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The nucleoprotein of measles virus consists of an N-
terminal moiety, Noorgs resistant to proteolysis and a
C-terminal moiety, Ny, hypersensitive to proteolysis
and not visible as a distinct domain by electron micros-
copy. We report the bacterial expression, purification,
and characterization of measles virus Ny, . Using nu-
clear magnetic resonance, circular dichroism, gel filtra-
tion, dynamic light scattering, and small angle x-ray
scattering, we show that N, is not structured in solu-
tion. Its sequence and spectroscopic and hydrodynamic
properties indicate that Ny, belongs to the premolten
globule subfamily within the class of intrinsically disor-
dered proteins. The same epitopes are exposed in Ny, p,
and within the nucleoprotein, which rules out dramatic
conformational changes in the isolated Ny, domain
compared with the full-length nucleoprotein. Most un-
structured proteins undergo some degree of folding
upon binding to their partners, a process termed “in-
duced folding.” We show that N,y is able to bind its
physiological partner, the phosphoprotein, and that it
undergoes such an unstructured-to-structured transi-
tion upon binding to the C-terminal moiety of the phos-
phoprotein. The presence of flexible regions at the sur-
face of the viral nucleocapsid would enable plastic
interactions with several partners, whereas the gain of
structure arising from induced folding would lead to
modulation of these interactions. These results contrib-
ute to the study of the emerging field of natively un-
folded proteins.

Measles virus (MV)! is an enveloped RNA virus within the
Morbillivirus genus of the Paramyxoviridae family. Its nonseg-
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mented, negative sense, single-stranded RNA genome is pack-
aged by the viral nucleoprotein (N) within a helical nucleocap-
sid. Transcription and replication are carried out on this
(N-RNA) complex by the RNA-dependent RNA polymerase po-
lymerase (L) associated with the phosphoprotein (P) (reviewed
in Refs. 1 and 2). During genome replication, synthesis of viral
RNA and encapsidation by N are concomitant (1, 2). However,
N has the capacity to self-assemble on cellular RNA to form
nucleocapsid-like particles in the absence of viral RNA and of
any other viral protein (3-7). Therefore, a regulatory mecha-
nism is necessary to prevent illegitimate self-assembly of N
onto cellular RNA in the absence of ongoing genomic RNA
synthesis. This role is played by P; association of P with the
soluble, monomeric form of N (N°) prevents its illegitimate
self-assembly (8—10). This soluble N°P complex is the sub-
strate used by the polymerase to initiate encapsidation of
genomic RNA (10, 11). N forms complexes with P and with the
P-L complex during transcription and replication also in its
self-assembled form (NNUC) (12-15).

Deletion analyses have shown that nucleoproteins of
Paramyxoviridae are divided into two regions: a N-terminal
moiety, Noorg, Well conserved in sequence, and a hypervari-
able, C-terminal moiety, Nypapp, (2) (see Fig. 1A4). Neogre con-
tains all of the regions necessary for self-assembly and RNA
binding (16, 17). Within Nogrg, deletion and mutational stud-
ies have shown that the central conserved region (MV; aa
258-357) and the aa 189-239 region, are involved in self-
association and in RNA binding (4, 18 -21). The precise location
of RNA binding sites within Ngorg is unknown. The RNA
binding site is probably formed by maturation of N during
encapsidation, as suggested by the observation that all N mu-
tants displaying an impaired self-association are not able to
package RNA (4, 19, 21).

Within nucleocapsids, Ny sqp, protrudes from the globular
body of Neogrg (22, 23). In Morbilliviruses and Respiroviruses,
the region responsible for binding of nucleocapsids to P is
located within N,y (13, 18, 20, 24). Consequently, Ny, is
required for N-RNA to act as a template for viral RNA synthe-

N°, soluble, monomeric form of N; P, phosphoprotein; L, RNA-depend-
ent RNA polymerase; M, matrix protein; EM, electron microscopy; PCT,
C-terminal moiety of P; PNT, N-terminal moiety of P; PMSF, phenyl-
methylsulfonyl fluoride; R, Stokes radius; RgN, Stokes radius for a
native protein; R4U, Stokes radius for an unfolded protein; MM, molec-
ular mass; V, hydrodynamic volume; DLS, dynamic light scattering;
SAXS, small angle X-ray scattering; TFE, 2,2,2-trifluoroethanol; R,,
radius of gyration; IP, immunoprecipitation; R, mean net charge; H,
mean hydrophobicity; IMAC, immobilized metal affinity chromatogra-
phy; SeV, Sendai virus; mAb, monoclonal antibody; aa, amino acids.
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sis (13, 16, 25). Npapp, has also been shown to be required for
stable binding of N° to P (16, 26).

Besides its role in encapsidating viral RNA, N also plays a
role during viral assembly by interacting with the matrix pro-
tein (M) (27). The M-binding region of nucleocapsids has re-
cently been mapped to Ny, in Respiroviruses (27), in agree-
ment with the accessibility of Ny, on the surface of the
nucleocapsid and with its net negative charge, which would
favor the interaction with the highly positively charged M
protein.

The fact that Ny, is not readily visualized by electron
microscopy (EM) (28) and is hypersensitive to proteolysis (4,
28) strongly suggests that it is mostly unstructured within
nucleocapsids, at least after isolation (29).

During the last decade, it has been shown that a considerable
number of proteins (>100) have little or no ordered rigid struc-
ture under physiological conditions. These proteins are re-
ferred to as natively unfolded or “intrinsically disordered or
unstructured” (for reviews, see Refs. 30-32). Conformational
analysis has shown that natively unfolded proteins do not
represent a uniform family, but rather they can be subdivided
into two structurally distinct groups. The first group consists of
proteins with extended hydrodynamic dimensions typical of
random coils with no (or little) ordered secondary structure.
The second group comprises the so-called premolten globules,
which are more compact (but still less compact than globular or
molten globule proteins) and conserve some residual ordered
secondary structure (31, 32).

It has recently been proposed that the protein structure-
function paradigm should be better replaced by the “protein
quartet model” (31). According to this model, proteins can exist
in any of the four thermodynamic states of proteins (ordered,
molten globule, premolten globule, and random coil), and func-
tion can arise from any of these conformations and transitions
between them. The functional importance of disorder may re-
side in advantages of flexible structures in comparison with
rigid structures. In particular, an increased plasticity would (i)
allow to couple a high specificity with a low affinity, (ii) enable
binding of numerous structurally distinct targets, and (iii) pro-
vide the ability to overcome steric restrictions, enabling larger
interaction surfaces in protein-protein and protein-ligand com-
plexes than those obtained with rigid partners (31-35).

In this paper, we report the bacterial expression, purifica-
tion, and characterization of MV Np,p.. Using different, com-
plementary biochemical and biophysical methods, we show
that Npaqq, is intrinsically disordered and belongs to the pre-
molten globule subfamily. We also show that N4y, is able to
bind its physiological partner, P. Although there are intrinsi-
cally disordered proteins that carry out their function while
being disordered from end to end (32), a majority folds in the
presence of their physiological partner(s) (36, 37), a process
known as “induced folding.” We show that Ny, undergoes
such an unstructured-to-structured transition upon binding to
the C-terminal moiety of P (PCT).

EXPERIMENTAL PROCEDURES

Bacterial Strains and Media—The Escherichia coli strain XL1 Blue
(Stratagene) was used for selection and amplification of DNA con-
structs. The E. coli strains BL21[DE3] and BL21 (Novagen) were used
for expression of recombinant proteins. E. coli was grown in Luria-
Bertani medium.

Chemicals and Antibodies—Restriction enzymes and T4 DNA ligase
were purchased from NE Biolabs. Pfu polymerase was from Promega.
Primers were purchased from Genosys. Nucleotide sequencing was
carried out by Genome Express. The anti-hexahistidine tag monoclonal
antibody (mAb) was purchased from Qiagen. The anti-N C1 105 % and ClI

2J. Chadwick and T. F. Wild, unpublished data.
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25 (38, 39) and the anti-P 49.21 mAbs (40) were kindly provided by
D. Gerlier.

Plasmids—The plasmid pQE32/Nyayr,, encoding residues 400-525 of
MV N (strain Edmonston B) with a hexahistidine tag fused to its N
terminus was a kind gift of C. Rabourdin-Combe.

The plasmids pET21a/Py4 and pET21a/P encoding the MV P protein
(strain Edmonston B) with or without an N-terminal hexahistidine tag,
respectively, have been already described (41). The PCT gene construct,
encoding the C-terminal moiety of P (PCT) (residues 231-507 of P) with
a hexahistidine tag fused to its N terminus, was obtained by PCR, using
pET21/Py4 as template. Forward primer (5'-GGCCCATATGCACCAT-
CATCATCATCATGGCACAGACGCGAGATTAGCCTCAT-3') was de-
signed to introduce an Ndel restriction site fused to the N terminus of
PCT, whereas reverse primer (5-CCGGGAATTCTTACTTCATTAT-
TATCTTCAT-3') was designed to introduce an EcoRI site after the P
stop codon. The PCR product was digested with Ndel and EcoRI, puri-
fied, and ligated between the Ndel and EcoRI sites of pET21a to
yield pET21a/PCT .

The plasmid pET21a/PNTy,, encoding the N-terminal domain of P
(PNT) (residues 1-230 of P) with an N-terminal hexahistidine tag, has
been already described (41).

The plasmid pET21a/Ny;ag.s, Which encodes MV N with an N-
terminal FLAG sequence (DYKDDDDK) (42) and a C-terminal hexa-
histidine tag, has already been described (4).

Expression of Ny, and PCT—E. coli strains BL21 and BL21[DE3]
were used for the expression of pQE32/N,;, and of pET21a-derivative
constructs, respectively. Since MV N and P genes contain several rare
arginine codons (AGG) that are used with a very low frequency in E.
coli, co-expression of N and P constructs with the plasmid pUBS520
(43), which supplies the corresponding rare tRNA, was carried out.
Cultures were grown overnight to saturation in Luria-Bertani (LB)
medium containing 100 pg/ml ampicillin and 50 ug/ml kanamycin. An
aliquot of the overnight culture was diluted 1:25 in LB medium and
grown at 37 °C. At A, of 0.7, isopropyl p-D-thiogalactopyranoside was
added to a final concentration of 0.2 mM, and the cells were grown at
37 °C for 3 h. The induced cells were harvested, washed, and collected
by centrifugation. The resulting pellets were frozen at —20 °C.

Expression of tagged N, PNT, and untagged P was carried out as
described in Refs. 25 and 48.

Purification of Np,; and PCT—The pellet containing Ny, was
resuspended in 5 volumes (v/w) buffer A (50 mM sodium phosphate, pH
8, 300 mM NaCl, 10 mM imidazole, 1 mm phenylmethylsulfonyl fluoride
(PMSF)) supplemented with 0.1 mg/ml lysozyme, 10 ug/ml DNase I,
and protease inhibitor mixture (Sigma) (50 ul/g of cells). After a 20-min
incubation with gentle agitation, the cells were disrupted by sonication
(using a 750-watt sonicator and four cycles of 30 s each at 60% power
output). The lysate was clarified by centrifugation at 30,000 X g for 30
min. Starting from a 1-liter culture, the clarified supernatant was
incubated for 1 h with gentle shaking with 4 ml of chelating Sepharose
Fast Flow Resin preloaded with Ni?* ions (Amersham Biosciences),
previously equilibrated in buffer A. The resin was washed with buffer A,
and Ny, was eluted in buffer A containing 250 mM imidazole. Eluates
were analyzed by SDS-PAGE for the presence of Ni,q. The fractions
containing N, were combined; diluted with 5 volumes of 50 mm
sodium phosphate, pH 8, 1 mm PMSF; and incubated for 1 h with gentle
shaking with 4 ml of Sepharose Q Fast Flow resin (Amersham Bio-
sciences). The flow-through was recovered, filtered onto 0.8-pum filters
(Pall Gelman Laboratories), and concentrated using a Centricon
Plus-20 concentrator (molecular mass cut-off, 5000 Da) (Millipore
Corp.). The protein was then loaded onto a Superdex 75 HR 10/30
column (Amersham Biosciences) and eluted in either 10 mM sodium
phosphate, pH 7, or 10 mMm Tris/HCI, pH 8, 5 mm EDTA. The protein was
stored at —20 °C in the presence of 10% glycerol.

The pellet containing PCT was resuspended in 5 volumes (v/w) buffer
B (10 mm Tris/HC], pH 8, 300 mm NaCl, 10 mm imidazole, 10% glycerol,
1 mMm PMSF) supplemented with 0.1 mg/ml lysozyme, 10 ug/ml DNase
I, and protease inhibitor mixture (Sigma) (50 ul/g of cells). After a
20-min incubation with gentle agitation, the cells were disrupted by
sonication, and the lysate was clarified as described above. Starting
from a 1-liter culture, the clarified supernatant was incubated for 1 h
with gentle shaking with 4 ml of Talon resin (Clontech), previously
equilibrated in buffer B. The resin was washed with buffer B, and PCT
was eluted in buffer B containing 50 mm EDTA. Eluates were analyzed
by SDS-PAGE for the presence of PCT. The fractions containing PCT
were combined, filtered onto 0.8-um filters (Pall Gelman Laboratories),
and concentrated using a Centricon Plus-20 concentrator (molecular
mass cut-off, 5000 Da) (Millipore Corp.). The eluate from the affinity
chromatography step was then loaded onto a Superdex 200 HR 10/30
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column (Amersham Biosciences) and eluted in 10 mm Tris/HCI, pH 8,
300 mMm NaCl, 5 mm EDTA, 10% glycerol, and 1 mm PMSF. The protein
was stored at —20 °C.

Purification of PNT and of N were carried out as described in (25, 48).
The 43-kDa N-terminal fragment of N, Noogrg, was obtained by limited
trypsin digestion of N as described in Ref. 25, followed by gel filtration
onto a Superdex 200 HR 10/30 column (Amersham Biosciences). Ngorg
was eluted with 50 mm Tris/HCL, pH 7.5, 1 mm PMSF and stored at
—20 °C in the presence of 20% glycerol.

All purification steps, except for gel filtrations, were carried out at
4°C.

Apparent molecular mass of proteins eluted from gel filtration col-
umns was deduced from a calibration carried out with low and high
molecular weight calibration kits (Amersham Biosciences). The theo-
retical Stokes radii (Rg) of a native (RgN) and fully unfolded (RsU)
protein with a molecular mass (MM) (in daltons) were calculated ac-
cording to Ref. 44: log(RgN) = 0.369 X log(MM) — 0.254, and log(R U) =
0.533 X log(MM) — 0.682. The hydrodynamic volume (V) was calculated
from the Stokes radius as V = 4/37 Rg® The theoretical hydrodynamic
volumes of a native (Vy), natively unfolded random coil (V.on), and
natively unfolded premolten globule (Vyy,,.,) Protein of n residues were
calculated according to Ref. 31: log(Vy) = (2.197 = 0.037) + (1.072 =
0.015) X log n, log(Vyyeon) = (1.997 £ 0.078) + (1.498 * 0.035) X log n,
and log(Vyypmg) = (2.33 = 0.12) + (1.234 * 0.047) X log n.

Determination of Protein Concentration—Protein concentrations
were calculated either using the theoretical absorption coefficients e
(mg/ml-cm) at 280 nm as obtained using the program ProtParam at the
EXPASY server (available on the World Wide Web at www.expasy.ch/
tools), or the Bio-Rad protein assay reagent (Bio-Rad).

Mass Spectrometry—Mass analysis of PCT was performed using a
Voyager DE RP mass spectrometer (PerSeptive Biosystems). Samples
(0.7 pl containing 15 pmol) were mixed with an equal volume of sina-
pinic acid matrix solution, spotted on the target, and then dried at room
temperature for 10 min. The mass standard was apomyoglobin.

Mass analysis of tryptic fragments of Ni,;;, was carried out by
digesting (0.25 ug of trypsin) 1 pg of purified Ny, obtained after
separation onto 12% SDS-PAGE. The experimental mass values of the
tryptic fragments (determined as described above) were compared with
theoretical values found in protein data bases (available on the World
Wide Web at www.matrixscience.com and www.expasy.ch/cgi-bin/
findmod0.pl). The mass standards were either autolytic tryptic peptides
or keratin peptides.

Dynamic Light Scattering (DLS)—Dynamic light scattering experi-
ments were performed with a Dynapro MSTC-200 (Protein Solutions) at
20 °C. All samples were filtered prior to the measurements (Millex
syringe filters, 0.22 pum; Millipore Corp.). The hydrodynamic radius
was deduced from translational diffusion coefficients using the
Stokes-Einstein equation. Diffusion coefficients were inferred from
the analysis of the decay of the scattered intensity autocorrelation
function. All calculations were performed using the software provided
by the manufacturer.

Two-dimensional NMR—A sample containing purified Ny, at a
concentration of 0.5 mM in 10 mM sodium phosphate, pH 7, was used for
the acquisition of a NOESY spectrum on a DRX500 Bruker spectrom-
eter at 300 K with 2048 complex points in the directly acquired dimen-
sion and 512 complex points in the indirectly detected dimension. Sol-
vent suppression was achieved by the WATERGATE 3-9-19 pulse (45).
The data were processed using the UXNMR software; they were mul-
tiplied by a sine-squared bell and zero-filled to 1 K in the first dimen-
sion prior to Fourier transformation.

Circular Dichroism—The CD spectra were recorded on a Jasco 810
dichrograph using 1-mm thick quartz cells in 10 mM sodium phosphate,
pH 7, at 20 °C. Structural variations of Ny, were measured as a
function of changes in the initial CD spectrum upon the addition of
either increasing concentrations of 2,2,2-trifluoroethanol (TFE) (Fluka)
or different amounts of PCT, PNT, or lysozyme (Sigma). CD spectra
were measured between either 185 and 260 nm or 190 and 260 nm at
0.2 nm/min and were averaged from three independent acquisitions.
Mean ellipticity values per residue ([@]) were calculated as [@] = 3300
m X AA/(lcn), where [ represents path length (0.1 cm), n is the number
of residues, m is the molecular mass in daltons, and c is the protein
concentration expressed in mg/ml. Numbers of residues (n) are 139 for
Nram, 236 for PNT, 284 for PCT, and 129 for lysozyme, whereas m
values are 15,300 Da for Niaqq, 24,800 Da for PNT, 30,800 Da for PCT,
and 14,300 Da for lysozyme. Protein concentrations of 0.1 mg/ml were
used when recording individual spectra. Protein concentrations ranging
from 0.1 to 0.15 mg/ml were used when recording spectra of protein
mixtures. In this case, mean ellipticity values per residue ([®]) were
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calculated as [@] = 3300 AA/{[(Cin,)/m,) + (Cyny/my)] 1}, where [ rep-
resents path length (0.1 cm), n, or n, is number of residues, m, or m, is
molecular mass in daltons, and ¢; or ¢, is protein concentration ex-
pressed in mg/ml for each of the two proteins in the mixture. The
theoretical average ellipticity values per residue ([0],,.) expected, as-
suming that neither any unstructured-to-structured transition nor any
secondary structure rearrangement occurs, were calculated as follows:
[0l pve = [([O1,7)) + ([O1,n,R)/(n, + nyR), where [0], and [©], corre-
spond to the measured mean ellipticity values per residue, n; and n, to
the number of residues for each of the two proteins, and R to the excess
molar ratio of protein 2. The a-helical content was derived from the
ellipticity at 220 nm as described in Ref. 46.

Small Angle X-ray Scattering (SAXS)—SAXS experiments were car-
ried out on beamline ID2 (47) at the European Synchrotron Radiation
Facility (Grenoble, France). Samples of purified N,y (in buffer con-
taining 10 mMm Tris/HCl, pH 8, 5 mm EDTA, with 10% glycerol as
radiation scavenger) were filtered prior each measurement (Millex sy-
ringe filters (0.22 um); Millipore). The wavelength was 1.0 A, and the
sample-to-detector distance was 3.0 and 1.0 m, leading to scattering
vectors ¢ ranging from 0.02 to 0.20 A~! and 0.05 to 0.40 A, respec-
tively. The scattering vector is defined as ¢ = 4#/A sinf, where 260 is the
scattering angle. The detector was an X-ray image intensified optically
coupled to a FReLoN CCD camera developed by the European Synchro-
tron Radiation Facility. 40 successive frames of 0.7 s with a 5-s pause
between each frame were recorded for each sample. The protein solu-
tion was circulated through an evacuated quartz capillary between each
frame. Thus, no protein solution was irradiated longer than 0.7 s. Each
frame was then carefully inspected to check for possible bubble forma-
tion or radiation-induced aggregation. No such effect was observed, and
individual frames could then be averaged. Absolute calibration was
made with a Lupolen sample. A series of measurements at different
protein concentrations ranging from 1.8 to 9 mg/ml were performed to
check for interparticle interaction. Background scattering was meas-
ured before or after each protein sample using the buffer solution and
then subtracted from the protein scattering patterns after proper nor-
malization and correction from detector response. All of the experi-
ments were carried out at 8 °C.

The value of the radius of gyration (R,) was derived from the Guinier
approximation (48): I(g) = I1(0) exp(-¢®R,*/3), where I(q) is the scattered
intensity and I(0) is the forward scattered intensity. The radius of
gyration and I(0) are inferred from the slope and the intercept, respec-
tively, of the linear fit of Ln[I(q)] versus q° at low q values (gR, < 1.0).
The distance distribution function P(r) is the histogram of all of the
interatomic distances within a molecule. This function also provides the
maximum dimension D, of the molecule, which is defined as the point
where P(r) becomes zero. The P(r) function was calculated by the Fou-
rier inversion of the scattering intensity I(¢) using GNOM (49) and
GIFT (50).

EM Studies—5 pl of protein suspension (at ~0.1 mg/ml) was loaded
onto an air glow-discharged carbon-coated support grid for 30 s, washed
in a 50-pl droplet of distilled H,O, and then negatively stained with a
2% ammonium molybdate solution (pH 7.5). The structures formed by N
and Ngorg Were imaged in a JEOL 1200 EX II transmission electron
microscope and recorded on Kodak SO163 film at X 30,000 magnifica-
tion under low electron dose conditions.

To make accurate measurements of nucleocapsid dimensions, micro-
graphs were digitized, on a Dunvegan Hi-Scan drum scanner (Dun-
vegan SA, Lausanne, Switzerland), at a raster step size of 10 um/pixel,
corresponding to 3.4 A/pixel in the specimen. 200 top views of nucleo-
capsid rings were selected by cross-correlation of scanned micrographs
against a ring model of the appropriate dimensions and excised into
90-pixel?® boxes using the SPIDER image processing package (51). Rings
were centered by cross-correlation against a ring model, and radial
density profiles were calculated for each image. Average radial density
profiles were calculated and plotted using ORIGIN (Microcal).

Immaunoprecipitation (IP) Studies of Np,;—IP experiments were
carried out using the anti-N mAbs Cl 25 and Cl 105 and bacterial
lysates expressing either tagged N and Ny, or no recombinant pro-
tein. The different bacterial cultures were induced as described above,
and 5-ml aliquots were pelleted and frozen at —20 °C.

The different aliquots were individually resuspended in 500 ul of
buffer C (10 mm Tris/HCl, pH 8, 0.1% Igepal, 150 mm NaCl) and
sonicated (using a 750-watt sonicator and three cycles of 7 s at 35%
power output). The lysed aliquots were centrifuged for 10 min at
16,000 X g at 4 °C, and the supernatants, containing the soluble frac-
tions, were recovered. Soluble fractions (50 ul) were mixed with 4 ug of
either Cl 25 or Cl 105 anti-N mAb, 400 ul of buffer C were added in
order to increase the volume during the binding step, and the mixtures
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were incubated with 20 ul of Protein G-Sepharose resin (Amersham
Biosciences) pre-equilibrated with buffer C. After a 1-h incubation with
gentle agitation at 20 °C, the mixtures were centrifuged, and the resin
was washed twice with 20 volumes of buffer C. It was then mixed with
an equal volume of 2X Laemmli sample buffer, boiled, and loaded onto
a 12% SDS-PAGE gel.

Binding of Ny, to P—5-ml aliquots of bacterial cultures expressing
either N, or P induced as described above were harvested, and the
cellular pellets were frozen at —20 °C.

An N1, and a P aliquot were individually resuspended in 500 ul of
buffer D (10 mm Tris/HCl, pH 8, 20 mm imidazole, 0.5 m NaCl) and
sonicated (using a 750-watt sonicator and three cycles of 7 s at 35%
power output). The lysed aliquots were clarified by centrifugation at
16,000 X g for 10 min at 4 °C, and the supernatants, containing the
soluble fractions, were recovered. 250 ul of each of the two soluble
fractions were mixed and immediately incubated with 50 ul of chelating
Sepharose fast flow resin preloaded with Ni®** ions (Amersham Bio-
sciences), pre-equilibrated with buffer D. After a 1-h incubation at 20 °C
with gentle agitation, the mixture was centrifuged, and the resin was
washed five times with 10 volumes of buffer D. It was then mixed with
50 wl of 2X Laemmli sample buffer, boiled, and loaded onto a 12%
SDS-PAGE gel.

Sequence Analysis and Secondary Structure Predictions—The acces-
sion number of MV N is P04851. Deviation in amino acid composition of
Noram, and Neore Were computed using the average amino acid frequen-
cies of the SWISS-PROT data base (as obtained from the World Wide
Web at us.expasy.org/sprot) as the reference value. The mean net
charge (R) of a protein is determined as the absolute value of the
difference between the number of positively and negatively charged
residues divided by the total number of amino acid residues. It was
calculated using the program ProtParam at the EXPASY server (avail-
able on the World Wide Web at www.expasy.ch/tools). The mean hydro-
phobicity (H) is the sum of normalized hydrophobicities of individual
residues divided by the total number of amino acid residues minus 4
residues (to take into account fringe effects in the calculation of hydro-
phobicity). Individual hydrophobicities were determined using the
Protscale program at the EXPASY server (available on the World Wide
Web at www.expasy.ch/tools), using the options “Hphob/Kyte &
Doolittle,” a window size of 5, and normalizing the scale from 0 to 1. The
values computed for individual residues were then exported to a spread-
sheet, summed, and divided by the total number of residues minus
4 to yield H. Hp,,pqary, Was computed as described by Uversky (31):
Hgungary = (R + 1.15)/2.785.

Secondary structure predictions were carried out using the JPRED
program (available on the World Wide Web at on.ebi.ac.uk/servers/
jpred.html) (52).

RESULTS

MV N is a modular protein composed of two regions: a well
conserved N-terminal moiety, Noory (aa 1-399) and a hyper-
variable C-terminal moiety, Npapp, (a2 400-525) (see Fig. 1A).
The sequence variability and the sensitivity to proteolysis of
Nram, (4, 28) are both hallmarks of intrinsic disorder (29, 53).
We have thus analyzed the sequence properties of Nyayp, in
order to check whether this domain possesses the features
typical of intrinsically disordered proteins.

Domain Organization of N and Sequence Properties of
Npar—The amino acid composition of Npaqq, and the deviation
from the average values in the SWISS-PROT data base are
shown in Fig. 1A. Nypaq, has a peculiar composition, being
depleted in all “order-promoting” residues (Trp, Cys, Phe, Tyr,
Ile, Leu) and enriched in most “disorder-promoting” residues
(Arg, Gln, Ser, and Glu), as already described for intrinsically
disordered proteins (32) (Fig. 1A). Moreover, Nyayy, is predicted
to be natively unfolded by the PONDR predictor of naturally
disordered regions (54), as well by the method based on the
mean hydrophobicity/mean net charge ratio (55) (data not
shown). Finally, Nypapp, has little predicted secondary structure,
a feature that has been recently noticed in protein regions with
“no ordered regular structure” (56).

In order to directly investigate the structural properties of
Nram, we have expressed, purified, and characterized the
Nrpam, domain alone.
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Fic. 1. A, domain organization of MV N and sequence composition of
Nirar Top, domain organization of N showing that it is composed of two
regions, N¢ogg (aa 1-399) and Ny, yy, (aa 400-525). The epitopes recog-
nized by the anti-N mAbs, Cl 25 mAb (aa 457—476) and C1 105 mAb (aa
519-525), are shaded and indicated by one or two asterisks, respec-
tively. The approximate location of the N-N, N-P, and RNA-binding
regions are indicated below N. Bottom, deviation in amino acid compo-
sition from the average values in the Swiss-Prot data base of N ;.. The
relative enrichment of order-promoting (white bars) and disorder-pro-
moting residues (shaded bars) is shown. B, purification of Niy,y. Coo-
massie Blue staining of a 12% SDS-PAGE. TF, bacterial lysate (total
fraction); SN, clarified supernatant (soluble fraction); IMAC, eluent
from immobilized metal affinity chromatography; IIEC, eluent from
inverse ion exchange chromatography (nonretained fraction from ion
exchange chromatography); GF, eluent from gel filtration. C, elution
profile of Ny, from gel filtration. The main peak containing Ny, is
highlighted, and the molecular mass deduced from the column calibra-
tion is shown.

Expression and Purification of Nps;;—Most Npapr, was re-
covered from the soluble fraction of bacterial lysates (Fig. 1B,
lane SN). Npaqp, was purified to homogeneity (>95%) in three
steps: immobilized metal affinity chromatography (IMAC), in-
verse ion exchange chromatography, and gel filtration (Fig.
1B). The identity of the recombinant product was confirmed by
mass spectrometry analysis of the tryptic fragments obtained
after digestion of purified Ny,yp. As shown in Fig. 1B, Nyay,
displays an abnormally slow migration in SDS-PAGE even
after heat denaturation. In particular, it migrates with an
apparent molecular mass (MM) of 20 kDa, whereas the ex-
pected MM is 15 kDa. This abnormal behavior has already been
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observed in the case of the intrinsically disordered MV PNT
(41) as well as in other intrinsically disordered proteins and
can most likely be ascribed to their unusual sequence compo-
sition (30).

Size Exclusion Chromatography of Ny —Nrpam, (15 kDa) is
eluted from the gel filtration column as a peak corresponding to
a 36-kDa globular protein (Fig. 1C). The same profile is ob-
tained regardless of the nature of the buffer used and the
presence of different NaCl concentrations (not shown), thus
excluding the possibility that the observed behavior could be
ascribed to nonspecific interactions of Ny, with the column
matrix. The sharpness of the peak indicates the presence of a
well defined species. The elution volume of a protein from a gel
filtration column depends on its hydrodynamic properties. The
hydrodynamic radius of a protein (Stokes radius (Rg)) can be
deduced from its apparent MM (as seen by gel filtration) (44).
The apparent MM of 36 kDa measured for N, pp, corresponds to
a Stokes radius of 27 + 3 A. On the other hand, the theoretical
Stokes radius of a monomeric, native (RgN) or fully unfolded
(RgU) protein can be estimated according to the equations
described in Ref. 44. In the case of Nyay, RgN = 19 A and
R,U = 35 A. Therefore, the Stokes radius experimentally
measured for Ny, (27 A) is not compatible with a monomeric,
globular protein. Rather, such a large value of the Stokes
radius can be attributed either to dimerization or to an ex-
tended conformation.

DLS Studies on N, ;;—The hydrodynamic radius of proteins
can also be derived by dynamic light scattering studies, since
diffusion coefficients of proteins depend upon their size and
shape. Globular proteins differ notably from fully or partly
unstructured proteins in their hydrodynamic properties, and
an empirical relationship between number of residues and
hydrodynamic radius Rg has been established for native, glob-
ular proteins and for fully denatured proteins (57). The hydro-
dynamic radius measured for Ny by DLS is Rg = 30 = 2 A,
in either 10 mm sodium phosphate, pH 7, or 10 mm Tris/HCI,
pH 8, 75 mum NaCl at a concentration of 1.25 mg/ml. This value
is consistent (within the error bars) with the Rg value meas-
ured by gel filtration and corresponds to a hydrodynamic vol-
ume (V) of ~97,000 A®. According to the equations described by
Uversky (31), the theoretical V expected for a native, globular
protein composed of 139 residues is about 31,000 A3, whereas

for a fully denatured protein it would be close to 180,000 A3.
Thus, the V of Ny, qq, calculated by DLS is about 3 times larger
than the value expected for a globular protein and half of that
expected for a denatured, fully unfolded protein. Rather, these
hydrodynamic properties are consistent with the hypothesis
that Npapp, is a native premolten globule (31).

NMR Experiments on Ny ;—In order to investigate its ac-
tual conformation, Ny, was studied by two-dimensional NMR
spectroscopy. Fig. 2A shows the amide region of a NOESY
spectrum. The very small spread of the resonance frequencies
for amide protons (between 7.8 and 8.7 ppm; see frame in Fig.
2A) together with the scarcity of nuclear Overhauser effects in
the amide-amide region are typical of a protein without any
stable secondary structure. Moreover, the line width related to
NH resonance frequencies is in accordance with the molecular
size of a monomeric form of Nippp.-

CD Studies on Ny ;—The far-UV CD spectrum of Noyayp, at
neutral pH is typical of an unstructured protein, as seen from
its large negative ellipticity at 198 nm and very low ellipticity
at 185 nm (Fig. 2B). However, the observed ellipticity values at
200 and 222 nm (—9700 and —2400 degrees cm? dmol %, re-
spectively) (Fig. 2B) are consistent with the existence of some
residual secondary structure, typical of the premolten globule
state (39). Therefore, the spectroscopic and hydrodynamic pa-
rameters, together with the peculiar sequence properties of
Nrpam, converge to show that Ny, is mostly unstructured in
solution and that it belongs to the class of natively unfolded or
intrinsically disordered/unstructured proteins (37, 38, 42,
61, 62).

The majority of intrinsically disordered proteins folds upon
binding to their physiological partner(s) (37). The solvent TFE
mimics the hydrophobic environment experienced by proteins
in protein-protein interactions and is therefore widely used as
a probe to discover regions that have a propensity to undergo
an induced folding (58). Thus, we recorded CD spectra of Nipayr,
in the presence of increasing concentrations of TFE (Fig. 2B).
Nram, shows an increasing gain of a-helicity upon the addition
of TFE, as indicated by the characteristic maximum at 190 nm
and minima at 208 and 222 nm (Fig. 2B). Most unstructured-
to-structured transitions take place in the presence of 20%
TFE, a concentration at which the a—helix content is estimated
to be about 22% (using the ellipticity at 220 nm). The gain of
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Fic. 3. Small angle x-ray scattering experiments on Ny,. A, Guinier plot of Ny, in 10 mm Tris, pH 8, 5 mm EDTA, 10% glycerol, at
different protein concentrations: 9 mg/ml (filled triangles), 6.7 mg/ml (open squares), 4.5 mg/ml (filled circles), and 1.8 mg/ml (crosses). The slope
of the straight lines (shown as a thick line) gives the value of R,. The regression lines were fitted to the data within gR, < 1.0. B, Kratky plot of
the scattered intensity of Ny, at 9 mg/ml. The arrow indicates the bump at ¢ ~ 0.08 A™*.

a-helicity induced by TFE, although already reported for other
proteins, including MV PNT (41), is not a general rule; for
instance, the acidic activator domain of GCN4 forms little or no
a-helix in TFE concentrations as high as 30% and folds mostly
as B-sheets in 50% TFE (59). In the case of Ny, the use of
TFE reveals a clear a-helix forming potential within this pro-
tein domain. Interestingly, this observation is in agreement
with the secondary structure prediction made by the JPRED
program (52), which predicts an a-helix (residues 489-504) as
the only secondary structure element within Npaqy.

SAXS Studies—SAXS studies are particularly well adapted
to study flexible, low compactness or even extended macromol-
ecules in solution. They provide low resolution structural data
and give access to the mean particle size (radius of gyration, R,)
as well as to the maximal intramolecular distance (Dyiax)-
These two parameters give information on the degree of com-
pactness of the molecule, and the latter gives an idea of the
maximal degree of extension reached by the molecule in solu-
tion. Fig. 3A shows the Guinier plots of the SAXS data of Nrparr.
at four different concentrations. Each curve can be well approx-
imated by a straight line in the Guinier region (¢R, < 1.0). The
slope gives the value of the radius of gyration, R,, whereas the
intercept of the straight line gives the 1(0), which is propor-
tional to the MM of the scatterer. The R, extrapolated at zero
concentration is 27.5 = 0.7 A, and the deduced MM is 15,250
Da, which is in perfect agreement with the expected MM for a
monomeric form (15,300 Da). A similar R, value (26.9 = 0.8 A
has been obtained using the method based on the Debye func-
tion (60, 61). According to data already available in the litera-
ture (57, 62—64), the expected R, of N,y would be 15 Afor a
globular protein and around 35-38 A for a denatured, fully
unfolded protein. Therefore, the observed R, indicates that
Nram, is not globular. However, the protein is more compact
than a random coil, suggesting that it possesses some residual
structure.

A very useful method to describe the structural properties of
a molecule is the Kratky plot. In particular, one can from the
shape of this plot infer the conformation adopted by the mole-

cule. The Kratky plot of a globular protein has a typical bell
shape with a clear maximum. For a completely unfolded pro-
tein or in a premolten globule conformation, no such maximum
can be observed, and the curve displays a plateau (65). The
Kratky plot of Nipq, displays a bump at ¢ ~ 0.08 A~* followed
by a plateau for ¢ > 0.15 A~! (see Fig. 3B). The absence of a
maximum clearly indicates that Ny, is not globular and does
not possess a tightly packed core. However, the observed bump
may be indicative of some residual structure.

The distance distribution function, deduced from the scatter-
ing intensities of Ny, 1, (data not shown), has a bell shape, with
a maximum dimension D, of 120-130 A. This value, while
being indicative of an extended, nonglobular conformation, is
lower than expected for a random coil (62, 63).

All in all, the hydrodynamic properties of Ny, inferred
from gel filtration, DLS and SAXS, indicate that Ny, adopts
a typical nonglobular, premolten globule conformation in solu-
tion. Accordingly, it is more compact than a random coil and
retains some residual secondary structure, in agreement with
the CD studies. In conclusion, the spectroscopic and hydrody-
namic properties of Nypayp, together with its peculiar sequence
composition, converge to show that it is a natively unfolded
protein, belonging to the premolten globule subfamily.

Comparison of N and N¢ogpp by EM Studies—N produced in
MV-infected cells (66) as well as recombinant MV N (4-6)
forms nucleocapsids with a characteristic herringbone struc-
ture. In order to investigate whether the Ny, domain affects
the conformation of N within nucleocapsids, we have analyzed
by EM the nucleocapsid-like structures formed by either MV N
or by a truncated form devoid of the Ny, moiety (Neorg)-
Ncore Was obtained by limited proteolysis of purified N as
described in Ref. 4, followed by gel filtration (data not shown).

EM analysis of full-length N reveals the presence of typical
nucleocapsid-like, herringbone structures ranging in length
from 20 to 80 nm (Fig. 44, left panel, arrows). However, most of
the nucleocapsid-like particles appear as rings with a mean
diameter of 20 nm (Fig. 4A, left panel, feathered arrows). These
rings correspond to shorter nucleocapsids viewed along their
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Fic. 4. Negative staining EM studies of N and Ngogre. A, negative stain electron micrographs of N and Niggg. Nucleocapsid-like,
herringbone structures are indicated by arrows. Rings (corresponding to short nucleocapsids viewed along their axis) are indicated by feathered
arrows. Bar, 100 nm. B, average radial density profiles calculated from top views of ring structures composed of N and N¢ogg-

axis, and their abundance suggests an intrinsic fragility in
nucleocapsids formed by the bacterially expressed full-length
nucleoprotein. Similar rings have also been described in Ref. 3.

Electron microscopy of Noorg, however (Fig. 44, right pan-
el), reveals a predominance of rigid helices up to 400 nm long,
as previously described (22, 23). This indicates that the re-
moval of the exposed Np,qp, region appears to stabilize the
interaction between turns of the helical nucleocapsid, either
rendering it more robust or allowing short helices and rings to
polymerize giving rise to longer helices. Radial density profiles,
calculated from N and Nyggg rings (Fig. 4B), combined with
visual inspection of negative stain images, reveals no obvious
extra density in N, in agreement with previous data (22, 23).
This suggests that Naqp, is not visible as a distinct structural
domain, because it is either poorly visualized due to its flexible
nature or it is tightly associated with Ngogrg, as has been
demonstrated for the C terminus of rabies virus N (67).

The intrinsic flexibility of Ny, may sterically interfere with
the formation of a stable interaction between successive turns
of the helical nucleocapsid. The association of these rings gives
rise to more rigid helical structures when imaged by negative
stain EM. Therefore, the intrinsic disorder of Ny, provides a
structural explanation for the observed gain of rigidity of
Nrpaq-free nucleocapsids.

Epitope Exposure of Ny, and Binding to P—In order to
check whether the isolated Np,qp, domain conserves a confor-
mation similar to that adopted within the full-length N, we
have performed IP studies using the anti-N Cl 25 and Cl 105
mAbs. These mAbs recognize the linear epitopes 457—-476 and
515-525 of MV N, respectively. These mAbs are able to precip-
itate both N and N, qp, from bacterial lysates (see Fig. 5A, lanes
N and Nt), whereas no such bands are observed with a control
bacterial lysate, thus confirming the specificity of the IP (see
Fig. 5A, lanes C). Thus, these two epitopes are equally acces-
sible within the full-length protein and within the isolated
Nrpam, domain. This suggests that no dramatic conformational
changes take place in the isolated Nipsr, domain compared with
the full-length N.

As discussed above, MV Ny, is required for stable binding
of N to P (18, 20, 26). To determine whether the isolated Nrapy.
domain was able to bind P, we tested the ability of bacterial
lysates expressing hexahistidine tagged Nyupp, to pull down
untagged P onto an IMAC resin. The IMAC resin selectively
pulled down Ny, expressed alone but not the untagged P
expressed alone (Fig. 5B, lanes Nt and P). When both lysates
were mixed, the IMAC resin selectively pulled down Npuyp,

together with an additional protein that has the same electro-
phoretic mobility of P (Fig. 5B, lane Nt + P). The identity of this
protein band was confirmed by Western blotting using an an-
ti-P mAb (data not shown), thus proving that the Ny, domain
on its own is able to bind its physiological partner in bacterial
lysates.

P, the Physiological Partner of Np,;—As already men-
tioned, a large majority of natively unfolded proteins or protein
domains characterized so far undergo disorder-to-order transi-
tions in the presence of their physiological partner(s) (32, 33,
35, 37). The availability of the physiological partner of Noyar.
enables us to check for the occurrence of such unstructured-to-
structured transitions.

The P protein of MV consists of an N-terminal moiety (aa
1-230), PNT, responsible for binding to Nyogrg within the N°-P
complex (26), and of a C-terminal moiety (aa 231-507), PCT,
responsible for binding to Np,p, in both N°®P and NNUC.p
complexes (9, 68). We have recently shown that the PNT do-
main of MV P is intrinsically disordered when expressed alone
(41) and probably also in the context of full-length P.? There-
fore, the interaction between Ny, and P may result in a
possible induced folding of PNT concomitantly to the possible
induced folding of Nyapp.. Since the purified PNT domain was
already available (41), we purified the PCT moiety in order to
monitor the possible structural transitions of Np,gp, in the
presence of either PNT or PCT.

Most bacterially expressed PCT is found in the soluble frac-
tion of the bacterial lysate (data not shown). Purification con-
sists of two steps, IMAC followed by gel filtration. The expected
MM of the purified product (31 kDa) was confirmed by mass
spectrometry. However, PCT migrates in SDS-PAGE as a 36-
kDa protein (see Fig. 5C). This discrepancy may be due to the
presence of a region (aa 231-307 of P) of peculiar composition
(rich in Gly, Ser, Ala, and Glu) at the N terminus of PCT.
Although PCT is eluted from the gel filtration column as a very
broad peak (not shown), DLS studies have shown the presence
of a major (97%) species with a MM of ~200 kDa. This MM may
correspond either to a high degree of oligomerization or to a
very elongated shape of the protein or to both, as in the case of
Sendai virus (SeV) PCT (69).

The eluent from the gel filtration column (see Fig. 5C) con-
tains several protein species. Western blot analysis with an
anti-hexahistidine tag mAb (not shown) showed that the dif-

3 8. Longhi, K. Johansson, D. Karlin, and B. Canard, unpublished
data.
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Fic. 5. A, IP of N and Nq,qq, by the Cl 25 and CI 105 mAbs. Coomassie Blue staining of a 12% SDS-PAGE. Lanes N and Nt, IP of tagged N and
Niram, from bacterial lysates. Lanes C, IP from a control bacterial lysate expressing no recombinant protein. The arrowheads show the light and
heavy chains of the mAb, which are visible on the gel around 25 and 55 kDa, respectively. B, binding of N, to P. Coomassie Blue staining of a
12% SDS-PAGE. Pull-down onto IMAC resin of untagged P (P), tagged Ny, (Nt), and untagged P plus tagged Noyapp, (P + Nt). C, purification of
PCT. Coomassie Blue staining of a 12% SDS-PAGE. M, molecular mass markers; PCT, purified IMAC + GF) PCT. Arrows 1 and 2 indicate the

full-length and the truncated form of PCT, respectively.

ferent protein bands are degradation products. Among the dif-
ferent products, two major bands are present (see the arrows in
Fig. 5C), the lower of which corresponds to a truncated form
devoid of an 8-kDa C-terminal fragment (see arrow 2 in Fig.
5C). Mass spectrometry analysis of PCT allowed the precise
identification of the cleavage site at position 436 of P, thus
indicating that this region is flexible and exposed to the
solvent.

Does Npa;r Undergo an Induced Folding in the Presence of
PCT?—To monitor possible structural transitions of Ny, in
the presence of PCT, we have used far-UV CD spectroscopy.

The CD spectrum of purified PCT (see Fig. 6A, gray line) is
typical of a protein with a predominant a-helical content, as
seen by the positive ellipticity between 185 and 200 nm and by
two minima at 208 and 222 nm. The a-helical content (estimat-
ed as 37% based on the ellipticity at 220 nm) is in agreement
with structural data on SeV PCT domains (70, 71). After mix-
ing Npaqp, with different molar excesses of PCT, the observed
CD spectra of the mixtures differ from the corresponding the-
oretical average curves calculated from the individual spectra.
Since the theoretical average curves correspond to the spectra
that would be expected if no structural variations occur, devi-
ations from these curves point out structural transitions. Most
pronounced structural transitions are observed with an N,/
PCT molar ratio of 1:1.5 (Fig. 6A). When equimolar amounts
are used, only slight deviations from the theoretical average
curve are observed; the two spectra are almost perfectly super-
imposable except for the 185-195-nm region, in which a 30%
increase of ellipticity is observed (data not shown). In the
presence of molar excesses of PCT, a random coil to a-helix
transition can be observed, as indicated by the much more
pronounced minima at 208 and 222 nm and by the higher
ellipticity at 190 nm of the experimentally observed spectra
compared with the corresponding theoretical average curves
(Fig. 6A). Moreover, the a-helical contents of the mixtures
(ranging from 38 to 48% at different molar ratios, with the
highest value being obtained with a 1.5-fold excess of PCT) are
not only higher than those of the corresponding theoretical
average curves, but are also higher than the a-helical content
of PCT alone. Gradually increasing the concentrations of PCT
to molar ratios as high as 5 does not result in more drastic
structural variations than those observed at a 1.5-fold molar
excess of PCT (data not shown).

As a control, we recorded CD spectra of lysozyme either alone
or mixed with N, yq, at different molar ratios. As shown in Fig.
6B (gray line), the lysozyme spectrum is typical of an o/B
protein, in agreement with structural data (72). Mixing
equimolar amounts of the two proteins does not result in any
significant structural variations. The experimentally measured

CD spectrum of the mixture is in fact superimposable on the
theoretical average curve (see Fig. 6B), as expected if no inter-
action occurs between lysozyme and Nyp,qp. The same results
were obtained at a 5-fold excess of lysozyme (data not shown).

As shown in Fig. 6C, no significant structural variations are
observed with equimolar amounts of Np,yp, and PNT, with all
spectra being typical of unfolded proteins. The same results
were obtained by gradually increasing the amounts of PNT to
molar excesses as high as 5 (data not shown). These results can
be accounted for by assuming either that the two proteins do
not interact, in agreement with the results reported in the
literature (9, 68), or that the interaction does not imply any
concomitant unstructured-to-structured transition.

The quite good superimposition between experimental and
theoretical curves observed when mixing Ny, with either
PNT or lysozyme (both at different molar excesses) confirms
the significance of the deviation observed in the case of the
Nrpan-PCT mixtures (see Fig. 6A). Therefore, these results
indicate that Npaqp, undergoes an induced folding upon binding
to PCT.

A pioneering study has recently demonstrated that an in-
trinsically disordered protein region is in fact structured in
living cells (73). FlgM, a 97-residue protein from Salmonella
typhimurium, which regulates flagellar synthesis by binding
the transcription factor 028, is fully unstructured in vitro (74).
However, NMR performed on living E. coli overexpressing
FlgM showed that the C terminus of FlgM is in fact structured
in vivo, in the same manner as it becomes structured upon
binding to 028 in vitro, whereas its N terminus remains un-
structured. Furthermore, the same gain of structure is ob-
served in vitro in the presence of >400 g/liter glucose (73).

In order to check whether such solute-induced structural
transitions could be observed also in the case of Npaq1, we have
recorded a CD spectrum of N pp. in the presence of 440 g/liter
glucose (Fig. 6D). As shown in Fig. 6D, the spectrum obtained
is still characteristic of an unfolded protein, and is similar to
the spectrum obtained in the absence of glucose. According to
Dedmon et al. (73), these results suggest that Ny, would
belong to the class of intrinsically disordered proteins that “do
not become structured at physiologically relevant solute con-
centrations” and that require a physiological partner to fold.

DISCUSSION

The high proteolytic sensitivity of Nyapr, together with its
peculiar sequence properties, strongly suggests that it is
mostly unstructured.

The hydrodynamic properties of Napp, inferred from both gel
filtration and DLS experiments are consistent with Nyayq, be-
ing either a stable globular dimer or a monomeric, extended
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protein. Using NMR and CD, we show that Np,qp, is monomeric
and mostly unstructured. However, its far-UV spectroscopic
parameters indicate that Nry,qp, is not fully unfolded, but
rather it conserves a residual secondary structure content
typical of natively unfolded proteins with a premolten globule
conformation (31).

The scattering patterns obtained by SAXS show that N, yp, is
a nonglobular protein. However, it retains a certain degree of
compactness, as seen by the R, and D,,,,., values. The structural
properties of the polypeptide chain can also be determined by
the Rg4/R, ratio. This ratio should be (3/5)" for a globular
protein, around 0.9 for a premolten globule, and ~1.5 for a
random coil (75). In the case of Nyp,qp, the Rg and R, values
obtained by DLS and SAXS, respectively, lead to a ratio of 1.1,
which is consistent with a premolten globule. Moreover, the
mean hydrodynamic volume inferred from gel filtration and
DLS studies (~97,000 A®) is in agreement with the value ex-
pected for a native premolten globule (about 94,000 A3) (31).

In addition, Npaqp, lies in a region of the hydrophobicity
versus net charge plot, which is typical of native premolten
globules (31). In particular, intrinsic coils are more distant from
the border between rigid and intrinsically unstructured proteins
than intrinsic premolten globules. In the case of Ny, the dis-
tance value from the border (H,ungary — H) is 0.05 (see under
“Experimental Procedures”), which is consistent with the value
expected for a native premolten globule (0.037 = 0.033) (31).

Thus, Nypaqq, can be described as a nonglobular polypeptide
chain, more compact than a random coil, containing a signifi-
cant amount of residual structure. This residual structure may
prevent the polypeptide chain from adopting multiple confor-
mations. In agreement, the distribution of the conformations of
Nrpam is narrow, as seen by the relative sharpness of the
elution peak observed in gel filtration, compared with what
would be expected for a fully denatured protein in the presence
of chaotropic agents (urea, guanidinium chloride). The residual
ordered secondary structure of Ny, may arise from dynamic
breaking and reforming of interactions. We can reasonably
speculate that these residual interactions could enable a more
efficient start of the folding process induced by a binding
partner.

The intrinsic disorder of Ny, pp, provides a possible structural
explanation for the observed increase in rigidity of Npay-free
nucleocapsids. The removal of the Np,yp, region by limited
proteolysis leads to a more rigid nucleocapsid, as indicated by
the fact that EM micrographs of Nogrg mostly contain herring-
bone structures, as opposed to EM images of N, which mainly
contain rings. The presence of flexible regions at the surface of
the viral nucleocapsid would ideally enable the viral ribo-
nucleoproteic complex to have plastic interactions with several
partners, such as the polymerase complex (L-P) but also possi-
bly components of the cell cytoskeleton (76, 77). Striking
changes in nucleocapsid conformation in response to either
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increasing salt concentrations or limited proteolysis have al-
ready been described (22, 23, 78) and point out the plasticity of
its helical structure. This plasticity suggests that changes in
the microenvironment of the nucleocapsid could affect its con-
formation during viral RNA transcription and replication, or
during virus assembly, processes in which modifications in the
coiling of the nucleocapsid could be important.

Most natively unfolded proteins or protein domains charac-
terized so far undergo some degree of folding in the presence of
a physiological partner (see Refs. 32, 33, 35, and 37). After
showing that Ny, alone still conserves the ability to bind P,
we have studied by far-UV spectroscopy the possible structural
transitions of N,y in the presence of PCT and PNT. CD is the
method of choice to monitor such structural variations, since a
residual structural content as low as 10-20% can be deter-
mined by this method. Indeed, this method turned out to be
sensitive enough to detect unstructured-to-structured transi-
tions upon binding of Npaq, to PCT, whereas no structural
transitions were detected in the presence of either PNT or
lysozyme. In particular, binding of Ny, to PCT results in a
strong unstructured-to-structured transition rather than in mi-
nor local structural changes, as shown by the considerable gain
of a-helicity of the mixture (48%) compared with PCT (37%).
The gain of a-helicity of Ny, observed in the presence of
different molar excesses of PCT is in agreement with the strong
a-helical propensity of Ny, pointed out in experiments using
TFE. The highest a-helical content has been obtained with a
1.5-fold excess of PCT. A possible interpretation for this result
may come from analysis of purified PCT. As shown in Fig. 5C,
purified PCT consists of two major bands: a full-length form
and a truncated form devoid of the last 70 C-terminal residues,
the relative abundance of which can be roughly estimated to be
70 and 30%, respectively. Biochemical data on SeV have shown
that the extreme C terminus (aa 479-568) of PCT contains the
region responsible for binding to N (79, 80). Accordingly, it is
possible that in the purified PCT sample only the upper band
may participate to the interaction with Ny, Therefore, a
1.5-fold excess of PCT may indeed correspond to an equimolar
ratio between Ny, and a form of PCT able to make a produc-
tive interaction. On the other hand, in the presence of lower
amounts of PCT, such as those used in the equimolar mixture,
only very slight structural transitions are observed, even if 70%
of Nypaqr, is expected to be complexed to PCT. Thus, the gain of
structure of N,y does not seem to take place gradually but
rather follows a cooperative transition, where the midpoint
transition is just below 1.5-fold molar excess of PCT. Such a
cooperative transition is typical of protein folding/unfolding
processes. Increasing the molar excess of PCT beyond 1.5-fold
does not result in any stronger unstructured-to-structured
transitions. This may reflect the formation of a 1:1 stoechio-
metric complex. Therefore, at concentrations of PCT above
those required for the formation of such a complex, no more
Nragr, would be available for binding to PCT, and saturation of
the system would be achieved.

These results indicate that Ny, folds upon binding to its
physiological partner, P. However, the possibility that the ob-
served disorder-to-order transitions may also concern flexible
regions within PCT is an open question. In this regard, indica-
tions are expected to arise from further structural studies, in
particular crystallographic studies of Ny, -PCT complexes. In
addition, we point out that the studies presented in this paper
do not allow us to answer the question as to whether the gain
of structure of Ny, takes place in the NYUC-P or in the N°P
complex, or in both. Further studies are required to discrimi-
nate among these possibilities.

The intrinsic disorder is abundant within the replicative
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complex of MV, as indicated by experimental evidence accumu-
lated on PNT and Ny yqp.- Furthermore, in this paper, we report
biochemical evidence suggesting that MV P possesses an addi-
tional flexible region, as indicated by the protease sensitivity
observed within PCT. These results are in agreement with
biochemical and structural data on SeV P, indicating the pres-
ence of a flexible linker, sensitive to proteolysis within the
447-517 region (69-71).

One advantage of unstructured regions of proteins might be
their ability to bind to a wide variety of structurally distinct
substrates with a weak affinity (32, 35). The pattern of inter-
actions of Npaqp, is consistent with this hypothesis; Nopaqq, takes
part in numerous interactions with different protein partners,
including P (both within N°P and NNUC.P), the polymerase
complex P-L, M (27), the interferon regulatory factor 3 (81), and
possibly components of the cell cytoskeleton (76, 77). Moreover,
N, within viral nucleocapsids released from infected cells
also binds to the human immunoglobulin G receptor FeyRII,
provoking partial immunosuppression (82, 83). Finally, a con-
served, hydrophobic patch at the extreme C terminus of Mor-
billivirus Npaqp, has been described to bind to the heat-shock
protein Hsp72, which modulates the level of viral RNA syn-
thesis (25). This is coherent with the proposal that in addition
to their function of promoting protein folding, some chaper-
ones bind hydrophobic patches in intrinsically disordered pro-
teins, modulating their accessibility and/or their sensitivity to
proteolysis (32).

Nram, plays very different roles during viral replication, be-
ing involved in RNA transcription, RNA replication, and viral
assembly. One role of Ny, in actively replicating nucleocap-
sids could be to put into contact several proteins within the
replicative complex, such as the N°P and the P-L. complexes.
One can speculate that the gain of structure of Ny, upon
binding to its physiological partner could result in stabilization
of the N-P complex. The increased rigidity of Ny, would lead
to a decrease in the number of conformations adopted by Nrayy,
in solution and thereby to an increased affinity for its target. At
the same time, folding of Ni,qp, would result in a modification
in the pattern of solvent-accessible regions, resulting in the
shielding of specific regions of interaction. As a result, Npayp,
would no longer be available for binding to its other partners.

This paper provides new perspectives in the study of disor-
dered regions within the MV replicative complex; in particular,
the gain of structure arising from the interaction with the
physiological partner may lead to protein complexes rigid
enough to allow crystallization. The crystal structure determi-
nation of such complexes would represent an important step
toward the understanding of the molecular mechanism of N
and P.
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