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An ultraweak interaction in the intrinsically disordered
replicationmachinery is essential formeasles virus function
Sigrid Milles1, Malene Ringkjøbing Jensen1, Carine Lazert2, Serafima Guseva1,
Stefaniia Ivashchenko1, Guillaume Communie1, Damien Maurin1, Denis Gerlier2,
Rob W. H. Ruigrok1*, Martin Blackledge1*

Measles virus genome encapsidation is essential for viral replication and is controlled by the intrinsically disordered
phosphoprotein (P) maintaining the nucleoprotein in a monomeric form (N) before nucleocapsid assembly. All
paramyxoviruses harbor highly disordered amino-terminal domains (PNTD) that are hundreds of amino acids in length
andwhose function remains unknown. Using nuclearmagnetic resonance (NMR) spectroscopy, we describe the struc-
ture and dynamics of the 90-kDa N0PNTD complex, comprising 450 disordered amino acids, at atomic resolution. NMR
relaxation dispersion reveals the existence of an ultraweak N-interaction motif, hidden within the highly disordered
PNTD, that allows PNTD to rapidly associate and dissociate from a specific site on N while tightly bound at the amino
terminus, thereby hindering access to the surface of N.Mutation of this linearmotif quenches the long-range dynamic
coupling between the two interaction sites and completely abolishes viral transcription/replication in cell-based
minigenome assays comprising integral viral replicationmachinery. This description transforms our understanding of
intrinsic conformational disorder in paramyxoviral replication. The essential mechanism appears to be conserved
across Paramyxoviridae, opening unique new perspectives for drug development against this family of pathogens.
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INTRODUCTION
Measles virus (MeV) is a nonsegmented negative-sense RNA virus
belonging to the family of Paramyxoviridae that includes a number
of emerging human pathogens with dangerously high mortality rates
for which there is currently no treatment. In addition to the viral poly-
merase (L), paramyxoviral replication machinery is composed of the
nucleoprotein (N), which encapsidates the viral genome, and the tetra-
meric phosphoprotein (P) (1–3), a cofactor of L that interacts with N
at different stages of the viral replication process.

Paramyxoviral P proteins are essential for replication and transcrip-
tion, interacting with N at different stages of the viral cycle (4–9) and
exhibiting very long intrinsically disordered N-terminal domains
(PNTDs), whose function is not understood (10, 11). The first 40 amino
acids of P bind tightly to N that is maintained in a monomeric state
(N0P) (12, 13) before encapsidation of the viral RNA to form the nu-
cleocapsid (NC). X-ray structures of heterodimeric constructs of
N0P1–40 have been determined for MeV (14), Nipah virus (NiV)
(15), parainfluenza virus 5 (16), and metapneumoviruses (17). In all
cases, the flexible domains of N that are required for assembly into
NCs (18, 19), including the intrinsically disordered C-terminal domain
of N (NTAIL) and most of the disordered domain of PNTD (more than
400 amino acids inNiV and 300 amino acids inMeV), were removed to
facilitate crystallization. The functional N0P assembly, however, com-
prises extensive disorder (more than 450 amino acids per heterodimer),
whose role has never been studied at a molecular level. The presence of
this level of disorder, in viruses whose genetic information is normally
so parsimoniously exploited, remains unexplained.

To investigate the role of the disordered PNTD, we designed anMeV
N0P construct comprising integral N, which is fused to the entire 300–
amino acid PNTD (20). This approach allowed us to use solution nuclear
magnetic resonance (NMR), small-angle x-ray scattering (SAXS), en-
semble simulation, and NMR exchange spectroscopy to investigate
the conformational behavior of the 90-kDaN0PNTD complex, includ-
ing the intrinsically disordered regions (IDRs) PNTD, NARM, CARM, and
NTAIL (in total ofmore than 450 amino acids), and to identify the role of
these flexible domains in the molecular processes of replication and
transcription (see fig. S1 for domain description). The atomic resolution
description of such a highly dynamic complex presents significant chal-
lenges for structural biology, requiring approaches that explicitly account
for their time- and ensemble-dependent conformational heterogeneity
(21–23) and the dynamic exchange between free and bound forms of
the proteins (24–27). Here, we apply these approaches to describe the
behavior of PNTD alone and upon formation of the N0P complex.

Rather than containing apparently nonfunctional sequences, PNTD
harbors a previously hidden linear motif that interacts ultraweakly but
specifically with the surface of N. The two N0PNTD binding sites are
separated by 150 highly dynamic residues and differ in affinity by orders
ofmagnitude, allowing PNTD to transiently wrap around the surface ofN,
exchanging rapidly between compact and more extended forms. This
long-range allosteric coupling possibly enhances the chaperone function
by frustrating the interaction of NCORE (the folded domain of N) with
RNAorhost factors.Cell-basedMeVminigenome studies combinedwith
mutagenesis demonstrate that despite the inherently weak affinity of the
newly discovered interaction, this mechanism is essential for viral tran-
scription and replication and therefore also for successful host infection.
The interaction motif appears to be conserved within paramyxoviruses,
providing a new target for treating these dangerous human diseases.
RESULTS
NMR spectroscopy describes the conformational behavior
of PNTD
Wecharacterized the conformational behavior of PNTD at themolecular
level using NMR spectroscopy (fig. S2). Protein backbone resonances
were assigned, and representative multiconformational ensembles were
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Fig. 4. Conservation and functional impact of the da4motif. (A) Alignment of phosphoproteins fromdifferent related viruses (respective UniProt identifiers are shownon the
left, andmorbilliviruses are shown above thedashed line). Full PNTD sequences alignedwithMUSCLE (35). Positions of the helical elementspredicted using PSIPRED (57) are shown
as boxes (red, negatively charged; blue, positively charged). (B) Conservation ofMeV sequences of PNTD. Comparison of 259nonredundant sequences curated inGenbank (60). The
position of a helices, additional interaction sites d and a, STAT interaction site, and the RNA editing site defining the start position of the unique domain of V are indicated. Image
obtained using WebLogo software (http://weblogo.berkeley.edu/logo.cgi). (C and D) Functional impact of HELL� AAAA mutation in cellulo. (C) Ability of MeV P constructs to
associate with MeV N protein in cultured human cells, as determined by Gaussia luciferase–based protein complementation assay. Gray zone indicates the threshold NLR
(normalized luminescence ratio) value. (D) Inability of HELL� AAAA Pmutant to support the expression of two reporter genes from either a (+) or (� ) strandMeVminigenome
when coexpressed with MeV N and L proteins using a reverse genetic assay [relative light units (RLU): luciferase reporter activity]. NanoLuc, nanoluciferase.
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consecutive bulky hydrophobic residues (isoleucine, leucine, or valine).
On the basis of these comparisons, the central interaction motif,
191HELL194 was mutated (HELL→AAAA). This mutant no longer in-
teracts with N through da4 (Fig. 2C and fig. S7), although the helical
propensity remains intact (fig. S7C). Comparison of MeV P sequences
also underlines the strongly conserved acidic nature of the long dynamic
loop connecting residues 125 and 170 (comprising 10 conserved acidic
side chains and no conserved basic side chains).

The da4 motif induces a more compact conformation of N0P
We investigated the influence of the HELL→AAAA mutation on the
overall dimensions of the P1–304N1–525 complex using SAXS. Ensemble
analysis based on SAXS and NMR data from wild-type (WT) and mu-
tated forms reveals that the P1–304N1–525 ensemble requires a bimodal
distribution of radii of gyration (fig. S8, A to D), likely due to interac-
tions between da4 and N. Mutation of the HELL motif leads to signif-
icant quenching of the population of more compact conformations, in
agreement with the abrogation of binding around da4. The presence of
the 125–amino acid disordered NTAIL domain potentially masks the
impact of compaction of N0P on SAXS data. We therefore carried
out a similar analysis on N1–405P1–304 (in the absence of NTAIL) further
emphasizing the effect of da4, exhibiting average radii of gyration ofWT
and HELL→AAAA forms of N1–405P1–304 of 45 ± 6 and 58 ± 8 Å, re-
spectively (fig. S8, E and F).
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Functional relevance of the HELL interaction site in cellula
The functional importance of the da4 N

0P interaction site for viral
function was determined by measuring polymerase replication in vivo
using cell-based MeV genome replication assays exploiting reverse
genetics with a dual-luciferase reporter (9). In these assays, the viral
polymerase function relies on simultaneously providing a host cell with
the antigenomic or genomic RNA, N, P, and the polymerase (L), and
polymerase-mediated transcription is determined by the quantification
of the luciferase activities. Irrespective of whether antigenomic or ge-
nomic RNA was provided, luciferase activity observed with PWT was
completely suppressed when using PHELL→AAAA (Fig. 4D). All P var-
iants were expressed (fig. S9A), and N:P binding and P oligomerization
was unaffected by mutation (Fig. 4C and fig. S9B), indicating that the
abrogation of transcription/replication results unambiguously from the
absence of the da4 motif.

da4 binds N on its N-terminal lobe
Although NCORE backbone resonances are not observed in 1H-15N
correlation spectra of N0P, a truncated construct comprising the N-
terminal lobe NNTD (34) was used to identify the interaction site
(fig. S10, A and B) that is located in a contiguous region spanning res-
idues 96 to 127, situated on the opposite side of N to the known N0P
binding site. The HELL→AAAA mutant of P140–304 did not interact
with P1–50N1–525 (fig. S7), and the interaction profile of P140–304 closely
resembles that obtained from P1–50N1–525, confirming that NNTD

contains the full interaction site for da4 (Fig. 5).
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DISCUSSION
Paramyxoviral phosphoproteins are essential for viral replication and
transcription, acting as essential cofactors for the polymerase complex.
The architecture of paramyxoviral P proteins is highly conserved over
Paramyxoviridae, comprising a tetrameric coiled-coil domain and a
long intrinsically disordered PNTD, whose length varies between 215
and 470 amino acids. Although the first 40 N-terminal amino acids
are known to bind N0, the role of the remainder of PNTD has remained
unknown, and no rationale exists for the conserved requirement of
these long unfolded chains in all paramyxoviral P proteins.

We used NMR spectroscopy to investigate the conformational be-
havior ofMeVPNTD in its free state and todescribe the structural, dynamic,
and kinetic behavior of this highly disordered 90-kDa complex. Al-
though unfolded, PNTD exhibits transient helical propensities in the
N-terminal N binding site (a1/2), around residues 87 to 93 (a3) and
189 to 198 (a4), linked by long, highly dynamic segments (Fig. 1).

In addition to the knownN-terminal binding concerning the first
40 amino acids of PNTD, a 20-residue sequence, comprising the a4
191HELL194motif, preceded by the additional unstructuredmotif d, also
interacts with N. The HELL interaction motif, as well as the helix itself,
appears to be conserved within morbilliviruses and representative
paramyxoviruses, in particular the two bulky hydrophobic residues
at the C terminus of the motif (Fig. 4A). The distance between the a1/2
and putative da4 binding sites is, however, highly variable among dif-
ferent viruses—for example,NiVPNTD is considerably longer (470 amino
acids) than in MeV and is predicted to exhibit helical propensity at
positions 340 to 348, containing the sequence RELL. Despite near-
negligible identity among PNTD from different paramyxoviruses, the
MUSCLE sequence alignment algorithm (35) successfully aligns these
conserved motifs, even when comparing entire PNTD sequences of very
different lengths. A number of physical characteristics are also con-
Milles et al., Sci. Adv. 2018;4 : eaat7778 22 August 2018
served; for example, the interaction motif is preceded by a negatively
charged region (4 acidic residues out of 12 in MeV PNTD) and followed
by a positively charged region (4 basic residues out of 14; Fig. 4B).
Similarly, analysis of nonredundant MeV sequences reveals that da4 is
one of only four strongly conserved linear sequences in the 300–amino
acid PNTD (Fig. 4B).

The da4:NCORE interaction occurs independently of the presence of
a1/2, as demonstrated by a truncation mutant of PNTD. Using NMR re-
laxation dispersion, we have investigated the kinetics of the interaction,
revealing that the intrinsic interaction strength is ultraweak, with a Kd

around 600 mM. The effective affinity within the PNTD:NCORE complex
is expected to be significantly higher because of the elevated effective
population of da4:NCORE that is maintained by the much higher-affinity
a1/2:NCORE interaction. The a1/2:NCORE interaction is in slow exchange
on the NMR time scale and has sufficiently slow dissociation rates that
the complex can be copurified on a size-exclusion column.

The binding site of da4 on N (residues 96 to 127) is located at the
extremity of its N-terminal lobe, which is the most evolutionarily
variable part of NCORE within paramyxoviruses and the Morbillivirus
genus (15). A single-chain antibody that binds to this region of NCORE

from vesicular stomatitis virus, a related member of the Rhabdoviridae
family, is a potent inhibitor of virus transcription and replication (36),
while a homologous region in respiratory syncitial virus binds the C
terminus of the P protein and is the target for inhibitory small-molecule
development (37). In MeV, the affected binding surface on N, situated
at the opposite end of NCORE to the a1/2 binding site, comprises an
exposed b-strand (Fig. 5), adjacent to a highly dynamic surface loop
that is devoid of any secondary structure in solution. This subdomain
exhibits conformational heterogeneity between known structures,
adopting a helix in crystalline N0P (14) [and in the homologous NiV
structure (15)] and a surface loop in the cryo–electron microscopy
NC structure (18). A recent study identified this domain as insertion-
tolerant, allowing the molecular recognition element of NTAIL to be
grafted into the domain while maintaining viral replication (38).

On the basis of our observations, we conclude that, contrary to cur-
rent understanding, whereby the N0P complex comprises a single N:P
binding site that is sufficient for chaperone activity,MeVPNTD interacts
with monomeric N via two distinct linear regions, separated by 150
amino acids, andwith affinities that differ bymany orders ofmagnitude.
The presence of two N binding sites on PNTD helps to rationalize the
presence of long intrinsically disordered PNTD domains (11) throughout
the paramyxoviral family. The length of the long dynamic linker con-
necting the two interaction sites provides sufficient degrees of freedom
to sample very different conformations and, in particular, to allow for
significant conformational disorder within the complex (Fig. 5), even
when both sites are occupied. The relative weakness of the da4 interac-
tion, therefore, leads to rapid exchange between more voluminous free
and more compact bound forms of P40–300, while a1/2 remains bound.
When simultaneously bound to N, the a1/2 and da4 binding sites are
positioned at opposite extremities of the NCORE structure, so that the
conformational fluctuations of the acidic loop between the binding sites
on PNTD are able to maximally frustrate access to the surface of N, po-
tentially inhibiting interaction with RNA and consequent self-assembly
with other N monomers as well as interactions with host proteins that
may play a role in the immune response (39).

The da4 interaction is abrogated bymutation of four central residues
(191HELL194) of the a4 motif, although its helical propensity is main-
tained under alanine mutation, demonstrating that its helical nature
alone is not sufficient to ensure interaction.Mutation ofa4 also removes
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the more compact, enwrapped form of N0P from the equilibrium as
shown from small-angle scattering. We demonstrated the importance
of the da4N

0P interaction site for viral functionbymeasuringpolymerase
replication in vivo using recombinant minigenome assays. Only the N-
genomic RNANC can be used as a template, so that the observed lack of
reporter gene expression from the genomic (−) stranded RNA demon-
strates that the HELL→AAAA mutation prevents assembly of N and
RNA into a functional NC and subsequent transcription. The possibility
that HELL→AAAA specifically targets replication and not transcrip-
tion is supported by the previous demonstration that a PNTD-deleted
P protein remains active in transcription in the closely related Sendai
paramyxovirus (40).

Despite its weak affinity, the da4 interaction is therefore essential for
viral function, reinforcing recent observations of the importance of ultra-
Milles et al., Sci. Adv. 2018;4 : eaat7778 22 August 2018
weak interactions for intrinsically disordered protein function, as
illustrated for example in the case of linear motifs present in the nuclear
pore complex (41). In the case of N0P, the combination of distinct affi-
nities on PNTD, regulated by its highly disordered nature, coordinates
allosteric coupling between the two interaction sites linkingopposite ends
of NCORE. The bipartite N:PNTD interactions may also facilitate NC
assembly or provide the molecular basis of formation of organelles that
stimulate viral replication (42). We note that the observations made here
in the context of PNTD are potentially equally valid for the genome-edited
viral proteinV (43–46) that comprises PNTD until the editing site (residue
229), followed by a folded zinc finger domain, which is unique to V.

In summary, an atomic resolution description of the structure and
dynamics of the highly disordered 90-kDa N0P complex of MeV, com-
prising 450 intrinsically disordered amino acids, reveals the presence of
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