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Abstract In this review, we summarize computational and

experimental data gathered so far showing that structural

disorder is abundant within paramyxoviral nucleoproteins

(N) and phosphoproteins (P). In particular, we focus on

measles, Nipah, and Hendra viruses and highlight both

commonalities and differences with respect to the closely

related Sendai virus. The molecular mechanisms that

control the disorder-to-order transition undergone by the

intrinsically disordered C-terminal domain (NTAIL) of their

N proteins upon binding to the C-terminal X domain (XD)

of the homologous P proteins are described in detail. By

having a significant residual disorder, NTAIL–XD com-

plexes are illustrative examples of ‘‘fuzziness’’, whose

possible functional significance is discussed. Finally, the

relevance of N–P interactions as promising targets for

innovative antiviral approaches is underscored, and the

functional advantages of structural disorder for paramyx-

oviruses are pinpointed.
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The replicative complex of paramyxoviruses

Negative-stranded RNA viruses (NSRVs) are responsible

for numerous human and animal diseases. Some NSRV are

classified as potential agents of bio-terrorism, and several

have been included in the priority pathogen lists of the

NIAID (National Institute of Allergy and Infectious Dis-

eases) (http://www.niaid.nih.gov/topics/biodefenserelated/

Pages/default.aspxand) and of the CDC (Center for Disease

Control and Prevention) (http://www.bt.cdc.gov/agent/

agentlist.asp#m). NSRVs embrace two groups: viruses

with segmented RNA genomes and viruses with non-seg-

mented RNA genomes. The latter constitute the

Mononegavirales order, which includes severe human

pathogens such as the Ebola, rabies, mumps, and respira-

tory syncytial viruses (Fig. 1). This order is characterized

by remarkable common features of their replication

machinery minimally involving three proteins that

dynamically associated with constitute a polymerase

complex that uses a protein–RNA structure, the nucleo-

capsid, as template.

The Paramyxoviridae family is among the viral families

that belong to this order. This family encompasses some of

the major and ubiquitous disease-causing viruses in

humans and animals. An illustrative example is measles

virus (MeV), a Morbillivirus member, which is one of the
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most infectious viruses ever known [1]. The widespread

use of vaccines for MeV has drastically reduced the

worldwide incidence of measles infection. Despite this

success, measles remains endemic in many developing

countries. Measles infections remain a major cause of

childhood morbidity and mortality, especially in the Afri-

can and South East Asian regions [2]. In addition, measles

re-emerged also in western countries (USA and Europe)

and is still a major concern for human health with 134,200

deaths worldwide in 2015 (http://www.who.int/

mediacentre/factsheets/fs286/en/).

Beyond a number of older, well-studied human and

animal pathogens, paramyxoviruses, also include newly

emerged severe human pathogens, e.g., the Nipah (NiV)

and Hendra (HeV) viruses [3]. Although these newly

emerged viruses appear to retain many of the genetic and

biological properties of other Paramyxoviridae members,

they also have a number of unique characteristics that set

them aside and have justified their classification within the

new Henipavirus genus [1, 3, 4]. Henipaviruses are the

only currently recognised zoonotic paramyxoviruses and

are responsible for severe encephalitis in human beings,

with case fatality rates reaching more than 75% [4, 5]. Fruit

bats of the Pteropus genus have been identified as their

natural reservoir [5]. Notably, these fruit bats constitute the

natural reservoir for an increasing number of new and often

deadly zoonotic viruses [6]. HeV came to light in 1994 in

the Hendra suburb of Brisbane (Australia) as a new etio-

logic agent responsible for a sudden outbreak of acute

respiratory disease within horses [5]. NiV emerged in 1998

in Malaysia as the etiologic agent of an outbreak of disease

in pigs and humans. The first NiV outbreak in Malaysia

resulted in 265 human cases of encephalitis and 105 deaths

[5]. After the first cases of human infection in 1998 in

Malaysia, NiV has regularly re-emerged since 2001 in

Bangladesh. The ability of NiV to be transmitted by direct

inter-human transmission further extends its potential to

cause deadly outbreaks. In addition, the discovery of

henipaviruses in other species of bats in West Africa and

China underscores the threat that these viruses constitute to

human health. Their high pathogenicity, wide host range,

and interspecies transmission led to the classification of

henipaviruses as biosecurity level 4 (BSL4) pathogens and

as potential bio-terrorism agents.

Paramyxoviruses are enveloped viruses with a pleo-

morphic structure. Their envelope is derived from the

plasma membrane of the host cell enriched in two envelope

glycoproteins: a fusion protein (F) and a receptor-binding

attachment protein (G/H). Beneath the envelope, the viral

matrix protein (M) bridges the cytoplasmic tails of F and

G/H proteins with the nucleocapsid and is responsible for

virus budding. As in all Mononegavirales members, the

genome of paramyxoviruses is encapsidated by the nucle-

oprotein (N) giving rise to a helical nucleocapsid (N–RNA)

with a characteristic herringbone-like structure [7–12].

Following fusion between the viral envelope and the host

cell membrane, the nucleocapsid is released in the cyto-

plasm. A peculiar feature of Mononegavirales members is

that the nucleocapsid, and not naked RNA, is the template

used by the RNA-dependent RNA polymerase (RdRp)

during both transcription and replication. The RdRp is

made of the large protein (L) and the phosphoprotein (P).

During RNA synthesis, the N–P interaction ensures the

tethering of L onto the N–RNA template. The P protein is,

therefore, an essential polymerase cofactor in that it allows

the L protein to be recruited onto the nucleocapsid tem-

plate. The complex formed by the N, P, and L proteins

constitutes the viral replicative unit (Fig. 2a). The N, P, and

L proteins are necessary and sufficient to sustain the

replication of viral RNA in Paramyxoviridae [1, 13]. As

detailed below, during the synthesis of viral RNA, the

components of the viral replication machinery engage in a

complex macromolecular ballet.

The number of nucleotides in the genome of paramyx-

oviruses is a multiple of six, consistent with the

experimentally supported ‘‘rule of six’’, which posits that

only the genomes, whose number of nucleotides is a mul-

tiple of six, will be replicated [13–15]. This rule reflects the

ability of each nucleoprotein to bind six nucleotides (for a

Fig. 1 Phylogenetic tree of the Mononegavirales order showing the

viruses mentioned in this review. The tree was built using the

maximum likelihood method on the L protein sequences aligned by

ClustalW. The viral genera (italic) and the viral families (bold) have

been classified using the last taxonomy of the Mononegavirales order

[235]. MeV measles virus, RDV rinderpest virus, CDV canine

distemper virus, NiV Nipah virus, HeV Hendra virus, SeV Sendai

virus, hPIV3 human parainfluenza type 3, NDV Newcastle disease

virus, MuV mumps virus, PIV5 parainfluenza virus 5, EboV Ebola

virus, RSV respiratory syncytial virus, hMPV human metapneu-

movirus, VSV vesicular stomatitis virus, RabV rabies virus

3092 S. Longhi et al.

123

http://www.who.int/mediacentre/factsheets/fs286/en/
http://www.who.int/mediacentre/factsheets/fs286/en/


review, see Ref. [16]). Deviation from the rule of six is

prevented because of structural constraints imposed by the

N to RNA binding. The genome organization of heni-

paviruses is close to that of others paramyxoviruses. Their

genome is, however, bigger (18,234 nt for HeV and

18,246 or 18,252 nt for NiV Malaysia and Bangladesh,

respectively) than that of typical paramyxovirus members

characterized by an average genome length of approxi-

mately 15,500 nt [17]. This extra-length of the genome is

due to the presence of long non-coding sequences at the 50

end of each gene and to the particular large size of the P

protein of henipaviruses.

Upon intracytoplasmic delivery of the viral ribonucleo-

protein complexes, transcription of viral genes occurs using

endogenous NTPs as a substrate. The polymerase enters the

nucleocapsid at the promoters for transcription and replica-

tion located at the 30 end of the genome. Transcription of the

genes is sequential. At each intergenic region (IGR), the

polymerase ends and re-initiates at the downstream gene.

Gene-end (GE) signal corresponds to the polyadenylation of

the upstream gene. Then, the polymerase scans over three

nucleotides (30-GAA-50 or 30-GCA-50) without transcribing
them in search of the downstream gene-start (GS) signal to

resume transcription. The efficiency with which the poly-

merase re-initiates transcription decreases with increasing

distance from the 30 end, thereby leading to a gradient in the
transcripts, with the most distal genes being the least

expressed [1] (Fig. 2b).

Fig. 2 Scheme of Paramyxoviridae RNA synthesis and viral

genome. a Schematic illustration of the Paramyxoviridae replicative

complex during replication of the viral genome or anti-genome. The

N protein is drawn with a bilobal shape according to available

structural data. It encapsidates both the viral RNA used as a template

and the neo-synthetized RNA. The intrinsically disordered protein

regions of N and P are symbolized by lines and a helixes by

rectangles. The P–L complex forms the RNA-dependent RNA

polymerase (RdRp) complex, which cartwheels onto the nucleocapsid

complex via the X domain of P (XD). P oligomerizes through its

multimerization domain (PMD) and is shown as a tetramer to reflect

the prevalence of this oligomeric state in paramyxoviral P proteins.

The a-MoRE at the N-terminus of P (PNTD) binds a monomeric N

protein and forms the N0–P complex that prevents N self-assembly

and binding to cellular RNA. The long disordered N-terminal region

of P (PNT) may allow the binding of multiple monomers of N by a

single oligomer of P. In the N0–P complex, XD might also bind to

NTAIL. The extended conformation of the disordered regions would

allow the formation of a tripartite complex between N0, P, and L that

may enhance nucleocapsid assembly by bringing N0 near the

encapsidation site. b Schematic representation of the genome of

Paramyxoviridae. The negative-sense genomic RNA is presented in

the 30–50 orientation. Below, the genome is shown a schematic

representation of the expression gradient of the mRNA as a result of

inefficient transcription re-initiation by the polymerase during tran-

scription [1]
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At some stage after primary transcription, the poly-

merase switches to a replication mode to synthesize a full,

complementary strand of genome length leaving the IGRs

unrecognized. The sole use of this positive-stranded RNA

(anti-genome) is to serve as a template intermediate for

genome replication [1]. The relative level of transcription

versus replication is postulated to be controlled by the

intracellular concentration of the N protein. When the

concentration of N is high enough to allow encapsidation

of the nascent RNA chain, the replicase mode of the

polymerase is favored over the transcription mode (see Ref.

[18] for review).

As the most abundant viral protein in infected cells, the

N protein from Paramyxoviridae members exists in two

forms: a soluble, monomeric one (named N0) and a

nucleocapsid assembled one (named NNUC) [19, 20]. Once

the N protein has been synthesized, a chaperone is neces-

sary to maintain it in the unassembled form in the

cytoplasm. The illegitimate self-assembly of N is prevented

by the association with the P protein [21, 22]. The resulting

N0–P complex is used as the substrate for encapsidating the

nascent genomic RNA chain (Fig. 2a). When assembled

together with the RNA genome, N forms complexes with

both isolated P (to yield NNUC–P) and P bound to L (to

yield NNUC–P–L). These complexes are essential to RNA

synthesis by the viral polymerase (see Refs.

[1, 15, 18, 23, 24] for reviews on transcription and

replication).

Albeit in vitro and in the absence of P, L can synthesize

short RNA transcripts using naked RNA as a substrate

[25, 26]; in infected cells, P is required to allow the

recognition of the nucleocapsid template and also to sta-

bilize L. In the case of MeV, NiV, and mumps virus

(MuV), the cellular hsp90, in conjunction with P, is

required to enable L to fold into a functional, mature form

[27, 28]. The L protein carries out most (or even all)

enzymatic activities essential for transcription and repli-

cation, i.e., nucleotide polymerization, and the maturation

of viral mRNA (capping and polyadenylation). Being

unstable unless bound to the P protein, L accumulates in

low amounts in infected cells and this makes its molecular

characterization very challenging [29]. The present

knowledge on paramyxoviral L proteins is essentially

based on bioinformatics studies. In fact, no functional

paramyxoviral polymerase has been purified and bio-

chemically characterized so far. Among Paramyxoviridae

members, Rinderpest virus (RDV) and Sendai virus (SeV, a

Respirovirus) constitute the only two examples, where L

(or L/P) has been partially purified [30, 31], with SeV L

possesses a methyltransferase activity in its C-terminal

region [31], in agreement with predictions [32]. Within the

Mononegavirales order, the two best characterized poly-

merases are that of respiratory syncytial virus (RSV, a

Pneumoviridae member), whose RNA polymerase activity

is documented in vitro [33], and that from vesicular

stomatitis virus (VSV, a Rhabdoviridae member), whose

structure is solved at almost atomic resolution using cryo-

electron microscopy (cryo-EM) [34].

Presently, N and P are the best characterized proteins of

the replicative complex of paramyxoviruses thanks to the

numerous efforts in their molecular characterization in the

last two decades. The N–P interaction has attracted a lot of

interest not only from a fundamental perspective, but also

from a more applied point of view. Indeed, by allowing the

recruitment of L onto the nucleocapsid template, the N–P

interaction is regarded as a potential target for antiviral

approaches.

In the course of the characterization of paramyxoviral N

and P proteins, they were found to be enriched in intrin-

sically disordered protein regions (IDPRs). These IDPRs

play key roles in the formation of the tripartite N–P–L

complex and enable a broad molecular partnership (for

reviews, see Refs. [18, 35–44]). From seminal observations

on MeV P and N proteins [8, 45], subsequent studies have

collectively contributed to enlarge the awareness of the

abundance and functional importance of structural disorder

within paramyxoviruses N and P.

Intrinsically disordered proteins (IDPs) and IDPRs are

ubiquitous functional proteins/regions that lack stable (i.e.,

highly populated) structure in the absence of a partner/

ligand under physiological conditions of pH and salinity

[46]. The inability of IDPs/IDPRs to fold is encoded by

their amino acid sequence. A specific imbalance in the

content of hydrophobic versus polar residues in IDP/IDPRs

confers them the ability to populate a continuum of con-

formations ranging from random coils, RC (i.e., completely

extended) to pre-molten globules and molten globules (i.e.,

more compact). The interactions of IDP/IDPRs with part-

ners dictate both their function and the conformational

ensemble that they can sample. The folding of IDPs/IDPRs

upon binding leads to either stable complexes amenable to

crystallization, or, more frequently, to the so-called

‘‘fuzzy’’ complexes [47, 48]), i.e., complexes with signifi-

cant residual disorder. These peculiar characteristics of

IDPs/IDPRs give them a number of advantages over folded

proteins, hence their prevalence in hubs in protein inter-

action networks and cell signaling (for a recent review on

IDPs/IDPRs, see Ref. [49]).

In this review, the molecular information that has been

gathered so far on the N and P proteins from three illus-

trative paramyxoviruses, namely, MeV, NiV, and HeV, is

described in detail and how structural disorder ensures an

efficient replication and transcription of the paramyxoviral

genome is emphasized. The implications of induced fold-

ing and residual flexibility in molecular partnership,

transcription, and replication are discussed. How targeting
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the N–P interaction can pave the way for new antiviral

approaches is then underscored. Finally, the functional

implications and potential advantages arising from struc-

tural disorder within paramyxoviruses are pointed out.

Structural disorder in paramyxoviral N and P
proteins

Structural organization of paramyxoviral P proteins

The P gene of paramyxoviruses manages to encode mul-

tiple information in a single gene: it gives rise to a number

of different products by means of either overlapping

reading frames (C protein) or messenger editing (V and W

proteins). The latter is a peculiar process, whereby one or

more non-templated nucleotides are inserted co-transcrip-

tionally at a specific site. This insertion results in a shift of

the open reading frame leading to a new protein product.

Depending on the number of nucleotides inserted at the

edition site, the V or W proteins are the end products. The

V and W proteins share with P their N-terminal domain and

possess each a unique C-terminal domain.

A similar P modular organization is generally observed

in paramyxoviruses with, however, a much larger size of

the Henipavirus P proteins (707 amino acids in HeV and

709 amino acids in NiV) than those of other paramyx-

oviruses (507 amino acids in MeV) (Fig. 3a) [4].

Bioinformatics analyses showed that paramyxoviral P

proteins consist of an intrinsically disordered N-terminal

domain (PNT), and a C-terminal domain (PCT) further

subdivided into various regions [50, 51]. The disordered

state of MeV, NiV, and HeV PNT is experimentally sup-

ported according to multiple biochemical and biophysical

approaches. Specifically, PNT domains (1) are highly

sensitive to proteolysis, (2) possess an anomalous elec-

trophoretic behavior (i.e., they migrated in SDS-PAGE

with an apparently higher molecular mass), (3) possess

NOESY and circular dichroism (CD) spectra typical of

IDPs, and (4) possess Stokes radii (RS) by far exceeding

than those of globular proteins with similar size [45, 50].

The PNT domain of henipaviruses is spectacularly large,

consisting of 404 (HeV) or 406 (NiV) residues, and

accounts for the extra-length of Henipavirus P proteins.

They are disordered not only in isolation but also within the

full-length P protein, as inferred from their high sensitivity

to proteolysis (Beltrandi, Habchi, Longhi, and Cavalli,

unpublished data). The extra-length of Henipavirus PNT

domains is consistent with the higher tolerance of disor-

dered regions to insertions or major rearrangements as

compared to ordered ones.

All the disorder predictors implemented in the MeDor

metaserver predicted the first 40–50 amino acids of MeV,

NiV, and HeV P to be order prone [52] (data not shown and

[50]). Such an N-terminal module with a-helical folding
propensities is conserved amongst Avulavirus, Heni-

pavirus, and Rubulavirus members [51]. Because this

N-terminal module has a certain propensity to bind to a

partner and to undergo induced folding (i.e., a disorder-to-

order transition), it constitutes a so-called a-helical
molecular recognition element (a-MoRE) [53–56]. The

involvement of this N-terminal region in binding to N0 has

been experimentally demonstrated in the case of NiV and

MeV. In these two viruses, the crystal structures of a

monomeric, RNA-free form of the N protein in complex

with the N-terminal N0-binding region of P (PNTD) were

solved and revealed that PNTD adopts an a-helical confor-
mation at the surface of N0 [57, 58] (see also ‘‘Structural

organization of paramyxoviral N proteins’’). Computa-

tional approaches showed that paramyxoviral P proteins

share a short (11–16 residues) sequence motif within PNTD
[59]. The authors proposed that this region is responsible

for binding to N0 and conserved in all Mononegavirales P

proteins as a result of divergent evolution [59]. Accord-

ingly, a similar N-terminal module was identified and

characterized also in the P proteins from RSV [60, 61],

human metapneumovirus (hMPV) [61], VSV [62], and in

the Ebola virus (EboV) VP35 protein (i.e., the P protein

counterpart in Filoviridae) [63]. In these viruses, this

module was shown to be globally disordered while con-

taining transient a-helices [63–65]. In the case of VSV,

EboV, and hMPV, this P motif was shown to fold upon

binding to the monomeric form of N [61–63].

By analogy with the closely related RDV and human

parainfluenza type 3 virus [66, 67] and with rabies virus

(RabV) and VSV [68, 69], PNTD might also bind additional

partners, such as L and/or SNAP29. In the case of VSV, the

N0-binding site of P does not overlap with the L-binding

site, thereby enabling a P molecule to be simultaneously

engaged in the N0–P complex and in the interaction with L.

This tripartite complex could bring N0 in close proximity

of the site of RNA synthesis, with transfer of N0 from P to

the nascent RNA chain being possibly promoted by the

polymerase [70]. Alternatively, as recently proposed by

Jamin and Yabukarsky [71], since Mononegavirales P form

homo-oligomers, a monomer of P may bind to L, while

another monomer may interact with N0, thereby bringing

the latter to the encapsidation site. Those studies also shed

light on the stoichiometry of the VSV N0–P complex

showing that each P monomer within the P dimer [72, 73]

can bind up to two client N proteins [70] (Fig. 1).

In accord with the presence of a transiently populated a–
MoRE, size exclusion chromatography (SEC), dynamic

light scattering (DLS), and far-UV CD studies unveiled

that MeV, NiV, and HeV PNT domains are not completely

unfolded: they conserve some degree of compactness and
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residual, fluctuating secondary structure that are typical of

a pre-molten globule conformation [45, 50]. Pre-molten

globules are characterized by an intermediate conforma-

tional state between a random coil and a molten globule

and possess a certain degree of residual compactness due to

the presence of residual and fluctuating secondary and/or

tertiary structures [74, 75]. The extent of residual com-

pactness of the PNT domains varies according to the virus

species with the order NiV PNT[HeV PNT[MeV

PNT. Whether this different compactness reflects a dif-

ferent degree of pre-configuration of their a-MoRE remains

to be established.

The disordered PNT domains contain most of the

phosphorylation sites of Paramyxoviridae P proteins

[51, 76–78]. This observation is in good agreement with

the relationship between structural disorder and post-

translational modifications and, in particular, phosphory-

lation [79].

PNT are not the only IDPRs of P. In fact, additional

IDPRs exist within PCT, where regions of disorder alter-

nate with ordered regions (Fig. 3a) [45, 50]. Consequently,

70–80% of the residues in P proteins from MeV, NiV, and

HeV are disordered. The ordered domains of PCT are the P

multimerization domain (PMD) and the C-terminal X

domain (XD). PMD ensures oligomerization and XD the

binding to the C-terminal domain of N (i.e., NTAIL)

[80–84]. PMD and XD are separated by a poorly ordered

and flexible linker [51]. In the case of SeV, NMR studies

confirmed that the region upstream XD is disordered

[85–87], while in the case of MeV, a proteolytic cleavage

site was mapped therein thus providing (indirect) support

for the disordered state of this region [8]. Besides, an

additional disordered region (referred to as ‘‘spacer’’)

occurs upstream of the PMD in MeV, NiV, and HeV

[50, 51, 88]. Notably, its counterpart in the SeV P protein is

ordered [89].

The structures of MeV and HeV XD consist of a bundle

of three antiparallel a-helices [82, 83, 90, 91] (Fig. 3a), in
line with predictions [50, 51] and spectroscopic studies

[92]. They display a large hydrophobic cleft delimited by

helices a2 and a3. The structure of NiV XD is expected to

adopt a structure similar to that of HeV XD (Fig. 3a)

because of high sequence similarity (94%) and common

spectroscopic features. Accordingly, a homology-derived

structural model of NiV XD was proposed [92]. High-

resolution structures X domains of the closely related SeV

and MuV were also solved either by nuclear magnetic

resonance (NMR) or by X-ray crystallography [86, 93].

Albeit SeV and MeV XD share similar overall structure,

the surface created by helices a2 and a3 in SeV is

Fig. 3 Modular organization of MeV, NiV, and HeV phosphopro-

teins. Domain organization of P showing two moieties, PNT and PCT.

Structured and disordered regions are represented as large or narrow

boxes, respectively. PNT N-terminal region of P, PCT C-terminal

region of P, PMD P multimerization domain, XD X domain of P

adopting a triple a-helical bundle. The a-MoRE at the N-terminal

region of P (PNTD), which is partly preconfigured in solution and

shown to adopt a stable a-helical conformation upon binding to N0, is

shown as a red helix. Available structures and models are shown:

MeV and NiV N0–PNTD complexes (PDB codes 5E4V and 4CO6,

respectively) [57, 58], MeV PMD: PDB code 4BHV [102], MeV XD:

PDB code 1OKS [82], HeV XD: PDB code 4HEO [91], structural

model of the PMD trimeric forms of NiV [111] and HeV [110],

structure of the tetrameric form in crystals (PDB code 4N5B) [104],

and structural model of NiV XD [92]. All structures were drawn using

Pymol [236]
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dominated by negatively charged residues [81]. A peculiar

feature of MuV XD is that it exists in solution in the form

of a molten globule, as judged from CD, NMR, and DLS

studies [93]. The observed structure in crystals results from

a stabilizing effect brought by a crystallization additive

[93]. MuV XD does not interact with the C-terminal, dis-

ordered region of N (NTAIL), but rather establishes contacts

with the structured NCORE region of N [84]. By analogy

with MuV, MeV XD might also bind to a secondary site

located on NCORE [94]. This would explain how tran-

scription and replication can be supported by a truncated

form of MeVN (N1–439) devoid of NTAIL [94, 95].

Interestingly, while in Paramyxoviridae members, the

C-terminal nucleocapsid-binding region of P is prevalently

folded, it is disordered in RSV, a Pneumoviridae member

[96, 97]. In Rubulavirus P proteins, intrinsic disorder fur-

ther extends to their X domains. Indeed, these X domains

span a structural continuum ranging from largely disor-

dered in solution to a triple a-helical bundle fold [93, 98].

In line with these observations, electron spray ionization

mass spectrometry (ESI–MS) studies on MeV XD indi-

cated that this domain is structurally heterogeneous,

populating at least two alternative conformations under

native conditions [99]. This conclusion is further supported

by a recent study, where the structure of a folding inter-

mediate of MeV XD was identified and characterized by

means of combined equilibrium and kinetic measurements

and replica-averaged metadynamics simulations [100]. The

chemical shifts of the ensemble obtained by metadynamics

much better agree with those derived by NMR than with

those derived from the crystal structure, suggesting that

some effects of the dynamics of the ensemble are lost

during the crystallization process and that most likely, the

protein explores both the intermediate and native state in

solution.

As already mentioned, beyond XD, Paramyxoviridae P

proteins contain another structured region that is respon-

sible for P multimerization (e.g., PMD). Paramyxoviridae

PMDs adopt a coiled-coil structure [50, 51, 96] as exper-

imentally confirmed in the case of SeV [89], RDV [101],

MeV [88, 102], MuV [103], NiV [104], human metap-

neumovirus, and RSV (the two latter are Pneumoviridae

members) [96, 105, 106]. The fact that paramyxoviral P

proteins studied so far are oligomeric provides support to

the so-called ‘‘cartwheeling’’ mechanism proposed for

Paramyxoviridae. According to this model, the polymerase

complex cartwheels on adjacent N monomers within the

nucleocapsid to permit transcription and replication [107].

However, the quaternary organization of P varies among

paramyxoviruses as detailed below.

As revealed by X-ray crystallography, SeV [89], MeV

[88, 102] RDV [101], human metapneumovirus [105], RSV

[96, 108], and MuV [103], PMDs form a tetrameric coiled-

coil. A tetrameric organization is also conserved in the P

orthologue of EboV, i.e., VP35 [109]. MuV PMD has a

unique structural organization in that the tetramer consists

of two sets of parallel helices in opposite orientation, i.e., it

is a dimer of two antiparallel coiled-coil dimers [103],

while all the other paramyxoviral P proteins characterized

so far possess a parallel organization. How these differ-

ences in the organization can be compatible with a

common mechanism of transcription and replication

remains to be deciphered. The corresponding PMDs of

RabV and VSV form dimers with a different structural

arrangement [72, 73].

However, from recent findings, Henipavirus PMDs

rather adopt a trimeric organization in solution [110, 111].

This conclusion was supported by several independent

biochemical and biophysical approaches (e.g., SEC, SDS-

PAGE, cross-linking with suberic acid bis N-hydroxy-

succinimide ester, SAB, analytical ultracentrifugation, and

SAXS) [110, 111]. However, crystallization [104] or cross-

linking experiments carried out with a different cross-lin-

ker (glutaraldehyde) [112] NiV PMD assemble into a

tetramer. It should be pointed out, however, that the very

high cross-linker concentrations used in the study by Sal-

vamani and co-workers may have introduced a bias and

could potentially have generated non-specific association.

SAXS studies confirmed the trimeric state of HeV PMD

not only in isolation but also in the context of the entire

PCT region, a finding that extends and strengthens the

conclusions based on PMD [110]. The SAXS envelope of

HeV PMD is, however, different from that of NiV PMD,

e.g., HeV PMD has a much smaller Rg and Dmax. This

difference arises from a different orientation of the N-ter-

minal helical region (or ‘‘head’’) of PMD: the PMD heads

of NiV and HeV are in the ‘‘up’’ orientation (i.e., exposed

to the solvent) and in the ‘‘down’’ orientation (i.e., packed

back against to coiled-coil), respectively (Fig. 4a, b) [110].

In the crystal structure of NiV PMD, the ‘‘head’’ is in the

‘‘down’’ orientation as it is the case for SeV [89]. Because

of the high sequence similarity between NiV and HeV

PMDs, the structural differences noticed by SAXS were

ascribed to their ability to undergo conformational changes

resulting in coiled-coil structures of different lengths and

compaction, possibly related to the different functions that

P plays during the viral cycle [110].

What are the reasons for the observed discrepancies

between the conformations of NiV PMD in solution and in

crystals? The high local protein concentrations and/or the

strong inter-molecular interactions forced by crystallization

might favor a tetrameric organization at the expenses of a

trimeric one. That coiled-coils could adopt different oli-

gomeric states according to the physico-chemical

conditions (pH, temperature, etc.) or depending on their

intra- or extra-cellular location is well established
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[113, 114]. For example, the GCN4 leucine-zipper domain

can adopt different oligomeric states as a function of the

crystallization conditions. Thus, a given amino acid

sequence may not dictate a single oligomeric state [115].

Further conflicting experimental evidence is found for SeV

PMD that forms trimers in solution [116, 117] and adopts a

tetrameric coiled-coil conformation in crystals [89]. The

fact that SeV and NiV PMDs would form trimers in solu-

tion and tetramers in crystals would likely be a property

reflecting their intrinsic ability to adopt different oligo-

meric states. These different oligomeric states could

correspond to different functional forms of P and to the

different complexes (i.e., N–P, N0–P, and P–L) that this

pivotal protein can form in infected cells. In further support

of the ability of P proteins to adopt different oligomeric

states, the oligomerization domain of Marburg virus VP35

is a trimer both in crystals (in two different crystal forms)

and in solution [118], whereas the corresponding domain in

the highly related EboV is a tetramer in solution [109, 118].

Within Paramyxoviridae, structural heterogeneity of

PMDs is not unique to henipaviruses and also pertains

MeV PMD. Indeed, the comparison of crystallographic

structures of MeV PMD reveals surprising structural vari-

ations [88, 102]. Although all these structures are

tetrameric coiled-coils, they differ both in the quaternary

structure and in the degree of disorder within the C-ter-

minal region of the coiled-coil (Fig. 4c). Furthermore, the

two crystal structures of NiV PMD (pdb codes 4N5B and

4GJW) display similar polymorphism in their quaternary

structure and in their amount of disorder at the C-terminal

end (Fig. 4d). The disorder could not be anticipated from

the amino acid sequence neither for MeV nor for NiV, an

observation that appears to exemplify the limitations of the

currently available predictors. These results also show that

coiled-coils can exhibit a certain degree of structural

freedom, being less rigid than previously thought, in spite

of a melting temperature exceeding 80 �C
[88, 102, 110, 111]. They also defy to some extent the

Fig. 4 Structures of Henipavirus and MeV P multimerization

domains. Structural models of the trimeric coiled-coil PMDs of

NiV [111] (a) and HeV [110] (b) embedded into their SAXS-derived

ab initio envelopes. c Structural comparison of MeV PMD structures.

Left ribbon representations of the crystal structures of the MeV PMD

tetramers as observed in the three different MeV PMD forms solved

to date. Right superimposition of the three MeV PMD tetramers, with

PDB entries 4BHV, 4C5Q, and 3ZDO shown in red, yellow, and

green, respectively; data from [102] and reproduced with permission

of the International Union of Crystallography (http://journals.iucr.

org/). d Structural comparison of NiV PMD crystal structures. Left

Ribbon model of the two crystal structures of NiV PMD solved so.

Right superimposition of the two NiV PMD tetramers, with PDB

entries 4N5B and 4GJW shown in red and green, respectively
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reliability of predicting the valence of coiled-coils from

their amino acid sequence [102].

In conclusion, we can postulate that the ability to form a

transcriptase versus a replicase complex would rely on the

ability of the PMD region of P protein to adopt different

oligomeric states (SeV, NiV, and HeV) and/or to dynam-

ically sample different forms differing in the degree of

compaction and in the extent of disorder (MeV). Indeed,

such conformational changes might be the basis for the

ability of P to form different complexes critical for tran-

scription and replication. Although in the case of the

related viruses, such as human parainfluenza virus 3

(hPIV3), RSV, and VSV, mutational studies suggest that P

oligomerization is necessary for transcription and replica-

tion [119–121]; additional studies are required to draw

definite conclusions as to whether P oligomerization is

indispensable in all paramyxoviruses. Indeed, P oligomer-

ization looks dispensable in RabV [122]. Likewise,

additional studies are necessary to unravel the functional

impact of varying the P oligomeric state.

Structural organization of paramyxoviral N proteins

Paramyxoviral N proteins are more than 500 amino acids in

length. They are responsible for encapsidating the viral

RNA into a helical nucleocapsid. This ribonucleoprotein

complex has a typical ‘‘herringbone’’-like structure in

electron micrographs [7, 19, 20, 91, 123]. Real-space

helical reconstruction of MeV nucleocapsids has been

achieved in 2004 by EM [9, 124]. In Paramyxoviridae,

each N protein covers precisely six nucleotides, hence

explaining the ‘‘rule of six’’. Once wrapped by the N

protein, the RNA genome is protected in a nuclease-re-

sistant form. N is, however, much more than a ‘‘simple’’

structural protein; in that, it renders the viral genome

competent for transcription and replication. In fact, only

minimal processivity of the polymerase is observed on

naked RNA without the transcription or replication of RNA

if the genome is not encapsidated by N [25, 26].

In infected cells, N selectively binds to genomic RNAs,

thus avoiding the encapsidation of cellular RNA or viral

mRNAs. Upon isolated expression in heterologous sys-

tems, N enwraps cellular RNAs into nucleocapsid-like

structures [10, 16, 19, 123]. Elegant studies that combined

real-time NMR and fluorescence spectroscopy provided a

detailed kinetic description of the in vitro assembly process

of N (both full length and NTAIL-free) into nucleocapsid-

like particles upon the addition of six-nucleotide RNA

strands [125]. Incidentally, those studies demonstrated that

a continuous RNA polymer is not strictly required for N

self-assembly. The assembly efficiency strongly depends

on the RNA sequence, where genomic 50 end and poly-A6

sequences trigger assembling efficiently, while poly-U6

RNAs fail to do that. Taking into account the fact that N

has to encapsidate the entire genome, these results suggest

that successful encapsidation proceeds via the recognition

of an initial specific nucleation site [125]. Importantly,

these observations enable understanding why properly

capped viral messengers are not encapsidated.

Paramyxoviridae N proteins consist of two regions: a

globular N-terminal moiety, NCORE, and a disordered

C-terminal domain, NTAIL (Fig. 5a) (for reviews, see Refs.

[38, 40, 41, 43, 44, 126, 127]). NCORE is well conserved

and contains all the determinants required for self-assem-

bly and RNA binding. NTAIL protrudes from NCORE being

exposed on the nucleocapsid [7, 128–130]; it contains the

regions responsible for P binding in both N0–P and NNUC–

P complexes [8, 81, 83, 84, 126, 131, 132].

High-resolution structural data on Paramyxoviridae N

describe both monomeric and assembled forms of N. The

crystal structure of the parainfluenza virus 5 (PIV5, a

Rubulavirus member) N protein devoid of the disordered

NTAIL appendage reveals N:RNA rings that correspond to

the turns of the nucleocapsid helix [133]. The RNA is

tightly packed between two lobes, referred to as NTD and

CTD (for N- and C-terminal domains, respectively), sep-

arated by a hinge. The RNA is located on the external face

of the N:RNA rings [133]. Each N protomer contacts six

nucleotides. Two extended arms, N terminal and C termi-

nal (NTD arm and CTD arm) contact the preceding (Ni-1)

and following (Ni?1) protomer, respectively. A very similar

arrangement is observed in the case of RSV N:RNA rings,

except that each N protomers bind seven nucleotides and

that N is comparatively shorter and devoid of the disor-

dered NTAIL region [134].

Gutsche and co-workers first docked a model of

MeV N:RNA into the electron density map of MeV

nucleocapsids using the structure of RSV N:RNA rings as

template [11]. Albeit unresolved, the disordered NTAIL

domain was predicted to points towards the interior of the

helical nucleocapsid [11]. This orientation was further

confirmed by cryo-EM studies [12] that led to near-atomic

resolution of NCORE-made nucleocapsids and unveiled the

key role of both NTD- and CTD arms in maintaining the

cohesion of between neighboring N protomers (Fig. 5).

The NTD- and CTD arms also critically rigidify the CTD

maintaining the RNA trapped into a closed conformation of

NCORE.

Structural comparison between paramyxoviral N pro-

teins in their assembled form (i.e., PIV5 N:RNA rings and

MeV nucleocapsid) and in their monomeric, RNA-free

form explained the ability of P to prevent both N self-

assembly and RNA binding. Indeed, the crystal structures

of monomeric, RNA-free forms of both NiV and MeVN

devoid of the NTD arm and of NTAIL (N32–383 for NiV and

N21–408 for MeV) in complex with the N-terminal N0-
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binding region of the homologous P (PNTD, P1–50 for NiV

and P1–48 for MeV) were also solved [57, 58]. The super-

imposition of structures of the RNA-free, monomeric N in

complex with PNTD and N in its assembled form reveals in

N0–PNTD structure the substitution of the a-helix of the

NTD arm of the MeV Ni-1 protomer by the helix a1 of

PNTD (Pa1) and the overlapping of the loop of the CTD

arm of the MeV Ni?1 protomer with helix a2 of PNTD (Pa2)
(Fig. 6). In other words, as proposed for NiV [57], Pa1 and

Pa2 compete with the NTD arm of the Ni-1 protomer and

the CTD arm of the Ni?1 protomer, respectively. Hence, P

can sterically prevent the association of adjacent protomers

to the growing helical nucleocapsid, thereby providing a

structural explanation for its chaperon role vis-à-vis of N.

In the case of hMPV, in the N0–P complex, the CTD arm

occupies the RNA-binding cleft thus preventing unspecific

N–RNA binding by a distinct mechanism [61]. However, in

the MeV N0–P complex structure obtained by Guryanov

and co-workers [58], the CTD arm does not fold into the

RNA-binding site suggesting that this mechanism may not

be conserved in the Paramyxoviridae family or that it

requires the downstream residues of the MeV CTD arm.

The two MeV N structures exhibit another difference: the

CTD and NTD domains move relatively to each other by

40� [58] and this results in a modification of the RNA-

binding groove. Thus, while in both NiV and MeV N0–

PNTD structures, the RNA-binding groove is open, and it is

closed in the assembled form of N. Similarly, modeling the

open conformation of PIV5 N onto its N:RNA ring struc-

ture shows a rotation of its CTD towards the centre of the

ring cavity, which results in the exposure of the RNA in the

RNA-binding groove that, therefore, becomes accessible

for the viral polymerase [133].

Besides the differential bending at the hinge between the

two lobes, another difference between the two states of N

concerns the location of the helix a6, which forms the

lower lobe of the RNA-binding cleft. The different con-

formations adopted by this helix result in a pronounced

change in the surface charge distribution. Of note, in both

the NiV N0–PNTD and PIV5 N–RNA structures [57, 124], a

Fig. 5 Modular organization of MeV, NiV, and HeV nucleoproteins

and structure of the assembled form of MeV N. a Modular

organization of N from MeV and henipaviruses consisting of a

folded domain, NCORE, and a C-terminal disordered region, NTAIL.

The various boxes corresponding to putative or experimentally proven

MoREs are shown. The a-MoRE involved in binding to XD (see light

blue helix) is highlighted by an arrow. b Schematic illustration of the

MeV NCORE region. c Cryo-electron microscopy reconstruction of the

MeV nucleocapsid [10, 124]. d Surface representation of the cryo-EM

3D reconstruction of the MeV trypsin-digested, helical nucleocapsid

(cut away view). The colour code is the same as in a. The RNA is

shown in green. The scale bar corresponds to 50 Å. Reproduced with

permission from Ref. [12]. e Schematic representation of three

adjacent N protomers with the same colour code as in b and d
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loop preceding the corresponding helix is not defined in the

electron density further supporting the inherent mobility of

helix a6. Based on the flexibility of different parts of N in

the various N structures, Severin and co-workers suggested

that the polymerase may interact only with this flexible

loop-helix motif to release the RNA instead of inducing a

pronounced CTD rotation that would require more energy

[126].

The amino acid sequence of NTAIL domains in

Paramyxoviridae members is highly variable and charac-

terized by a compositional bias (i.e., it is enriched in polar

and charged residues and depleted in hydrophobic residues)

[8, 50, 51, 80]. MeV NTAIL is hypersensitive to proteolysis

and cannot be visualized in (cryo)-EM reconstructions of

nucleocapsids [8, 11, 124]. All these features are hallmarks

of intrinsic structural disorder, and hydrodynamic and

spectroscopic analyses did effectively confirm the disor-

dered state of NTAIL in the case of MeV, SeV, and

henipaviruses [8, 50, 80, 81]. The presence of a long dis-

ordered domain within paramyxoviral N proteins is thus a

conserved feature.

EM [8, 9, 11, 124, 135] and solid-state NMR studies

[136] revealed a cross-talk between NCORE and NTAIL: both

pitch and twist of the helicoidal nucleocapsid change upon

removal of the disordered NTAIL domain which results in a

more rigid helix.

As already mentioned, no direct structural data on the

disordered NTAIL domain could be obtained from EM

studies in that this domain was either unresolved [11] or

removed by limited proteolysis [12]. By combining NMR

and both small-angle X-ray and neutron scattering (SAXS

and SANS), a model of the RNA-bound form of full-length

MeV N could be obtained (Fig. 7) [130]. This model

showed that NTAIL conserves a high conformational free-

dom also in the context of the nucleocapsid: the first 50

residues of NTAIL point towards the helix interior, and the

remainder of the chain sneaks out of the nucleocapsid

through the confined interstitial space between successive

turns [130]. This model plausibly explains the increased

rigidity of MeV nucleocapsids observed upon proteolytical

removal of the flexible NTAIL region [8, 9, 12].

Subsequently, similar NMR studies of nucleocapsids

showed that NiV and HeV NTAIL domains too remain

disordered with the first 50 disordered amino acids of

NTAIL being conformationally restricted. MeV and heni-

paviruses share, therefore, a conserved nucleocapsid

organization: the disordered NTAIL domain is only partly

exposed outside of the nucleocapsid and the first 50 resi-

dues are packed between turns of the nucleocapsid.

All the studies described above showed that in

Paramyxoviridae nucleocapsids, the RNA is hidden within

N protein protomers, and must be released, at least par-

tially, to become accessible to the polymerase. This implies

a local conformational change of few consecutive N sub-

units. The disordered NTAIL appendage and/or binding of P

are predicted to govern this conformational change. The

linear arrangement of N protomers within the nucleocapsid

is characterized by a structural polarity in that there is a

vacant P-binding site at the 30 end. It has been proposed

that this polarity may favor the recognition of the initiation

site and the assembly of the N0–P–L complex [58]. Indeed,

the initiation of both transcription and replication occurs at

the 30 end of the genomic RNA [107, 137]. Guryanov and

co-workers proposed that the primary interactions would

occur between the RNA polymerase complex, L–P, and the

nucleocapsid through the low-affinity NTAIL–XD interac-

tion (see the next section). This transient interaction would

allow one-dimensional diffusion of the L–P complex along

the nucleocapsid. Proper positioning on the complex would

occur when PNTD binds to a vacant NTD-arm binding site

at the 30 end of the nucleocapsid. Binding of P may trigger

uncoiling of the latter, as observed with MuV [138], to ease

the release of the genomic RNA 30 end from the RNA-

binding groove.

Molecular mechanisms of the NTAIL–XD
interaction

Residual order within NTAIL domains

In the case of MeV NTAIL, in silico analyses highlighted

the presence of a putative a-MoRE (residues 488–499)

within one (namely, Box2) out of three regions conserved

Fig. 6 Structural illustration of the chaperon role of P. Cartoon

representation of the superimposition between MeV N0–PNTD (N0,

light blue; PNTD, orange, pdb code 5E4V) [58] and the assembled

form of N (gray, PDB code 4UFT) [12]. PNTD (aa 1–48 of P) overlaps

with both NTD arm of protomer Ni-1 (yellow) and CTD arm from the

Ni?1 protomer (pink). Molecules were aligned using the NTDs.

Modified from Ref. [58]
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in Morbillivirus members (referred to as Box1, Box2, and

Box3) (Fig. 5a). This a-MoRE binds to XD while under-

going an a-helical-induced folding as revealed by

spectroscopic, biochemical [80], and structural studies

[83]. MD simulations showed that the isolated a-MoRE

behaves like a molten globule [139]. Indeed, most of the

conformations of the free form of the a-MoRE are more

compact than in the bound conformation (the folded state)

as shown by the smaller distribution of the radius of

gyration (Rg) of the a-MoRE in the unbound state. From

the analyses of the mobility of paramagnetic spin labels

grafted within Box2 and from analysis of the Ca chemical

shifts of NTAIL, the a-MoRE of MeV NTAIL appears to be

partly pre-folded in the absence of XD [90, 140, 141]. An

atomic-resolution ensemble description of a-MoRE of

MeV NTAIL was obtained by combining residual dipolar

coupling (RDC) measurements and ensemble optimization

methods [85, 142]. Those studies unveiled that the a-
MoRE exists in a conformational equilibrium between a

completely unfolded form (25%) and four conformers

containing a-helical segments of 6, 7, 14, and 18 residues

each, and accounting for 22, 30, 10, and 13% of the pop-

ulation, respectively [130]. Four aspartic acids or serines

located just upstream of the observed helices stabilize all

these a-helices through N-capping interactions [143]. Such

N-capping stabilization of helices has already been

observed in other IDPs, including SeV NTAIL [142], and

nicely illustrates how the primary sequence encodes pre-

recognition states. The SeV a-MoRE has a similar con-

formational behavior, although it samples only three

helical conformers [126, 142].

In N of henipaviruses, there are four putative MoREs

[50] (Fig. 5a). Their structural properties were unraveled

through conformational and spectroscopic analyses of

truncated forms bearing various combinations of the four

predicted MoREs [144]. Two of them (Box1 and Box4,

residues 408–422 and 523–532, respectively) possess

irregular forms (i.e., I-MoRE), while the other two (Box2,

aa 444–464 and Box3, aa 473–493) have a-helical
propensities (i.e., they are putative a-MoREs) [144]. It

should be noticed that Box2 had been, however, previously

predicted to be a b-strand [50]. This discrepancy between

experimental determination and prediction could reflect

either an intrinsic plasticity of Box2 that would be able to

adopt different conformations in a template-dependent

manner (as already shown for IDPs in general [145]) or

rather an intrinsic limitation of the predictors.

Box3 functionally corresponds to the Box2 of MeV

NTAIL, i.e., it is the XD-binding site [91, 92, 144, 146, 147],

while Box2 constitutes an additional putative MoRE with

respect to MeV (and also SeV). The presence of this extra

MoRE emphasizes the plasticity of IDPs/IDPRs that are

characterized by their tolerance to insertions/deletions in

functionally relevant regions.

For both NiV and HeV, site-directed spin-labeling

(SDSL) EPR spectroscopy studies revealed an important

conformational heterogeneity within Box3 arising from the

presence of multiple helical conformers of different lengths

[146]. Correlatively, Box3 appears to be at least transiently

populated as an a-helix as shown by the Ca chemical shifts

of free forms of HeV and NiV NTAIL. In spite of the high

sequence similarity between NiV and HeV NTAIL domains

(74%), hydrodynamic and spectroscopic studies pointed

out subtle conformational differences [144]. A second short

a-helical region is discernible within the Box2 of NiV

[91, 147]. Besides, 15N R2 values argue for a higher degree

of pre-configuration of NiV Box3 with respect to its HeV

counterpart [147]. EPR measurements detect also a popu-

lation of longer lived interconverting a-helical segments

[146].

Partial pre-configuration of the XD-binding region of

NTAIL is, therefore, a conserved feature shared by SeV,

Fig. 7 Proposed model of the location of NTAIL in intact nucleocap-

sids. NTAIL (red) escape from the interior of the nucleocapsid through

the confined interstitial space between successive turns. NCORE

monomers are colored in green and yellow and RNA in blue.

a Representation of the conformational sampling of NTAIL from a

single N protomer in the capsid. Different copies of NTAIL are shown

to indicate the available volume sampling of the chain. Only the first

50 amino acids of NTAIL are shown. b, c Representation of the 13

NTAIL conformers from a single turn of the nucleocapsid shown

across (b) or along (c) the axis of the nucleocapsid. Modified from

Ref. [130]
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MeV, and henipaviruses, implying a functional signifi-

cance. The partial pre-configuration of MoREs facilitates

the folding-upon-binding process. The residual structure

restrains the conformational space sampled by the IDP.

Consequently the number of interconverting conformers in

solution is reduced and less energy is demanded for the

structural transition to the (partially) folded conformation

[56]. Therefore, although disorder-to-order transitions are

entropically disfavored, it appears that IDPs can finely tune

their affinity towards partners by varying the extent of pre-

configuration of their MoREs.

Molecular polymorphism in NTAIL–PXD complexes

X domains from SeV, MeV, and henipaviruses form with

NTAIL a 1:1 stoichiometric complex, whose KD is in the lM
range [81, 92, 148]. Binding to XD triggers a-helical
folding of NTAIL [81–83, 92]. This structural transition

takes place within a short NTAIL region (Box2, aa 486–504

of MeV N, and Box3, aa 473–493 of Henipavirus N), while

the remainder of the chain remains disordered and does not

establish stable contacts with XD

[90–92, 140, 141, 144, 147, 149, 150]. The crystal structure

of an MeV chimeric construct in which XD is covalently

attached to the a-MoRE of NTAIL was solved at 1.8 Å [83]

(Fig. 8). The structure consists in a pseudo-four helix

complex in which the a-MoRE of NTAIL is embedded in a

parallel orientation within a large hydrophobic cleft created

by helices a2 and a3 of XD [83]. Indeed, interacting

residues are mainly hydrophobic involving Leu481,

Leu484, Ile488, Phe497, Met500, and Ile504 from XD, and

Ser491, Ala494, Leu495, Leu498, and Met501 from NTAIL.

Burying of hydrophobic residues of the MeV a-MoRE at

the XD surface likely provides the driving force of its

induced folding. The structure of the MeV XD/a-MoRE

complex could be used as a template to model the structure

of the homologous Henipavirus complexes [92] (Fig. 8).

Specifically, the more hydrophobic side of the amphipathic

a-MoRE of Henipavirus NTAIL could be docked at the

hydrophobic surface delimited by helices a2 and a3 of XD

[92] (Fig. 8). The two modeled complexes display a rather

small interface area as generally observed at the interfaces

of complexes involving IDPs [56]. These models were

successively validated by SDSL EPR spectroscopy studies

[146].

In spite of the lack of direct structural data on Heni-

pavirus NTAIL–XD complexes, NMR studies provided

insights into the structure of these complexes and allowed

further model refinement using constraints based on

chemical shifts [91]. In contrast with MeV, for both NiV

and HeV NTAIL domains, the resonances of the a-MoRE

vanish upon the addition of the homologous XD, a finding

consistent with a highly dynamic complex in which the a-
MoRE undergoes a-helical fraying at the surface of XD

[91, 92, 147]. The NiV NTAIL–XD complex is slightly

tighter than that of HeV [91, 92, 144, 147], a property that

is reflected in the ability to document by SEC complex

formation in the case of NiV but not in the case of HeV

[92]. SDSL EPR and NMR experiments further support

Box2 of NiV as an additional interaction site with XD

[146, 147].

Analysis of chemical shift perturbations in reciprocal

titration studies and of the crystal structure of HeV XD

identified residues involved in the interaction [91]. The

binding interface is prevalently hydrophobic, but acidic

residues line the binding pocket of XD. These residues

establish electrostatic interactions with the basic residues

of Box3, as highlighted by isothermal titration calorimetry

(ITC) studies carried out at different pH values and

mutational studies that targeted charged residues of both

NTAIL and XD [151]. Thus, the HeV NTAIL/XD complex

formation relies on the so-called ‘‘electrostatic steering

Fig. 8 Structures of XD and of the interacting MoRE from NTAIL in

MeV, NiV, and HeV. a Structure of the MeV Box2/XD complex

(PDB code 1T6O [83]). b, c Structural models of the NiV (b) and
HeV (c) Box3/XD complexes with XD [92]. b A model of NiV XD

[92], while c shows the crystal structure of HeV XD (pdb code 4HEO)

[91]. Box3 is shown in a parallel orientation according to Ref. [151].

In all panels, XD is in surface representation and the MoRE in ribbon

representation. Hydrophobic, basic (Arg and Lys), and acidic (Asp

and Glu) residues are represented in beige, blue, and red, respectively.

All the other residues are shown in gray. Modified from Ref. [151]
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mechanism’’ [152]. Long-range electrostatic forces would

pull NTAIL towards the acidic patch on the surface of XD,

to lead to an ‘‘electrostatic encounter complex’’ [153] with

NTAIL being loosely anchored at the periphery of the

binding site [151]. According to this model, HeV NTAIL

would fold after binding, a scenario that is also supported

by NMR titration data (see below) [91].

The role of electrostatics in the association of the HeV

NTAIL and XD may explain the differential role of Box2 in

binding to XD in the two henipaviruses, since Asp457 in

HeV NTAIL is non-conservatively replaced by an Asn in

NiV NTAIL.

From a combination of mutational and SAXS analyses,

it was concluded that the MoRE adopts a parallel orienta-

tion at the surface of HeV XD [151], thus eliminating an

ambiguity that persisted even after the analysis of chemical

shift perturbations.

The conserved parallel orientation of the MoRE at the

XD surface in MeV and HeV argues for a functional rel-

evance. Does it govern the relative orientation of the whole

P protein with respect to the NTAIL region protruding from

the nucleocapsid and consequently favors an optimal

positioning of the polymerase onto the nucleocapsid tem-

plate? Does it favor a forward directionality of the

polymerase moving along the nucleocapsid?

The prevalently hydrophobic nature of the interface of

MeV, HeV, and, presumably, NiV NTAIL–XD complexes,

is in line with the frequent enrichment in hydrophobic

residues of binding interfaces of protein complexes

involving IDPs [154]. In the case of SeV, the interaction is

dominated by charges, thus giving a good example of how

selection pressure in the course of evolution shaped the

C-terminal domains of N and P to be structurally and

functionally analogous in spite of very limited sequence

identity [81].

The a-helical conformation of the XD-bound form of

MeV and Henipavirus NTAIL can be presaged from the

conformational ensemble that they sample as free forms of

in solution [83, 90, 91, 130, 147]. This pre-configuration

might be taken as indicative of a ‘‘folding before binding’’

mechanism [155, 156]. However, the pre-existence of

ordered structures in IDPs does not necessarily commit to

such a mechanism. Indeed, quantitative analysis of NMR

titration data of the MeV NTAIL–XD-binding reaction [90]

unveiled the presence of a weak, non-specific encounter

intermediate complex, thus suggesting an induced folding

mechanism [157]. In support of this, a molecular dynamic

simulation study revealed that MeV NTAIL binding to XD

preferentially occurs via a folding after binding mechanism

[139]. Given the complexity of the experimental data,

which showed that hints of both induced folding and

conformational selection, this experimental system was

directly interrogated using kinetics [148] (Fig. 9a). In those

studies, a fortuitous complex dependence of the macro-

scopic rate constant kobs was observed that allowed

distinguishing the contribution of the binding and folding

steps in the reaction kinetics. Furthermore, by performing

pseudo-first-order experiments as a function of the con-

centration of both XD and NTAIL [158], the clear signatures

of the ‘‘folding after binding’’ mechanism were detected,

indicating that a conformational selection mechanism,

while theoretically possible, is most likely too slow to be

operative [148].

A folding-upon-binding mechanism also occurs in the

case of HeV. Indeed, quantitative analysis of NTAIL peak

intensities at various XD titration points revealed that the

signal intensity for the residues located at the extremities of

the a-MoRE decreases faster. These residues have also a

smaller amount of residual helical structure in the unbound

form of NTAIL. Such a differential broadening is compati-

ble with the initial binding of XD to a short central helical

segment of the a-MoRE, followed by gradual extension of

this helix to the upstream and downstream residues [91].

Whether the higher helical sampling by the NiV NTAIL a-
MoRE reflects a different folding mechanism remains to be

investigated. A folding-upon-binding mechanism is also

shared by the SeV NTAIL–XD pair, where a detailed atomic

description of the molecular recognition trajectory could be

obtained from relaxation dispersion studies [159].

Residual disorder (e.g., fuzziness) in NTAIL–XD

complexes

The concept of ‘‘fuzziness’’ was coined by Tompa and

Fuxreiter to describe the persistence of a significant

residual structural disorder in IDP-target complexes [47].

Static fuzziness describes the sampling of a number of IDP

conformations at the surface of the partner and dynamic

fuzziness describes the preservation of the disordered state

of the extremities of the binding segment. In this latter

case, it may be hypothesized that the flexible adjacent

chains could serve as baits for partner fishing through non-

specific and transient contacts [160, 161]. The abundance

of residual structural disorder in macromolecular com-

plexes advocates for a functional role [48].

The NTAIL–XD complexes from paramyxoviruses

combine both static and dynamic fuzziness. Indeed, the a-
MoRE of Henipavirus NTAIL remains highly dynamic at

the surface of XD and presumably samples many sub-

conformations [91, 147] (static fuzziness). Concomitantly,

a dynamic fuzzy complex is also formed, since the

remainder of the NTAIL chain remains flexible within the

NTAIL–XD complexes of the three viruses (see also [162]).

A large set of experimental data support the ‘‘fuzziness’’

of these viral complexes. (1) The majority of NTAIL in the

three viruses remains disordered in the bound form, since
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the chemical shifts of most of the peaks are almost unal-

tered upon the addition of XD [90–92, 147, 149]. (2) The

NiV NTAIL–XD complex exhibits RS about 1.6 times larger

than expected for a compact complex [92]. (3) From EPR

data, MeV Box1 and Henipavirus Box1 and Box4 are not

involved in complex formation [141, 146]. (4) The intrinsic

fluorescence spectroscopy of a Trp residue introduced

within Box4 of Henipavirus NTAIL remains unchanged in

the presence of bound XD as expected for a high confor-

mational freedom and solvent exposure of the C-terminal

region [92]. (5) In a low-resolution model of the MeV

NTAIL–XD complex built from SAXS analyses, most of

NTAIL (amino acids 401–488) remains disordered within

the complex with XD [149]. (6) In the downstream region,

the MoRE remains highly flexible in the MeV complex as

concluded by combining SDSL EPR spectroscopy and

Monte Carlo simulations [163]. (7) Atomistic models of the

MeV NTAIL–XD complex built by combining ESI-Ion

Mobility-MS and modeling showed different levels of

compaction, i.e., high structural heterogeneity [99]

(Fig. 9b). In addition, a previously undetected collapsed

form of the complex was identified based on a bimodal

charge-state distribution consisting of a high-charge com-

ponent (18?) and a low-charge (11?) component. The

former is compatible with an ‘‘open’’ conformation, in

which the disordered arms of NTAIL flanking the a-MoRE

maintain high accessibility to the solvent. The latter would

represent a compact or ‘‘closed’’ conformation in which

these flanking arms collapse onto the surface of the folded

partner [99]. Structural models the ‘‘open’’ form of the

complex were generated using experimental chemical

shifts as restraints. Their solvent accessible surface area

Fig. 9 Molecular mechanisms of MeV NTAIL–XD complex forma-

tion. a Kinetic-based model showing the folding after binding

mechanism of the MeV NTAIL–XD interaction. NTAIL recognizes XD

by first forming a weak encounter complex in a disordered

conformation and is then subsequently locked-in by a folding step.

Reprinted with permission from Ref. [148]. Copyright 2014 American

Chemical Society. b Cartoon representation of the structural model of

the NTAIL–XD complex as derived from a combined ESI–IM–MS and

modeling approach. The disordered NTAIL and ordered X domain of P

are shown in blue and orange, respectively. A typical MS spectrum is

shown. Reprinted with permission from Ref. [99]. Copyright 2014

The American Society for Mass Spectrometry. c Schematic illustra-

tion showing the location of the NTAIL regulatory sites (stars), as

identified by random mutagenesis coupled to split-GFP re-assembly

assays, in the NTAIL fuzzy appendage [173]. d Schematic illustration

highlighting the self-inhibitory impact of the NTAIL fuzzy appendage

on binding to XD [174]. Structures were drawn using Pymol [236]
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(SASA) was found to be in a very good agreement with the

SASA experimentally determined by ESI–MS SASA. In

the models, the inter-molecular interactions are predomi-

nantly hydrophobic both in the ordered core of the complex

and in the disordered regions.

Fuzziness may confer many functional advantages,

including the ability of interacting with alternative partners

or on the contrary of establishing simultaneous interactions

with different partners. Moreover, non-specific, transient

contacts mediated by disordered appendages can promote

partner fishing. Fuzzy parts of complexes can be the target

of post-translational modification with regulatory activities.

In addition, the reduced entropic penalty of the disorder-to-

order transition due to fuzziness can enhance affinity. The

interaction strength between an IDP and its partner can thus

be modulated by tuning the IDP fuzziness.

In line with these expectations, the fuzzy Box3 region of

MeV NTAIL serves as a low-affinity binding site for the

major inducible heat-shock protein hsp70 [164, 165] that

stimulates both viral transcription and replication

[166–168]. The major hsp70-binding site is, however,

located within Box2 [166, 169] and can compete out XD

binding to NTAIL [164]. This suggests a model in which

hsp70 would enhance viral RNA synthesis by decreasing

the stability of NTAIL–XD complexes, thereby promoting

P–L cartwheeling on the nucleocapsid [149, 164].

In addition, the major phosphorylation sites of MeV

(S479 and S510) and NiV (S451) NTAIL fall in the fuzzy

region [170–172], and the phosphorylation of MeV N

upregulates transcription in minigenome assays [170].

Likewise, a rapid turnover of the phosphorylation of NiV N

critically impacts viral RNA synthesis [172].

Finally, fuzzy regions flanking MoREs can also posi-

tively or negatively modulate the interactions established

by IDPs. In fact, natural dampeners located in the N-ter-

minal fuzzy region of NTAIL have been identified in MeV

by random mutagenesis NTAIL [173] (Fig. 9c). Similarly,

the fuzzy Box3 region would naturally serve as a damp-

ener, since MeV NTAIL constructs devoid of Box3 display

an enhanced interaction with XD. The impact of the long

N-terminal fuzzy region of MeV NTAIL on binding to XD

was thoroughly investigated though the generation of

truncated forms [174] (Fig. 9d). The shortening of the

NTAIL N-terminal fuzzy region increases binding to XD in

the case of MeV and henipaviruses, and also to hsp70 in the

former case. Although binding increases with decreasing

hydrodynamic radius of the NTAIL variants, the relationship

is not linear. The molecular bases of this non-monotonic

behavior remain, however, to be elucidated, with possible

charge-related effects having been ruled out. Results

obtained by replacing the MeV NTAIL fuzzy region with a

highly dissimilar artificial disordered sequence indicate

that the inhibitory effect of the fuzzy region is sequence

independent. Kinetics experiments that made use of single-

site Trp MeV XD variant and of either NTAIL or a peptide

mimicking the a-MoRE shed light on the mechanism by

which the fuzzy appendage could inhibit binding. In fact,

as recalled above, in the case of NTAIL, there is a hyperbolic

dependence of the observed rate constant (kobs) on ligand

concentration likely reflecting the fact that folding of NTAIL

becomes rate-limiting at high reactant concentrations.

Conversely, a linear dependence was observed with a

truncated synthetic peptide that mimics the isolated MoRE.

Thus, the fuzzy appendage of NTAIL may have a direct

effect on the folding of the MoRE, possibly by lowering its

rate constant of folding [174]. The molecular determinants

of these effects, however, remain to be established.

Irrespective of the underlying mechanism, results sug-

gest that the fuzziness of NTAIL provides a means to

modulate the strength of interactions that this domain

establishes with partners. Taking into account the fact that

the NTAIL–XD interaction needs to be tightly regulated (see

below), the discovery that the fuzzy region preceding the

a-MoRE dampens the interaction provides a conceptual

framework to understand why the MoRE in paramyxoviral

NTAIL domains is preceded by a rather long disordered arm.

It is tempting to speculate that in the course of evolution,

the length of this region has been under selective pressure

so as to ensure a ‘‘balanced’’ affinity towards XD, i.e., the

arm would have been elongated until the optimized

dampening level of the a-MoRE–XD interaction was

reached.

Functional impact of the NTAIL–XD interaction

The hypothesis that the NTAIL–XD interaction triggers the

opening of the nucleocapsid to expose the viral RNA, so

that the polymerase can access to it has been dismissed by

NMR studies that could not document any major nucleo-

capsid rearrangement upon addition of HeV XD [91]. In

agreement with these findings, when PNT or PCT from

MuV is added to purified MuV nucleocapsids, only PNT

induces uncoiling [138]. The addition of PCT creates

additional densities on the outside of the nucleocapsid. The

size of these extra-densities corresponds to the size of the

MuV XD-a-MoRE complex suggesting that MuV XD-a-
MoRE complexes may be stabilized on the nucleocapsid

core, possibly due to additional interactions between PCT

and NCORE. Structural comparison between the crystal

structure of VSV N:RNA rings bound or not to VSV PCT

shows very little discernable differences, with the only

differences concerning the P-binding site [175]. This

observation thus reinforces the idea that PCT binding to

nucleocapsid does not trigger much conformational rear-

rangement. The opening of the nucleocapsid to grant access

to the polymerase would then require either full-length P,
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the P–L complex, and/or cellular cofactors. Hsp70, a MeV

NTAIL partner [164–166], appears as a potential candidate.

Indeed, hsp70–nucleocapsid complexes of canine distem-

per virus, a closely related morbillivirus, display an

expanded helical diameter and an increased fragility par-

alleled by an increased sensitivity of the genomic RNA to

nuclease degradation suggesting enhanced solvent expo-

sure [176, 177].

The interaction of NTAIL with XD is critical as it can

mediate recruitment of the L–P complex onto the nucleo-

capsid and/or can ensure optimal transcription and

replication [36, 37, 39]. The role of Box2 in recruiting the

MeV polymerase complex has been challenged by the

finding that Box2 is dispensable for MeV transcription and

replication in the absence of the upstream NTAIL region

[95]. A truncated form of NTAIL (N1–439) is active in

transcription and replication of a minigenome and in a

recombinant virus [95]. However, the MeV variant suffered

from a severe growth defect [95] and the N variant was

very inefficient in supporting transcription re-initiation at

the N–P junction in minigenome assays (see below) [94].

By analogy with MuV XD, it is conceivable that XD may

bind directly to NCORE, thereby ensuring recruitment of L

onto the nucleocapsid in the absence of NTAIL.

According to the so-called ‘‘cartwheeling’’ model, the

polymerase would progress along the nucleocapsid by

dynamically making/breaking contacts between NTAIL and

XD to allow transcription and replication to take place.

This model implies that the modifications of the N–P

affinity would affect the interaction dynamics and, there-

fore, the processivity of the polymerase. To directly assess

the relationship between the binding affinity of the NTAIL–

XD pair and the polymerase elongation rate, a mutational

study that targeted the MoRE of MeV NTAIL was carried

out [178]. Surprisingly, no relationship was found between

the binding strength of the NTAIL–XD pair and the ability

of NTAIL to undergo XD-induced folding. Concomitantly,

MeV mutants bearing those substitutions were generated

and the elongation rates within infected cells were mea-

sured. Quite unexpectedly, a reduced binding strength had

no impact on the elongation rate. It can, however, be

speculated that this tolerance of the polymerase to NTAIL

substitutions holds only in a certain range of affinities: in

spite of a lower affinity, the NTAIL–XD interaction would

still allow the recruitment of the polymerase. This absence

of effect of the binding strength on the RNA synthesis was,

however, challenged by a recent study, where a correlation

was found between the XD–NTAIL affinity and the mRNA

accumulation rates [94] (see below). The same result was

obtained by mutational studies that targeted MeV XD:

while the abrogation of the NTAIL–XD interaction renders

the polymerase non-functional, a 1.7-fold increase in the

affinity of the NTAIL–XD pair is associated with a 1.7-fold

reduction in transcript accumulation rate [179]. Thus, the

NTAIL–XD interaction appears to tightly control viral

polymerase progression along the nucleocapsid template.

The corollary of this property is that the NTAIL–XD inter-

action strength has to be kept into a precise window to

ensure efficient transcription and replication. In line with

this requirement, mutational studies carried out on MeV

NTAIL showed that random substitutions in Box2 lead to a

reduction in the binding strength [173]. This finding

implies that the Box2 sequence is poorly evolvable,

because it has been naturally selected to bind XD in an

optimal way. In support of this observation, the amino acid

sequence of Box2 is rather well conserved in naturally

occurring MeV strains [173]. The amino acid sequence

conservation of Box2 is by no means an exception among

IDPs, since MoREs tend to be conserved in spite of the

higher evolutionary rates of IDPs compared to structured

proteins [180]. Random mutagenesis studies identified

substitutions within the N-terminal region of Box2 (aa

489–493) as the most critical ones in terms of interaction

strength, a finding that could be rationalized using struc-

tural data [173]. Furthermore, a critical NTAIL residue

(Arg497) that had escaped detection in previous structural

studies was unveiled. This led to a finer description of the

hydrogen bonding network that stabilizes the NTAIL–XD

complex. Finally, regulatory sites located in the fuzzy

NTAIL region (i.e., outside the binding interface) were also

identified (Fig. 9c). This well illustrates that in spite of

their general power and usefulness, structural studies suffer

from some limitations that could be nicely overcome by

‘‘descriptive random mutagenesis’’ approach in that it

provided additional information on the NTAIL–XD com-

plex. As such, a combinatorial experimental approach is a

valuable general approach to characterize complexes

involving IDPs/IDPRs.

The molecular mechanisms were subsequently investi-

gated by examining the functional consequences of

substituting critical NTAIL positions on the viral polymerase

activity. To this end, molecular dynamics (MD) simula-

tions and biochemical and functional studies were

combined. Significant conclusions could be made thanks to

the use of recombinant viruses and of minigenomes

designed to accurately quantify transcription re-initiation

after polymerase scanning through each of the five IGRs of

MeV [94]. A detailed molecular explanation for the key

role of NTAIL 491 and 497 residues in stabilizing the

NTAIL–XD complex was achieved [94]. A correlation

between NTAIL–XD affinity and the ability of N to re-ini-

tiate transcription at a downstream gene unveiled the key

role of this protein interaction in transcription re-initiation

at each intergenic region [94] (Fig. 10). In conclusion, the

NTAIL–XD interaction is proposed to maintain the poly-

merase anchored to the nucleocapsid during its scanning
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upon crossing the IGRs and/or in the transcription re-ini-

tiation at each intergenic region. A natural selection for an

optimal binding strength of NTAIL–XD would have occur-

red, since both increasing [179] or decreasing [94] the

NTAIL–XD affinity reduces the viral growth. This suggests

the establishment of an optimal equilibrium between

polymerase recruitment, processivity, and transcription re-

initiation efficiency. Consistent with this, none of 1,218

non-redundant circulating MeV sequences harbor the sub-

stitutions with the most dramatic impact (i.e., R490S,

S491L, and R497G), while others with less drastic impact

are found [173]. Accordingly, a conserved amino acid

residue and fuzzy appendage length code appear to have

shaped the interaction between NTAIL and XD in the course

of evolution.

Although polymerase activity is lost upon deletion of the

last 43 residues of MeV NTAIL (comprising the a-MoRE),

it is restored when the deletion is expanded to encompass

the last 86 residues of NTAIL. This result led Krumm and

co-workers to propose that NTAIL may inhibit polymerase

access to the template, and by binding the a-MoRE, XD

may overcome this inhibition by ordering NTAIL [95].

Therefore, the NTAIL–XD interaction would not only favor

the polymerase anchoring and govern the RNA synthesis

dynamics, but may also overcome the inhibition effect

created by the disordered appendages covering the

nucleocapsid.

Interestingly, the VP30 of EboV that serves as an anti-

terminator transcription factor displays a similarly tightly

regulated interaction with optimal binding to N being

associated with optimal RNA synthesis [181]. One of the

major evolution constraints to which the polymerase

machinery of MeV, and possibly of paramyxoviruses in

general, is subjected to is the need for an optimized

interaction between the P and N proteins. It remains to be

established whether binding of the C-terminus of P to the

globular moiety of N (NCORE), as observed in Monone-

gavirales, has a similar functional role and thus needs to be

similarly tightly controlled.

N–P interactions as potential targets for antivirals

If marketed drugs target mostly the active site of enzymes

[182] or ligand-binding sites of receptors [183], there is a

growing interest in the inhibition of protein–protein

Fig. 10 Model of MeV transcription re-initiation. 1 The polymerase

complex, composed of the L and P proteins, transcribes the genome. 2

After the addition of the poly-A tail and release of the mRNA, the

polymerase complex may re-initiate transcription and transcribe the

next gene (a) or stop transcribing (b). Whether the polymerase

complex detaches from the genome template (b.i) or travels on it until

reaching the 50 end of the genome (b.ii) remains to be determined.

The higher is KD of the NTAIL–XD interaction, the less efficient is the

re-initiation of transcription, thus leading to a steeper mRNA

gradient. The schematic representation of the polymerase complex

transcribing the genome is reproduced from Ref. [94]
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interactions (PPIs) for therapeutic purposes. The theoretical

advantages of targeting PPIs lie in the limited conservation

of protein interfaces, thus increasing the chances of highly

specific inhibition. The inhibition of PPIs constitutes a new

way to modulate the activity of proteins. A ‘‘proof of

concept’’ of the validity of antiviral approaches relying on

PPI inhibition has been obtained by targeting the HIV-1

Nef–SH3 binding surface [184].

Although there is no doubt that targeting viral entry and/

or the polymerase (complex) is a valuable approach for

antiviral strategies [185], a promising way to inhibit the

replication of paramyxoviruses could rely on inhibition of

the N–P interaction (i.e., the dual NTAIL–XD and N0–PNTD)

that is crucially involved in both transcription and

replication.

The antiviral activity of peptides targeting the interac-

tion between N0 and PNTD in NiV [57], RSV [60], and

RabV [68] demonstrates the relevance of choosing this

interaction as a target for the design of antivirals. The fact

that both NTAIL–XD and N0–PNTD interactions involve an

IDPR adds further promise for antiviral approaches. In fact,

many reports showed how valuable are PPIs involving

IDPRs as drug discovery targets [186–192].

The interaction surface between a globular protein and

an IDP is reminiscent of that occurring between an enzyme

and its substrate or a receptor and its ligand that are often

easily targeted by small molecules. Indeed, the binding of

IDPs often occur through the accommodation of a MoRE

into a groove of the partner. However, there are several

differences. (1) The size of the interfaces of IDPs is *25%

smaller than those of ordered complexes (1141 ± 110 Å2

[56] versus 1600 ± 400 Å2 [193]). (2) Interfaces involving

IDPs and globular proteins usually involve a single con-

tinuous and multiple (often discontinuous) segments [154],

respectively. (3) Hydrophobic residues are preferentially

exposed at the interface in the case of IDPs (40–90%

exposition for IDPs versus only 5–15% for globular pro-

teins [154]) favoring hydrophobic interactions over polar–

polar interactions (33 versus 22%, respectively [154, 194]).

These features make interfaces involving IDPs more easily

‘‘druggable’’ by small hydrophobic compounds that are

usually more cell permeable, a property that constitutes a

prerequisite for targeting paramyxoviral replication

machineries, and many other validated therapeutic intra-

cellular targets. There are several examples of small

molecule drugs that successfully inhibit PPIs relying on

IDRs (see Refs. [188, 190] and references therein cited).

They include the complex between Mdm2 and p53

[195–197], as well as the C-terminal disordered region of

PTP1B and the N-terminal disordered domain of the

androgen receptor, the two latter being validated thera-

peutic targets for diabetes/obesity and prostate cancer,

respectively [198, 199].

The NTAIL–XD and N0–PNTD interactions are attractive

targets as they both imply an IDPR. Furthermore, NTAIL

should be easily competed out by small molecule drugs for

binding to XD owing to the rather weak binding affinity

(KD in the lM range). The KD of N0–PNTD interaction is

still unknown in the case of MeV and henipaviruses, but it

is expected to be relatively weak, having to be competi-

tively inhibited by both the CTD arm of the Ni?1 protomer

and the NTD arm of the Ni-1 protomer to allow the

encapsidation of the nascent RNA chain. It is worth to note,

however, that in the case of EboV, the binding affinity of

the N-terminal region of VP35 towards the N protomer

(i.e., a truncated from of NCORE devoid of the N-terminal

arm) is surprisingly high (KD in the nM range) [63].

The relatively small area that is buried at the interface of

the NTAIL–XD complex in MeV (\450 Å2 [82]) and in

Henipavirus (\700 Å2 as predicted in [92]) presages easy

destabilization, in line with the admitted correlation

between buried interface area and complex stability [200].

The higher total interface area of N0–PNTD complex in NiV

and EboV (1440 and *2600 Å2, respectively) may not be

less favorable, since the contacting PNTD is a bipartite helix

separated by a kink [57] with each binding interface being

individually ‘‘druggable’’.

The NTAIL–XD interfaces of henipaviruses and MeV

combine core hydrophobic contacts and peripheral elec-

trostatics interactions. Known inhibitors preferentially

target hydrophobic interfaces such as those found in PPIs

involving IDPRs [201]. Mimicry by small inhibitory

molecules is a priori facilitated by the fact that the inter-

action relies on the embedding of an a-helix in a

hydrophobic cleft of the structured partner in both NTAIL–

XD and N0–PNTD complexes. In addition, any inhibitor of

Henipavirus NTAIL–XD should inhibit both viruses, since

their NTAIL and XD domains cross-bind to each other

[144]. At the same time, the development of strain specific

inhibitors remains possible, since the mode by which NTAIL

binds to XD in NiV and HeV subtly differs.

Functional advantages of structural disorder
within paramyxoviral N and P proteins

In the previous sections, the numerous experimental lines

of evidence pointing to the abundance of structural disorder

in the N and P proteins of paramyxoviruses have been

described. An obvious question is: ‘‘which is the functional

benefit that partly/largely disordered N and P proteins bring

to paramyxoviruses that couldn’t be brought by fully

structured replicative proteins?’’ In other words, which is

the ‘‘added value’’ of structural disorder? Below, the

unique functional advantages conferred by structural dis-

order are discussed.
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Disorder as a determinant of interactivity

and of extension

Structural disorder is known to be a determinant of protein

interactivity: the increased plasticity typical of IDPs/IDPRs

enables them to engage in a broad molecular partnership

[202–204]. In line with this, MeV NTAIL binds to multiple

partners including the viral P (XD) [8, 80, 82, 149] and M

proteins [206], hsp70 [164–166], a nuclear export protein

[205], peroxiredoxin 1 [207], cell cytoskeleton components

[208, 209] the interferon regulatory factor 3 [210, 211], and

a yet unidentified protein cell receptor [212, 213]. A likely

broader molecular partnership of NiV and HeV NTAILs is to

be identified, because they bear an additional MoRE (i.e.,

Box2). PNT domains also interact with multiple partners,

including N [57, 58, 95, 214], cellular proteins [67, 215],

and possibly the viral L protein [216].

Coordinated interactions between the polymerase com-

plex and a large surface area of the nucleocapsid are

expected to benefit from the presence of IDPRs within both

P and N proteins. Strikingly, MeV PNT can extend up to

40 nm (as determined by SAXS, Longhi, and Receveur-

Bréchot, unpublished data). Consequently, the L–P com-

plex could simultaneously bind to successive turns of the

helical nucleocapsid that is *6 nm high in compact

nucleocapsids [9, 12, 19]. In addition, since paramyxoviral

P proteins are multimeric, they could have an even higher

extension. That P remains overall extended upon binding to

the nucleocapsid has been shown in the case of VSV [70].

The very large size of both PNT and NTAIL (MeV NTAIL

can extend up to 13 nm in solution [8]), together with the

additional flexibility brought by the ‘‘spacer’’ and ‘‘linker’’

regions of P, could enable N and P to act as scaffolding

engines for partner tethering. Such a long-distance scaf-

folding property fits very well with the postulated assembly

between the N0–P encapsidation substrate and the L–P

polymerase complex to yield a tripartite N0–P–L complex.

Disorder as a determinant of nucleocapsid

polymorphism

As already mentioned, MeV and henipaviruses share a

conserved nucleocapsid structural organization, where the

first 50 NTAIL residues are located in the interstitial space

between successive turns of the nucleocapsid. The inherent

flexibility of the NTAIL region sandwiched between suc-

cessive turns (and hence, it is potential to undergo

conformational changes) can be responsible for the

observed variations in pitch and twist [10]. In turn, these

conformational differences may affect the recognition of

the replication and transcription promoters. Two discon-

tinuous elements constitute the replication promoter at the

30 end of the viral genome. If juxtaposed on two successive

helical turns, they are thought to form a functional unit

[217]. This model predicts that the changes of the helical

conformation of the nucleocapsid, i.e., changes in the

number of N monomers (and thus of nucleotides) per turn,

may dictate the switch between transcription and replica-

tion by the disruption of the replication or the transcription

promoter at the expenses of each other. The large confor-

mational flexibility within Paramyxoviridae nucleocapsids

observed in EM supports this postulate [19, 124, 176, 177].

Disorder as a powerful solution to modulate binding

affinities

As described in detail in this review, in paramyxoviruses,

two critical (and dynamic) interactions for transcription

and replication, i.e., N0–PNTD and NTAIL–XD, rely on a

disordered segment that undergoes a-helical folding-upon-
binding to the structured partner. One can thus raise the

question as to why these viruses have conserved this

peculiar interaction mode.

Structural disorder is known to allow protein interac-

tions to occur with both high specificity and low affinity

[75, 218–225]. The uncoupling between affinity and

specificity (i.e., the low affinity coupled to decent speci-

ficity) is known to arise from the entropic penalty that is

associated with the disorder-to-order transition. However,

the persistence of residual disorder in IDP complexes (in

the form of fuzzy appendages) and a partial pre-configu-

ration of binding motifs prior to binding afford a way to

modulate the binding affinity (for a review, see Ref. [226]).

Static fuzziness, i.e., dynamic binding of the binding motif

at the surface of the partner as in Henipavirus NTAIL–XD

complexes, brings an additional means for regulating the

interaction strength.

Taking into account that both N0–PNTD and NTAIL–XD

interactions need to be dynamically established and broken

to ensure RNA synthesis, their interaction strength has to

be tightly controlled. The involvement of disordered

regions in these complexes provides an exquisite means to

modulate the interaction strength: by tuning the extent of

pre-configuration of the binding motifs and/or the length of

neighboring fuzzy appendages, the virus can achieve an

optimal binding strength.

In addition, the extreme allostery that typifies IDPs (i.e.,

the long-range nature of the effects of substitutions) affords

a supplementary layer of regulation. As a result, amino acid

substitutions in fuzzy regions located far away from the

binding site have the potential to affect binding.

Disorder as a lessener of evolutionary constraints

Encoding structural disorder is much less constrained than

encoding order, because IDRs have much fewer
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intramolecular interactions and are much more tolerant of

substitutions or insertions as well illustrated by the extra-

length of the Henipavirus PNT region with respect to other

paramyxoviruses [50]. Furthermore, disorder reduces the

evolutionary constraints exerted on overlapping reading

frames, i.e., regions encoding multiple proteins. This is the

case of PNT, which also encodes the C protein, and of the

‘‘spacer’’ region preceding PMD that also encodes the

C-terminal domain of the V and W proteins [50, 51]. The

disordered nature of these regions is in line with the pin-

pointed relationship between overlapping reading frames

and structural disorder [51, 227–230]. Because disorder is

encoded by a much broader sequence space compared to

order, encoding disorder in one of the alternative reading

frames may represent a strategy by which genes with

overlapping coding capacities may lessen evolutionary

constraints imposed on the sequence by the overlap,

allowing the encoded overlapping protein products to

sample a wider sequence space without losing function.

After the first seminal observations that unveiled the

abundance of disorder in paramyxoviral N and P proteins

[8, 45, 51, 231], several subsequent computational and

experimental studies have reported the prevalence of dis-

order in viral proteins and especially in the proteome of

RNA viruses (see Ref. [232] and references therein cited).

The high mutation rates of RNA viruses and the need for

compacting the genetic information into an as small as

possible genome may explain the wide occurrence of dis-

ordered regions in viral proteins: disorder would allow

buffering the deleterious effects of mutations and would

also afford a broad molecular partnership [233, 234]. More

generally, the principal advantage conferred by disorder

would reside in an expanded coding capacity, where a

single gene would (1) encode a single protein product able

to exert multiple concomitant biological effects thanks to

its promiscuity and (2) would code for multiple products

through overlapping reading frames.
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