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ABSTRACT: The phosphoprotein (P) is an essential component of the replication machinery of rabies virus
(RV) and vesicular stomatitis virus (VSV), and the oligomerization of P, potentially controlled by
phosphorylation, is required for its function. Up to now the stoichiometry of phosphoprotein oligomers
has been controversial. Size exclusion chromatography combined with detection by multiangle laser light
scattering shows that the recombinant unphosphorylated phosphoproteins from VSV and from RV exist
as dimers in solution. Hydrodynamic analysis indicates that the dimers are highly asymmetric, with a
Stokes radius of 4.8-5.3 nm and a frictional ratio larger than 1.7. Small-angle neutron scattering experiments
confirm the dimeric state and the asymmetry of the structure and yield a radius of gyration of about 5.3
nm and a cross-sectional radius of gyration of about 1.6-1.8 nm. Similar hydrodynamic properties and
molecular dimensions were obtained with a variant of VSV phosphoprotein in which Ser60 and Thr62
are substituted by Asp residues and which has been reported previously to mimic phosphorylation by
inducing oligomerization and activating transcription. Here, we show that this mutant also forms a dimer
with hydrodynamic properties and molecular dimensions similar to those of the wild type protein. However,
incubation at 30°C for several hours induced self-assembly of both wild type and mutant proteins, leading
to the formation of irregular filamentous structures.

Viruses of theRhabdoViridae family form enveloped
particles that possess a nonsegmented single-stranded nega-
tive sense RNA genome. Together with theParamyxoViridae
(measles, parainfluenza, respiratory syncytial, Hendra, and
Nipah viruses),BornaViridae, and FiloViridae (Ebola and
Marburg viruses) families, they constitute the order of
MononegaVirales (MNV) that includes many human, animal,
and plant pathogens (1). MNVviruses exhibit a great diversity
in terms of morphology and interactions with their hosts,
but they share similar genomic and structural organizations
as well as similar modes of RNA replication and transcription

(1). The linear viral RNA genome is tightly associated with
the viral nucleoprotein (N)1 in a helical ribonucleoprotein
complex (RNP) (2, 3) that serves as template for both
transcription and replication (4). The genomes comprises five
common genes, which are similarly organized along the RNA
molecule for allMNV viruses, encoding successively the N,
the phosphoprotein (P), the matrix protein (M), the glyco-
protein (G), and the RNA-dependent RNA polymerase (L).
For rabies virus (RV) and vesicular stomatitis virus (VSV),
only three of these proteins, N, P, and L, are necessary for
synthesizing viral RNA in an efficient and regulated manner
(5, 6). Among those three, P has multiple functions during
the replication cycle and is required for RNA synthesis and
encapsidation of the viral RNA by N. P binds to nascent
nucleoproteins, acting as a chaperone by forming RNA-free
N°-P complexes necessary for encapsidation of new viral
genomes (7, 8). P also acts as a cofactor of the viral RNA
polymerase, forming a two-subunit RNA polymerase com-
plex in which L carries out all the enzymatic activities of
RNA-dependent RNA transcription and replication, including
mRNA cap synthesis and mRNA polyadenylation (5, 9, 10).
By binding to both L and N, P allows the RNA polymerase
complex to bind to RNPs. However, little is known about
the mechanisms of action of this protein, and P could also
be involved in the remodeling of RNPs during RNA synthesis
(2).

Oligomerization of P is a common property among viruses
of theMNV order. For some members of theParamyxoViri-
daefamily (subfamily of theParamyxoVirinae: Sendai virus,
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measles virus), the oligomerization domain is required for
transcription and replication, and oligomerization is not
controlled by phosphorylation (11, 12). For other members
of this family, phosphorylation of P is required for its
oligomerization and transcriptional activity (13, 14). In the
RhabdoViridae family, studies with RV and VSV have
provided unclear pictures about the state of oligomerization
and of phosphorylation required for the activities of the
phosphoprotein. Studies with VSV (VesiculoVirus genus)
indicate that oligomerization of P is required for binding to
L polymerase and to N-RNA template (15-17) and for
transcriptional activity (18-20). Oligomerization is con-
trolled by phosphorylation in the N-terminal region of the
protein (18-20) and by protein concentration (21). Con-
versely, phosphorylation in the N-terminal region is not
required for the formation of RNA-free N°-P complexes
and for RNA replication (8, 21, 22). The three-dimensional
structure of the central domain of VSV P is dimeric (23),
but biochemical studies have suggested that unphosphory-
lated P is monomeric and that phosphorylated P forms
dimers, trimers, or tetramers (19, 24, 25). Recent data support
the existence of different RNA polymerase complexes
involved in transcription and replication (26, 27), and it is
possible that phosphorylation of P acts as a switch between
these activities. Substitution of the phosphorylation sites
indicates that phosphorylation is not strictly required for
transcription and replication of the RNA, but that it stimulates
these activities by favoring oligomerization (19, 21). Also,
the replacement of two phosphorylation sites by Asp in the
N-terminal region was shown to mimic phosphorylation in
its ability to induce oligomerization and transcriptional
activity (19). Studies with Chandipura virus (CHPV), another
VesiculoVirus, show that unphosphorylated P is inactive
in transcription and exists in a concentration-dependent
monomer-dimer-tetramer equilibrium (28). Phosphoryla-
tion of a single residue in the N-terminal region induced a
large conformational change in the protein (29, 30), stabilized
the dimeric form (16), and activated transcription (31). In
studies with RV, belonging to another genus (LyssaVirus
genus) of theRhabdoViridae family, different oligomeric
forms of unphosphorylated P were found in solution,
suggesting that phosphorylation of P is not required for
oligomerization (32). The absence of anin Vitro transcription
system for rabies virus precluded, however, the characteriza-
tion of the role of P in RNA transcription and replication.
Throughout this ensemble of studies, the stoichiometry of
the different phosphorylated and unphosphorylated forms of
P from both viruses remained unclear, and controversial
results have been obtained by different approaches (19, 25,
32).

In order to characterize the stoichiometry and molecular
dimensions of the unphosphorylated form of VSV and RV
P, we used size-exclusion chromatography, multiangle static
light scattering, dynamic light scattering, analytical ultra-
centrifugation, and small-angle neutron scattering. To in-
vestigate the effect of phosphorylation on the oligomerization
of VSV P, we characterized the properties of a variant of
this protein in which two phosphorylation sites (S60 and T62)
were substituted by aspartate residues, substitutions that have
been shown previously to mimic a constitutive phosphory-
lated state of the protein. Our results indicated that, at 20
°C, both WT and mutant proteins form highly asymmetric

dimers and convert to large oligomers (>700 kDa) in a
temperature-dependent cooperative process.

MATERIALS AND METHODS

Production and Purification of Recombinant P Proteins.
The phosphoprotein from the Orsay strain (Indiana serotype)
of VSV (VSV P) was expressed using a recombinant plasmid
pET22b+ containing the full length gene with a His-Tag at
its C-terminal end (a gift from Dr. Blondel, Gif-sur-Yvette).
A second plasmid for expressing the S60D/T62D double
mutant of VSV P was constructed by introducing mutations
at positions 60 and 62 by PCR site-directed mutagenesis
using an inverse PCR method (Quickchange, Stratagene).
The sequences of both P genes were verified by standard
dideoxy sequencing. Each plasmid was transformed into
Escherichia coliBL21 (DE3) pLysS strain, and the cells were
grown in Luria-Bertoni medium at 37°C until OD 600 nm
reached 0.3. Expression of the recombinant protein was then
induced with 0.5 mM isopropyl-1-thio-â-D-galactopyranoside
(IPTG) for 5 h at 25°C. Cells were harvested by centrifuga-
tion and then suspended in lysis buffer containing 20 mM
Tris-HCl, 150 mM NaCl at pH 7.5. The cells were disrupted
by sonication on ice. The cell debris was removed by
centrifugation for 1 h at20000g, 4 °C. The supernatant was
filtered over a 0.2µm membrane and loaded onto a Ni2+

charged affinity column (Sigma). The column was washed
with 20 mM Tris-HCl, 500 mM NaCl buffer at pH 7.5, and
P was eluted with 400 mM imidazole. Fractions containing
P were pooled and concentrated on a unit concentration cell
(Amicon, cutoff 10 kDa, Millipore) and then applied onto a
Hiload 16/60 Superdex 200 column equilibrated with 20 mM
Tris-HCl, 150 mM NaCl buffer at pH 7.5 (GE Healthcare).
The purity of the protein preparation was checked by 12%
Tris-Tricine SDS-PAGE. Identification by immunodetection
was done with a rabbit polyclonal antibody (a gift from Dr.
J. Curran, Geneva) and a secondary anti-rabbit antibody
coupled to alkaline phosphatase. Circular dichroism spectra
for both proteins were identical and similar to those published
previously (data not shown) (25). The identity and integrity
of both VSV proteins were confirmed by electrospray mass
spectrometry. The experiments were performed on a Quattro
II mass spectrometer (Micromass, Altricham, U.K.) by
continuously injecting the sample with a Type 22 pump from
Harvard Apparatus at a flow rate of 5µL.min-1. VSV P and
ST VSV P were at a concentration of 1 mg mL-1 in H2O
containing 1% formic acid. The measured molecular masses
are 30 975( 7 Da and 31 016( 5 Da for expected
molecular mass calculated from the amino acid sequence
including the His-tag of 30 976 Da and 31 018 , respectively.

The phosphoprotein from the CVS strain of rabies virus
(RV P) was produced in insect cells (High Five) and purified
according to the protocol described previously (33, 34). The
purity of the protein preparation was checked by 12% Tris-
Tricine SDS-PAGE, and identification by immunodetection
was done with a mouse monoclonal antibody (25E6) (a gift
from Dr. D. Blondel, Gif-sur-Yvette) and a secondary anti-
mouse antibody coupled with alkaline phosphatase. Elec-
trospray mass spectrometry revealed a major species with a
molecular mass of 33 520( 7 Da for and a minor species
with a molecular mass of 33 596 Da that could correspond
to a phosphorylated form of the protein (expected molecular
mass calculated from the amino acid sequence: 33 616 Da).
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Analytical Size Exclusion Chromatography and Multiangle
Laser Light Scattering.Size exclusion chromatography (SEC)
was performed with a S200 Superdex column (GE Health-
care). The column was equilibrated in 20 mM Tris-HCl, 150
mM NaCl buffer at pH 7.5. Separations were performed at
20 °C with a flow rate of 0.5 mL min-1. Typically, 20µL
of protein solution at a concentration of 3-5 mg mL-1 was
injected. The excluded (V0) and total volumes (Vt) were
measured with blue dextran and thymidine, respectively. The
partition coefficients (Kav) were calculated by using

whereVe is the elution volume of the protein. The column
was calibrated using proteins of known Stokes radii (RS) and
molecular mass (Mw) (35): myoglobin (RS ) 2.10 nm,Mw

) 17 kDa), chymotrypsinogen (RS ) 2.28 nm,Mw ) 25
kDa), bovine serum albumine (RS ) 3.37 nm,Mw ) 67 kDa),
aldolase (RS ) 4.65 nm,Mw ) 158 kDa), catalase (RS )
5.21 nm,Mw ) 232 kDa), ferritine (RS ) 6.80 nm,Mw )
440 kDa), and thyroglobulin (RS ) 7.85 nm,Mw ) 669 kDa)
(35).

On-line MALLS detection was performed with a DAWN-
EOS detector (Wyatt Technology Corp., Santa Barbara, CA)
using a laser emitting at 690 nm. For each point on the HPLC
chromatogram, the amount of light scattered is directly
proportional to the product of protein concentration and molar
mass, according to Zimm’s formula for a diluted polymer
solution (36, 37):

whereRθ is the measured excess Rayleigh’s ratio,C is the
protein concentration (g mL-1), M is the molar mass (g
mol-1), P(θ) is the form factor, which depends on the
structure of the scattering particles and describes the angular
dependence of the scattered light, andA2 is the second virial
coefficient.K* is an optical constant given by the following
equation:

whereNA is Avogadro’s number,n0 is the refractive index
of the solvent at the incident radiation wavelength (1.33 for
a diluted aqueous buffer), dn/dc (mL g-1) is the specific
refractive index increment of the solute, andλ is the
wavelength of the incident light in void. For particles smaller
than the incident wavelength, no angular dependence is
observed (P(θ) ) 1), and for a sufficiently diluted solution,
A2 is negligible (A2 ) 0). Equation 2 then simplifies and
Rayleigh’s ratio only depends on protein concentration and
molar mass:

The molar mass,M, can thus be calculated ifC is known.
Protein concentration was measured on-line by refractive
index measurements using an RI2000 detector (Schambeck
SFD) and refractive index increment dn/dc ) 0.185 mL g-1.

Within the elution peak, the chromatogram is divided in
slices, and for each slice, MALLS and refractive index
measurements are used to calculate the molar masses using
eq 4. The number-averaged (Mn) and weight-averaged (Mw)
molar mass are obtained from the molar mass distribution
across the elution peak. Analysis of the data was performed
with the ASTRA software (Wyatt Technology Corp., Santa
Barbara, CA).

Dynamic Light Scattering.Samples with protein concen-
trations ranging from 0.5 to 3.0 mg mL-1 were centrifuged
for 10 min at 13000g and filtered through a 0.1µm cutoff
membrane filter in order to eliminate dust and large ag-
gregates. Dynamic light scattering was measured at a
scattering angle of 90° on a Dynapro apparatus (ProteinSo-
lutions) using a 20µL cuvette and a laser emitting atλ )
835.6 nm. Data were analyzed with the Dynamics v5.26.41
software. The “baseline limit” parameter was used to reject
initial measurements. The apparent translational diffusion
coefficients,D, obtained from the autocorrelation function,
were converted into hydrodynamic radii (RS) according to
the Stokes-Einstein equation:

where R is the gas constant,T is the temperature,NA is
Avogadro’s number, andη0 is the solvent viscosity. Control
experiments carried out with lysozyme yielded the expected
apparent translational diffusion coefficient.

Sedimentation Velocity Measurements.Sedimentation ve-
locity experiments were performed in a Beckman XL1
ultracentrifuge at rotor speed of 42 000 rpm and at 20°C
using Epon charcoal-filled 12 or 3 mm double-sector
centerpieces. Radial absorbance scans (λ ) 280 nm) were
acquired every 3 or 10 min. The program SEDFIT (38)
(available from the RASMB Web site, http://www. bbri.org/
rasmb/rasmb.html) was used to model the sedimentation
profiles using the integrated Lamm equation solutions:

whereA(r,t) is the absorbance at radiusr and timet, s and
D are sedimentation and diffusion coefficients,c0 is the
loading concentration of protein,ø is the sedimentation
profile (i.e., boundary), andε andδ are signal offsets (the
first term accounts for systematic errors, and the second term
accounts for random errors). Sedimentation coefficient values
between 0.5 and 15 S were resolved using maximum entropy
regularization with a 0.68 confidence level. The relationships
between the molecular mass,Mw, the sedimentation coef-
ficient, s, the diffusion coefficient,D, and the Stokes radius,
RS, are obtained using the Svedberg equation (37, 39),

and by combining this equation with eq 5:

Knowledge ofs andMw or of s andD allows the evaluation
of the translational friction ratiof/f0, where f0 is the

Kav )
Ve - V0

Vt - V0
(1)

Rθ

K*C
) MP(θ) - 2A2CM2P2(θ) (2)

K* ) 1
NA

(2πn0

λ2 )2(dn
dc)2

(3)

Rθ

K*C
) M (4)

RS ) RT
NA6πη0D

(5)

A(r,t) ) ∫c0(s) ø(s,D,r,t) ds + ε + δ (6)

D ) sRT
Mw(1 - νjF0)

(7)

RS )
Mw(1 - νjF0)

6πη0s
(8)
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translational friction coefficient for a sphere of the same mass
and anhydrous volume, according to the following equations
(37):

Solvent density (F0) of 1.005 g mL-1, solvent viscosity (η0)
of 1.0214 cP, and the partial specific volume (νj) of VSV P
and RV P of 0.726 and 0.732 mL g-1 were calculated at
20 °C with Sednterp (http://www.bbri.org/RASMB/rasmb.
html). Intrinsic sedimentation and diffusion coefficients
(s20,w

0 andD20,w
0 ) corrected to water at 20°C were calculated

from the experimentalsmes andDmes values obtained in the
experimental solvent and temperature conditions according
to

whereη20,w and ηT,b are the water viscosity at 20°C and
buffer viscosity at the experimental temperature andF20,w

andFT,b are the water density at 20°C and the buffer density
at the experimental temperature.

Small-Angle Neutron Scattering (SANS).SANS experi-
ments were performed on the D22 beam-line at the Institut
Laue-Langevin (ILL, Grenoble, France). Neutron wavelength
of 0.6 nm and a sample-to-detector distance of 4 m were
used to cover the range 0.11 nm-1 e Q e 2.4 nm-1. Protein
concentration was 5 mg/mL. Scattering data were radially
averaged about the beam center, corrected for transmission,
corrected by subtracting empty cell and solvent scattering,
and calibrated on an absolute scale by using the scattering
of 0.100 cm of water (40).

Analysis of the scattering curves at smallQ values using
the Guinier approximation gives the radius of gyration (Rg)
and the forward scattering intensity at zeroQ (I0) according
to (37, 41)

The scattering amplitude,Q, is given by the following
equation:

where 2θ is the scattering angle andλ is the wavelength.
The radius of gyration was calculated from the initial slope
of the plot of ln(I) versusQ2. The molecular mass of the
particles, Mw, was directly calculated from the forward
intensity, I0, knowing the protein concentration and the
scattering length density (40).

whereNA is Avogadro’s number,c is the protein concentra-
tion in mg mL-1, ∆F is the difference,F - F0, between the
scattering length density of the molecule,F, and the scattering
length density of the solvent,F0, andνj is the partial specific
volume of the protein.

If one of the molecular dimensions is longer than the other
two, the radius of gyration of the cross-section,Rc, can be
obtained from the plot of the ln(I‚Q) versus Q2 (41),
according to the following equation:

and triaxial molecular dimensions were calculated by using
Rg andRc values derived from Guinier and cross-sectional
analysis (41). Assuming a cylindrical shape for P proteins,
the length of the cylinder, L, is given by

and the radius,r, is given by

The data forQ values ranging from 0.11 to 1.0 nm-1 were
used with the GNOM program (42) to determine the distance
distribution function,P(r), the radius of gyration,Rg, and
the forward intensity,I(0). The maximum dimension,Dmax,
required in this procedure and beyond whichP(r) ) 0, was
selected such that theP(r) function remained stable.

Oligomerization of P and Electron Microscopy.Samples
of VSV P and ST VSV P proteins at 2.6 mg mL-1 were
incubated in 20 mM Tris/HCl, 150 mM NaCl, pH 7.5 at
30 °C for different times. The kinetics of disappearance of
the dimers and of appearance of the large oligomers of P at
30 °C were fitted to second-order rate equation using
SigmaPlot (SPSS Inc., Chicago, IL). Samples obtained after
incubation in those conditions for 1 or 3.5 h were used for
electron microscopy. These samples were diluted to a
concentration of about 0.1 mg mL-1, adsorbed onto the clean
face of a carbon film deposited on a mica sheet, negatively
stained with 1% (w/v) uranyl acetate, and observed under
low-dose conditions with a JEOL 1200 EX II microscope at
100 kV and a nominal magnification of 40000×.

RESULTS

Stoichiometry of P Protein Oligomers in Solution.Re-
combinant VSV P and its S60D/T62D variant (ST VSV P)
were expressed inE. coli, and RV P was expressed in insect
cells. All three proteins were purified as full-length proteins
as shown by mass spectrometry. They elute from a Superdex
200 (GE Healthcare) SEC column as single peaks (Figure
1). The absolute molecular mass was determined at each
point of the chromatograms by combining detections by
MALLS and refractometry (eq 4). For all of these P proteins,
the molecular mass is constant across the elution peak (Figure
1), and the polydispersity factor (Mw/Mn) is equal to 1.00(
0.05, indicating monodisperse species. The weight-average

f
f0

)
Mw(1 - νjF0)

NA6πη0s(3Mwνj
4πNA

)1/3
(9a)

f
f0

) RT

NA6πη0D(3Mwνj
4πNA

)1/3
(9b)

s20,w
0 ) smes(η20,w

ηT,b
)( 1 - νjFT,b

1 - νjF20,w
) (10a)

D20,w
0 ) Dmes(η20,w

ηT,b
) (10b)

I(Q) ) I0 exp(-Rg
2Q2

3 ) (11)

Q ) 4πsin θ
λ

(12)

Mw )
I(0)NA

c(∆Fνj)2
(13)

ln[I(Q‚Q)] ) ln[I(Q‚Q)]Qf0 -
Rc

2Q2

2
(14)

L ) x12(Rg
2 - Rc

2) (15)

r ) x2Rc (16)
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(Mw) molecular mass values are 61( 2 kDa, 63( 3 kDa,
and 69 ( 2 kDa for VSV P, ST VSV P, and RV P,
respectively, demonstrating that the three P proteins form
dimers in solution (molecular masses of dimeric P proteins
calculated from the sequence are 61 952 Da, 62 018 Da, and
67 232 Da, respectively) (Table 1 and Figure 1). No
significant variation of the average molecular mass is
observed for concentrations ranging from 100 to 645µM,
and the elution volume is identical for protein concentrations
ranging from 20µM to 645 µM (data not shown). Similar
results (see below) confirming that P proteins form dimers

were obtained from small-angle neutron scattering experi-
ments (SANS) and also by combining results from sedimen-
tation velocity, SEC, and DLS (Table 1).

Some of our samples of RV P contained a small population
(near 5%) of other species eluting from the SEC column at
smaller volumes than RV P dimers. These species migrate
differently than the major species on SDS-PAGE in the
absence of a reducing agent. RV P contains two cysteine
residues, and most of these additional species disappear upon
addition of a reducing agent, suggesting that they result from
the formation of intermolecular disulfide bonds (data not
shown).

Hydrodynamic Properties.The Stokes radii of the three
P proteins were determined by SEC using globular proteins
of knownRS for calibration (Figure 2). Values of 5.2( 0.1
nm, 5.3( 0.1 nm, and 4.8( 0.1 nm were obtained for VSV
P, ST VSV P, and RV P, respectively (Table 2). These values
are larger than those expected for a globular protein of the
size of P monomers or even of P dimers. TheRS(measured)/
RS(globular) ratio, whereRS(globular) is the Stokes radius
for a globular protein of about 65 kDa (dimer), is of the
order of 1.65-1.70, indicating that P dimers are nonspherical
and/or partially disordered. Similar results were obtained with
a Superose 12 column (data not shown).

Dynamic light scattering, measured at a protein concentra-
tion of 80 µM, shows that both VSV P and ST VSV P are
monodisperse species with translational diffusion coefficient
(D20,w) values of 4.27( 0.08 10-7 cm s-2 and 4.15( 0.08
10-7 cm s-2, respectively (Table 2). Hydrodynamic radii,
RS, calculated according to the Stokes-Einstein equation (eq
5), are in good agreement with the values measured by SEC
(Table 2). With RV P, the DLS measurements indicate the
presence of several species, with a major component exhibit-
ing a D value of 4.48( 0.10 10-7 cm s-2, also in good
agreement with the value measured by SEC.

The hydrodynamic properties of the three P proteins were
finally characterized by sedimentation velocity experiments
at three different protein concentrations. Small amounts of
large aggregates corresponding to 5 to 15% of the absorbance
signal are detected at low protein concentrations (0.25 mg
mL-1 and 1 mg mL-1) as species that sediment very rapidly
(sof about 60 S), whereas they are not detected in the sample
of the highest concentration (4 mg mL-1). These large species
are not further considered in the following analysis. The
continuous sedimentation distribution (c(s) versuss) was
calculated using numerical solutions of the Lamm equation
to fit the boundaries (37, 38). In a first approach, the
translational friction ratio (f/f0) was treated as a fitting
parameter and was determined through data analysis. Values
of f/f0 ranging from 1.7 to 2.1 were obtained for the different
protein concentrations together with size distributions of the
sedimentation coefficient centered ons20,w values ranging
from 2.9 to 3.5 S. A spherical protein (f/f0 ) 1.25) of 65
kDa would have as20,w value of 4.7 S, indicating that the P
proteins are elongated. Thes20,w value corresponding to the
maximum of the size distribution varies little with protein
concentration (data not shown), and thus, in a second
approach, a value off/f0 for each protein was calculated by
combining the most probable value ofs20,w, with the
translational diffusion coefficient,D20,w, measured by DLS
or with the molecular mass,Mw, measured by MALLS (eqs
9a and 9b). Thisf/f0 value was then used as a fixed parameter

FIGURE 1: Molecular mass of phosphoprotein determined by
multiangle laser light scattering and refractometry combined with
size-exclusion chromatography. (A) VSV P, (B) ST VSV P, and
(C) RV P. SEC was performed on a Superdex 200 column (300
mm × 10 mm) (GE Healthcare), equilibrated in 20 mM Tris-HCl,
150 mM NaCl buffer at pH 7.5. Separations were performed at
20 °C with a flow rate of 0.5 mL min-1. 50µL of a protein solution
at 3-5 mg mL-1 was injected. The line shows the elution profile
monitored by excess refractive index (left ordinate axis). The crosses
(+) show the molecular mass distribution (right ordinate axis)
determined from MALLS and refractometry data. Detectors at 60°,
69°, 80°, 90°, 100°, 111°, and 121° were used for the analysis, and
the light scattering profile displays no angular dependence.
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in the analysis of the data (Table 3). Figure 3 shows the
plots ofc(s) versuss for the three P proteins obtained from
this second analysis. For VSV P (Figure 3A) and ST VSV
P (Figure 3B) the analysis yields a single symmetrical peak
with s values of 2.8( 0.1 S (s20,w ) 2.9 S) and 3.0( 0.1
S (s20,w ) 3.1 S), respectively (Table 2), confirming the
existence of monodisperse species. With RV P (Figure 3C),
several species are observed. The major species that repre-
sents 65% of the molecules has ans value of 3.4( 0.1 S
(s20,w ) 3.5 S). These experiments were performed in the
absence of a reducing agent and several species withsvalues
ranging from 4 to 12 S (35%) could correspond to the
disulfide bridged forms observed by SEC. Combinings
values measured by analytical centrifugation with values of
Mw, D, or RS determined by other methods yields self-
consistent estimates of these different parameters (Tables 1
and 2). The values obtained with VSV P, ST VSV P, and
the major form of RV P support the conclusion that P
proteins form elongated dimers. The hydrodynamic param-

eters measured by the different methods are summarized in
Table 2.

OVerall Shape of P by Small-Angle Neutron Scattering.
SANS experiments were used to characterize the molecular
dimensions of the three P proteins. Guinier plots (Figure 4A)
are linear forQ values ranging from 0.10 to 0.28 nm-1 (0.5
< Q‚Rg < 1.5) and yield model-independent values for the
radii of gyration of 5.3 to 5.5 nm (Table 3). The scattered
intensity extrapolated to zero angle,I(0), provides an estimate
of the molecular mass of the protein (Table 1) that is slightly
higher than that measured by light scattering but remains in
agreement with the molecular mass of dimers (Table 1).
Similar Rg and Mw values are obtained from the size
distribution function (P(r)) calculated forQ values ranging
from 0.15 to 0.76 nm-1 (Figure 4C and Table 2). The
discrepancy between molecular mass values measured by
MALLS and SANS is larger for RV P than for VSV P and
ST VSV P, possibly because of the presence of small
amounts of larger species in the RV P samples. Cross-
sectional Guinier plots (Figure 4B) are linear forQ value
ranging from 0.22 to 0.75 nm-1 (0.3 < Q‚Rc < 1.2), an
indication that the P proteins are elongated in one direction.
The slope of these plots yielded the cross-sectional radii of
gyration,Rc, of about 1.6-1.8 nm (Table 3). FromRg and
Rc values, we calculated triaxial parameters for a cylinder
(Table 3) (41). Values for the partial specific volumes
calculated from the cylinder models and the molecular mass
measured by MALLS are close to the values calculated from
the amino acid composition of the proteins using Sedenterp.

Formation of Large Oligomers at 30°C. Incubation of
VSV P and ST VSV P at 30°C induces the formation of
larger oligomers that elute in the exclusion volume of our
SEC column (Mw > 700 kDa) (Figure 5A). The conversion
occurs in about 8 h, and no intermediate forms accumulate
during the reaction. The kinetics of disappearance of dimeric
P (Figure 5B) is identical to the kinetics of appearance of
the large oligomeric species. Electron microscopy showed
that both VSV P and ST VSV P form short oligomeric
species after incubation at 30°C for 1 h (Figure 6A) that
grow into irregular filamentous structures after incubation
for 3.5 h (Figure 6B). Both oligomers and filaments have
an irregular diameter of about 6-8 nm, and it is not possible
to visualize the organization of the P dimers in these
filaments. Incubation of RV P at 30°C also leads to the

Table 1: Molecular Mass of P Proteins Obtained by Different Methodsa

Mw (kDa)

from the
sequence

(for a dimer)
from

MALLS
from AUC (s)
and SEC (RS)

from AUC (s)
and DLS (D)

from
SANS-Guinier

from
SANS-P(r)

VSV P 61.952 61( 2 63( 5 61( 5 69( 4 69( 5
(0.216( 0.008) (0.210( 0.017)

ST VSV P 62.018 63( 3 69( 5 67( 5 79( 5 75( 5
(0.180( 0.012) (0.170( 0.012)

RV P 67.232 69( 2 71( 5 71( 5 81( 3 78( 5
(0.255( 0.018) (0.253( 0.017)

a A value of the weight average molecular mass was obtained from MALLS data by averaging the molecular mass values calculated at each
point of the chromatographic peak (Figure 1) using protein concentration measured by refractometry and the intensity of scattered light at 7 different
angles (eq 4). A value was obtained from the sedimentation coefficient,s, measured by analytical ultracentrifugation (AUC) and either the Stokes
radius,RS, measured by SEC according to eq 8 or the diffusion coefficient measured by DLS according to eq 7. A value was obtained from the
protein concentration, the scattering length density, and the intensity of neutron scattering at zero angle,I(0) (SANS), either measured by extrapolating
the Guinier plot to zero angle or from the analysis of the distance function distribution (P(r)), according to eq 13. Values in parentheses showI(0)
values in cm-1.

FIGURE 2: Stoke’s radius (RS) of VSV P, ST VSV P, and RV P
proteins measured by size-exclusion chromatography. The figure
shows the plot ofKav versusRS. SEC was performed as described
in Figure 1. Standard proteins (filled circles) used to calibrate the
column were (T) thyroglobulin, (F) ferritine, (C) catalase, (A)
aldolase, (S) serumalbumine, (O) ovalbumine, (T)R-chymotrypsi-
nogen, and (R) RNAse A. Stokes radii are taken from Uversky
(35). The line shows the linear fit (Kav ) 0.964- 0.897 log(RS))
with a correlation coefficient of 0.978. The open symbols show
the measuredKav and calculated Stokes radii of VSV P (circle),
ST VSV P (square), and RV P (diamond).
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formation of large filamentous oligomers but much more
slowly, such that after incubation for 3.5 h only few were
observed by electron microscopy.

DISCUSSION

Structural Properties of P Oligomers.Combining static
light scattering detection with SEC, we clearly demonstrated
that, in solution near neutral pH, the recombinant P proteins
from VSV and RV form dimers. Since the VSV phosphop-
rotein was produced in bacteria and since its mass determined

by mass spectrometry was that of the unphosphorylated
protein, these observations suggest that phosphorylation is
not necessary for dimerization. Static laser light scattering
is a powerful tool for measuring absolute molecular mass
of macromolecules and of multimolecular complexes (36,
37). For particles smaller than the wavelength of the incident
light, the intensity of scattered light extrapolated to zero angle
is directly proportional to the molecular mass of the particle
and to its concentration. Because it does not depend on
calibration with globular proteins, this detection method is

Table 2: Hydrodynamic Properties of P Proteins Obtained by Different Methodsa

D20,w(10-7 cm s-2) RS (nm)

s20,w (S) f/f0 from DLS
from AUC (s)

and MALLS (Mw)
from AUC (s)
and SEC (RS) from SEC from DLS

from AUC (s)
and MALLS (Mw)

VSV P 2.9( 0.1 1.92 4.27( 0.08 4.27( 0.10 4.13( 0.10 5.2( 0.1 5.1( 0.1 5.0( 0.1
ST VSV P 3.1( 0.1 1.88 4.15( 0.08 4.41( 0.10 4.05( 0.10 5.3( 0.1 5.2( 0.1 4.9( 0.2
RV P 3.5( 0.1 (65%) 1.74 4.48( 0.10 4.60( 0.10 4.47( 0.10 4.8( 0.1 4.8( 0.1 4.7( 0.2

a Thes20,w was obtained from the measureds value using eq 10a to correct for the viscosity and density of the buffer solution. The number within
parentheses indicates the fraction of the major component of RV P. Thef/f0 is the frictional coefficient ratio used to fit the sedimentation velocity
data. It corresponds to an average of the values calculated from a gross estimation ofs and fromMw (MALLS) or D (DLS), according to eqs 9a
and 9b, respectively. The diffusion coefficient,D20,w, was measured by DLS and was calculated from the sedimentation coefficient,s20,w, measured
by analytical ultracentrifugation (AUC) and from either the molecular mass measured by MALLS or the Stokes radius measured by SEC, by
combining eqs 7 and 8. The Stokes radius was measured by SEC, was calculated from the diffusion coefficient,D20,w, according to eq 5, and was
calculated by combining the sedimentation coefficient,s20,w, measured by analytical ultracentrifugation (AUC) with the molecular mass measured
by MALLS, according to eq 8.

Table 3: Molecular Dimensions of P Proteins Calculated from SANS Experimentsa

Rg (nm)

from
SANS-Guinier

from
SANS-P(r)

Rc (nm) from
SANS-Guinier

Dmax

(nm)
L

(nm)
r

(nm)

VSV P 5.3( 0.1 5.4( 0.1 1.55( 0.02 17.0 17.6( 0.3 2.2( 0.1
ST VSV P 5.4( 0.1 5.5( 0.1 1.63( 0.02 17.5 17.8( 0.4 2.3( 0.1
RV P 5.5( 0.1 5.5( 0.1 1.76( 0.02 19.0 18.1( 0.3 2.5( 0.1

a The radius of gyration,Rg, was calculated from the initial slope of the Guinier plot (ln(I(Q)) versusQ2) or from the analysis of the distance
distribution function (P(r)). The cross-sectional radius of gyration,Rc, was calculated from the slope of the plot of (ln(I(Q)‚Q) versusQ2). Dmax

represents the optimal value obtained in the calculation of the distance distribution function that gave aRg value in agreement with that from
Guinier analysis.L and r represents the length and radius of model cylinder calculated fromRg andRc values according to eqs 15 and 16.

FIGURE 3: Sedimentation coefficient distribution calculated by modeling of sedimentation velocity concentration profiles. The figure shows
the scans and fitting curves resulting from the analysis with Sedfit software (top panels), residuals of the fit (middle panels), and sedimentation
coefficient distribution (bottom panels) for (A) VSV P, (B) ST VSV P, and (C) RV P. The sedimentation coefficients at the maximum of
the distributions are 2.8( 0.1 S (VSV P WT), 3.0( 0.1 S (VSV P double mutant), and 3.7( 0.1 S (RV P WT). For all samples, the
ultracentrifuge was run at 42 000 rpm and 20°C. The buffer contained 20 mM Tris/HCl, 150 mM NaCl (pH 7.5). Cells were scanned at
280 nm.
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particularly suitable for determining the molecular mass of
multimolecular complexes, or of elongated or partially

disordered proteins for which elution from size-exclusion
chromatography columns is different from that of a globular
protein. The combination with separation by SEC ensures
that the measurement is not contaminated by the presence
of small amounts of large aggregates. These results were
confirmed by SANS experiments, in which the intensity
extrapolated at zero angle is proportional to the molecular
mass, which can thus be calculated on an absolute scale when
the protein composition and concentration are known (37).
Although SANS data were obtained without on-line separa-

FIGURE 4: Small-angle neutron scattering analysis of phosphop-
roteins. (A)Rg Guinier plot (ln(I(Q)) versusQ2) for VSV P (circles),
ST VSV P (diamonds), and RV P (squares). The fitted lines using
0.10< Q < 0.28 nm-1 yielded values for the radii of gyration of
5.3 ( 0.1 nm for VSV P, 5.4( 0.1 for ST VSV P, and 5.5( 0.1
for RV P. The fit corresponds to a range of 0.5< Q‚Rg < 1.5. The
I(0) value calculated from the intercept, together with protein
concentrations, corresponds to molar mass of 69 000( 4000 for
VSV P, 79 000( 5000 for ST VSV P, and 81 000( 3000 for RV
P. For clarity, each plots is shifted along the ln(I(Q)) axis. (B) Cross-
sectionalRc Guinier plot (ln(I(Q)‚Q) versusQ2) for VSV P (circles),
ST VSV P (diamonds), and RV P (squares). The fitted lines using
0.22< Q < 0.75 nm-1 yielded values for the cross-sectional radii
of gyration of 1.55( 0.02 nm for VSV P, 1.63( 0.02, for ST
VSV P, and 1.76( 0.01 for RV P. The fit thus corresponds to a
range of 0.3< Q‚Rc < 1.3. For clarity, each plot is shifted along
the ln(I(Q)‚Q) axis. All samples were prepared in 20 mM Tris/
HCl, 150 mM NaCl, pH 7.5, in 100% H2O. Protein concen-
trations were close to 5 mg mL-1 . (C) Distance distribution function
for VSV P (circle), ST VSV P (diamond), and RV P (square). The
curve are calculated using the GNOM software, data forQ values
ranging from 0.15 to 0.76 nm-1, and Dmax values reported in
Table 3.

FIGURE 5: Kinetics of the oligomerization of VSV P at 30°C. (A)
Size exclusion chromatography profiles after different incubation
times at 30°C. VSV and ST VSV phosphoproteins at 2.6 mg/mL
were incubated in 20 mM Tris/HCl, 150 mM NaCl at 30°C pH
7.5. After different incubation times, 50µL aliquots were injected
on the column and monitored by refractometry. The elution volumes
of standard globular proteins are shown at the top of the figure
with labels as in Figure 2. (B) Kinetic curves. Peaks areas were
converted to concentrations and plotted as a function of incubation
time. Closed symbols are for dimers of VSV P (circles) and ST
VSV P (squares), and open symbols are for oligomers eluting in
the exclusion volume of the column (molar mass>1 × 106 g
mol-1). The data were fitted to a second-order equation (solid lines).

FIGURE 6: Electron microscopy of filamentous VSV P. Electron
micrographs of negatively stained VSV P after 1 h (A) and 3.5 h
(B) of incubation in 20 mM Tris/HCl, 150 mM NaCl, at pH 7.5
and 30°C. Protein concentration during incubation at 30°C was
2.6 mg mL-1. (C) VSV ribonucleoprotein complex purified from
infected cells and shown for comparison.
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tion by SEC, the molecular masses calculated from intensity
at zero angle also show that P proteins form dimers (Table
1). We obtained similar results with ST VSV P (S60D/T62D
variant) that was made to resemble a constitutively phos-
phorylated P protein, suggesting that phosphorylation does
not induce oligomer formation or further oligomerization.
The existence of dimers of P is in agreement with observa-
tions that two molecules of RV P bind per molecule of N in
N°-P complexes (43), with the recent crystal structure of
the central dimeric domain of VSV P protein (23), as well
as with a previous study in which a combination of SEC
and analytical centrifugation data indicated that RV P is
larger than a monomer (32) and is consistent with a dimer
(Y. Gaudin, personal communication). The Stokes radius of
RV P (4.3 nm) measured in this previous study (32) is,
however, significantly smaller than that measured here (4.8
nm). The results presented here contrast with previous work
in which unphosphorylated VSV P was found to elute from
a SEC column as a monomer (19, 24, 25), while phospho-
rylated forms of VSV P and ST VSV P were reported to
form either dimers (24), trimers (25), or tetramers (19). Some
of these experiments were carried out at lower protein
concentrations (24, 25), which could explain the observation
of monomer, but the discrepancies and difficulties to obtain
a clear-cut answer about the oligomeric state ofRhabdoViri-
daephosphoproteins arise from several peculiar properties
of these proteins. First, P proteins exhibit an anomalous
migration on SDS-PAGE, and thus, cross-linking experi-
ments revealed by SDS-PAGE, although they demonstrate
the existence of different forms of P, cannot be used to
determine the accurate stoichiometry of the oligomers (16,
19, 32). Second, P protein oligomers are elongated and
possibly partially disordered, rendering hydrodynamics mea-
surements by SEC and analytical centrifugation difficult to
interpret in the absence of an absolute measurement of the
molecular mass. Third, VSV P and ST VSV P convert rapidly
into soluble large oligomeric species upon incubation at
30 °C. For example, in the His-tag dilution assays used to
demonstrate the oligomerization induced by phosphorylation
(16, 19) the protein was incubated at 32°C for 30 min. All
experiments that involved a long incubation time above
25 °C should thus be taken with caution. Similar difficulties
were encountered for determining the stoichiometry of P
oligomers from Sendai and mumps viruses (ParamyxoViri-
dae). Sendai virus P protein has been reported to form trimers
(11), until it was demonstrated that it forms tetramers (44,
45). With Chandipura virus (CHPV), phosphorylation of a
single residue stabilizes the dimers (16), but it has been found
recently that different oligomeric forms of unphosphorylated
P also coexist in a concentration-dependent equilibrium (28).

The P proteins from VSV and RV exhibit an elongated
rodlike shape as suggested by the large Stokes radii measured
by SEC and as confirmed by the large frictional ratio
obtained from the sedimentation velocity experiments and
by the shape of the cross-sectional Guinier plots. The results
obtained by sedimentation velocity, dynamic light scattering,
and size-exclusion chromatography agree with dimers ex-
hibiting a hydrodynamic radius of 4.8-5.3 nm and a
frictional ratio of 1.7-1.9. SANS experiments yielded a
radius of gyration of about 5.3-5.5 nm and a cross-sectional
radius of gyration of about 1.6-1.8 nm for the three
phosphoproteins, which indicated elongated molecules with

one axis 8-7 times longer than the other two. Assuming a
cylindrical shape, triaxial parameters, the radius,r, and the
length,L, can be calculated from the values ofRg and Rc

(Table 3). The theoretical frictional ratio (f/f0) calculated for
a cylinder of such dimensions ranges from 1.3 to 1.9 (46).
The partial specific volume of the proteins calculated for
such hypothetical cylinders indicates that, for VSV P, the
protein occupied 96% of the volume. For RV P, the triaxial
parameters, as the molecular mass (see above), were possibly
overestimated because of the presence of larger species in
the sample. The experimental factorδ ) Rg/RS is a sensitive
indicator of the compactness of the molecule. The values
found here range from 1.0 to 1.2. Its value is 0.775 for a
compact sphere, 0.8 for a globular protein (47), about 0.9
for a molten globule (48), and 1.5 for a Gaussian coil (49).
The theoreticalRg/RS ratio calculated for a cylindrical shape
of dimensions similar to those of P proteins ranges from 0.70
to 1.20 (50). Recent studies have concluded that P proteins
from ParamyxoViridae viruses are intrinsically disordered
proteins (IDPs) (51, 52) with structured domains separated
by long disordered regions (53, 54). RV and VSV P are
sensitive to proteolytic digestion, and analysis of the amino
acid sequence suggested that P proteins fromRhabdoViridae
viruses also belong to this class of proteins (51). Therefore,
both an elongated shape and the flexibility inherent to the
presence of long disordered regions can explain aRg/RS ratio
close to unity. Also, it is noteworthy that a truncated form
of Sendai virus P, which contains the central tetramerization
domain and the C-terminal N-RNA binding domain (PCT),
exhibits similar shape and molecular dimensions (45, 55).
The structure of the dimerization domain of VSV, however,
reveals that interactions between P molecules in these dimers
do not occur through the formation of a long coiled-coil,
but rather through central contacts between anR-helix from
each monomer and the formation of two intermolecular
â-sheets on the sides (23). For RV P, secondary structure
prediction algorithms also predictR-helices in the central
region rather than a coiled-coil, suggesting a structural
organization for this domain similar to that of VSV (data
not shown).

Implications for Viral RNA Synthesis.With both VSV and
CHPV, phosphorylation of residues in the N-terminal domain
of P proteins or replacements of these residues by acidic
residues have been correlated with transcription activity (16,
19). Recent data obtained with VSV suggest that two distinct
multimolecular complexes carry out RNA transcription and
replication (26, 27) and initiate RNA synthesis at different
sites on the genome (56). Multiple results suggest that
phosphorylation of P protein from VSV and from CHPV
regulates the switch between transcription and replication
and that the molecular origin of this change in activity resides
in a change in conformation (29, 57) and self-assembly of
the P protein (16, 19). Phosphorylation of different residues
in the N- and C-terminal domains of VSV P are essential
for viral growth (58). Phosphorylation in the C-terminal
domain might control replication (59), whereas phosphory-
lation in the N-terminal domain is necessary for transcription
activation (18, 20, 60) but not for replication (60). Replace-
ments of phosphorylation sites in the N-terminal domain by
alanine can severely impair transcription activity (21, 60),
whereas replacements by glutamate or aspartate residues
yield proteins that are constitutively active in transcription
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(15, 19, 60). In particular, it has been reported that the double
mutant S60D/T62D of VSV P (ST VSV P) mimics phos-
phorylation by constitutively producing oligomeric species
(19). Phosphorylation of one residue in CHPV N-terminal
domain has also been shown to control transcription (30).
Here, however, we show that unphosphorylated P proteins
from VSV and RV as well as the mutant of VSV (S60D/
T62D) that is constitutively active in transcription (19, 60)
form dimers. Although phosphorylation seems to be required
for transcription activation, our results suggest that phos-
phorylation and transcriptional activation do not need oli-
gomeric structures larger than a dimer, and that self-
association of phosphorylated P is not involved in controlling
the transcription/replication switch. Alternatively, it is pos-
sible that the addition of negative charges in a highly acidic
region of P proteins through phosphorylation or mutation
might affect the conformation of P (29), its dynamics, or its
affinity for another component of the transcription or
replication complexes (15). Interactions of P proteins with
the leader RNA could also play an important role in the
regulation of the replication and transcription activities (28),
and phosphorylation of P could also affect these interactions.

Finally, we showed that both VSV P and ST VSV P form
filamentous oligomers of larger size (>700 kDa) when
incubated at 30°C. The conversion is cooperative, and no
intermediate of small size accumulates during the process.
Mutations of the phosphorylation sites have no effect on the
kinetics of the oligomerization. In the previous studies
(19), phosphorylation has been performed by incubation of
P in the presence of casein kinase II for 45 min or more at
32 °C, and thus, it is possible that the appearance of the
higher molecular weight forms was attributed wrongly to
the formation of tetramers. These filamentous species form
under physiological temperatures, and it is now of major
interest to understand whether or not they play a relevant
role in the replication of the virus and interact with the viral
ribonucleoprotein complex (Figure 6C). Additional binding
of Sendai virus P protein to N:RNA template is required for
stimulating the activity of the RNA polymerase complex (61),
and it will thus be important to verify if such filamentous
forms of P are involved in the replication processes under
physiological conditions.
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