interaction sites. Both N and P are highly dynamic within the droplets, 

but P diffuses slightly slower, in agreement with this model. As N is the most expressed MeV 

protein [64] and is required for assembly of nascent genomic material into nucleocapsids, such 

plasticity could be essential to allow for large variations of N concentration and fluid 

recruitment of N to droplets as nucleocapsids are produced. 

Finally, and possibly most remarkably, membraneless organelles were shown to exhibit 

functional properties in vitro. Addition of RNA to a suspension of N:P droplets revealed 

preferential localisation to the droplets, and triggering of nucleocapsid assembly.  The rate of 

assembly, as measured by real-time NMR, was significantly increased compared to the dilute 

phase, and EM revealed NCLP-like structures within one hour of addition of RNA. These 

results demonstrate that the condensed environment does not restrict the assembly of large 

superstructures and that droplet formation indeed enhances one of the essential processes of 

viral replication. The mechanisms observed here may be of general interest in characterising 

and inhibiting mononegaviral infection. The role of L, which is known to colocalize with N and 

P in mononegaviral puncta [49] remains to be characterised within viral coacervates. We note 
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that the presence of messenger RNA has been detected in puncta associated with rabies [48], 

RSV [17] and PIV3 [51], implying that both transcription and replication may be associated 

with LLPS in negative sense RNA viruses. 

In conclusion we have described recent work centred on the biophysical characterisation of 

MeV N:P interactions involved in essential processes of mononegaviral infection. These 

aspects range from the observation of nucleocapsid assembly, to the identification of key 

N:RNA interactions and template architecture, to the development of a new understanding of 

the role of intrinsic disorder in paramyxoviruses and finally the formation of viral factories by 

this machinery, providing a functional microenvironment within which the preceding 

biophysical features should also be understood. In combination with the rapid increase in 

structural information concerning paramyxoviral and related RNA-dependent RNA 

polymerase structures and their interactions with phosphoproteins [65–69], our physical 

understanding of the molecular basis of viral replication is currently making major advances 

that will undoubtedly lead to the development of rational inhibitory strategies. We look forward 

to future structural studies of integral replication machinery comprising the N/NCLPs, P and 

the polymerase. 
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Figure Legends 

Figure 1. Architecture of MeV N and P proteins 

A. N and P both contain long, disordered strands (orange) that flank and are interspersed 

between structured domains (NCORE, PMD, the multimerization domain of P and XD). 

The N-terminal peptide of PTAIL binds NCORE in the N0P complex. 

B. Cryo-EM structure of nucleocapsid reveals that NARM stabilizes nucleocapsid assembly 

by binding neighbouring protomers (similarly the C-terminal flanking CARM 374-391). 

The N-terminal peptide of PTAIL adopts a pose that inhibits these interactions thereby 

maintaining N in an unassembled state as determined in reference [15] and [31] in the 

case of Nipah virus. 

C. Co-expression of PTAIL (either 1-50 or 1-304) with NCORE or NFULL chaperones N in a 

monomeric form (N0P) and allows for studies of the pre-assembly complex. The 

nucleocapsid assembly process is triggered by addition of RNA . 

D. NMR and fluorescence spectroscopy and EM can be used to follow nucleocapsid 

assembly in real time as shown in references [22] and [27]. Following changes in peak 

intensity of NMR spectra of the complex it is possible to follow how the P peptide 

detaches from NCORE and how NARM  and CARM bind (left figure). The assembly process 

can be investigated by observing fluorescently labelled RNA, which, when bound to N 

exhibits higher anisotropy (central figure). Nucleocapsids can be imaged using 

electron microscopy (right figure). 

 

Figure 2. High resolution structure of RNA-specific MeV nucleocapsid-like particles (as 

determined in the recent publication [27]).  

A. Helical reconstruction of nucleocapsid-like particles assembled in vitro on known RNA 

sequences determines the binding register of the RNA in the binding cleft, revealing 

that the last three 3’ nucleotides in the genome are exposed. Three copies of N are 

shown, the central is shown in yellow cartoon format, with neighbouring copies shown 
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in blue. The RNA (orange) is shown in the binding cleft, with 5 phosphate groups 

associated with the hexameric RNA molecule shown as spheres. 

B. Detail of the protein-RNA interactions identified in the binding cleft due to the higher 

resolution structure and the unambiguous assignment of the electron density to the 

RNA sequence. The key interacting amino acids are shown in red. (reproduced from 

Desfosses et al PNAS 2019, 116:4256–4264). 

C. R195 in particular is shown to adopt a bipartite interaction with the adenine in position 

5. When this site is mutated no assembly is observed by NMR, fluorescence or EM. 

(reproduced from Desfosses et al PNAS 2019, 116:4256–4264). 

 

Figure 3. The role of intrinsic disorder in the MeV N0P complex (as determined from the recent 

NMR study of this 90 kDa assembly [12]) 

A. Structural characterisation of MeV PTAIL at amino acid specific resolution. Four helical 

elements are found along the sequence (a1 and a2 that correspond to the N-terminal 

peptide that binds NCORE, a3 and a4). Reproduced with permission from Milles et al 

Science Advances 2018, 4:eaat7778. 

B. Heteronuclear single quantum coherence (HSQC) spectrum of the N1-525
0P1-304 

complex comprising the entire PTAIL and integral N. Reproduced with permission from 

Milles et al Science Advances 2018, 4:eaat7778. 

C. HSQC peaks intensities provide insight into nature of the interactions between PTAIL 

and N. Top - In addition to the N-terminal binding peptide, PTAIL binds N via a second 

interaction site that corresponds to helix a4 (comprising the sequence HELL). Bottom 

– mutation of HELL to AAAA abrogates the second interaction site, and renders the 

virus incompetent for replication. Reproduced with permission from Milles et al Science 

Advances 2018, 4:eaat7778. 

D. The intrinsic affinity of the HELL interaction site for N is approximately 5 orders of 

magnitude weaker than the N-terminal site, such that the binding site exchanges 
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rapidly between bound and unbound conformations. Reproduced with permission from 

Milles et al Science Advances 2018, 4:eaat7778. 

E. An ensemble of conformations sampled by the PTAIL - NCORE complex. This highly 

dynamic process may contribute to protection against non-specific binding of host RNA 

or factors involving the host immune system. Reproduced with permission from Milles 

et al Science Advances 2018, 4:eaat7778. 

 

Figure 4. MeV N and P proteins form membraneless organelles that colocalize RNA and 

promote assembly of NCLPs. 

A. PMD, PLOOP and XD and integral N constitute the minimal elements that can form 

droplets. Upon mixing with N, P appears to act as a dynamic scaffold, to which 

additional N proteins can be recruited.  

B. RNA colocalizes to N:P droplets (10 nucleotide polyA RNA is labelled with 

fluorescein in the example shown) and forms nucleocapsid like particles – a 

process that can be observed by NMR and EM. Reproduced with permission from 

Guseva et al Science Advances 2020, 6:eaaz7095. 
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