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ABSTRACT Newcastle disease virus (NDV) is an enveloped paramyxovirus. The ma-
trix protein of the virus (M-NDV) has an innate propensity to produce virus-like parti-
cles budding from the plasma membrane of the expressing cell without recruiting
other viral proteins. The virus predominantly infects the host cell via fusion with the
host plasma membrane or, alternatively, can use receptor-mediated endocytic path-
ways. The question arises as to what are the mechanisms supporting such diversity,
especially concerning the assembling and membrane binding properties of the virus
protein scaffold under both neutral and acidic pH conditions. Here, we suggest a
novel method of M-NDV isolation in physiological ionic strength and employ a com-
bination of small-angle X-ray scattering, atomic force microscopy with complemen-
tary structural techniques, and membrane interaction measurements to characterize
the solution behavior/structure of the protein as well as its binding to lipid mem-
branes at pH 4.0 and pH 7.0. We demonstrate that the minimal structural unit of the
protein in solution is a dimer that spontaneously assembles in a neutral milieu into
hollow helical oligomers by repeating the protein tetramers. Acidic pH conditions
decrease the protein oligomerization state to the individual dimers, tetramers, and
octamers without changing the density of the protein layer and lipid membrane af-
finity, thus indicating that the endocytic pathway is a possible facilitator of NDV en-
try into a host cell through enhanced scaffold disintegration.

IMPORTANCE The matrix protein of the Newcastle disease virus (NDV) is one of the
most abundant viral proteins that regulates the formation of progeny virions. NDV is
an avian pathogen that impacts the economics of bird husbandry due to its result-
ing morbidity and high mortality rates. Moreover, it belongs to the Avulavirus sub-
family of the Paramyxoviridae family of Mononegavirales that include dangerous rep-
resentatives such as respiratory syncytial virus, human parainfluenza virus, and
measles virus. Here, we investigate the solution structure and membrane binding
properties of this protein at both acidic and neutral pH to distinguish between pos-
sible virus entry pathways and propose a mechanism of assembly of the viral matrix
scaffold. This work is fundamental for understanding the mechanisms of viral entry
as well as to inform subsequent proposals for the possible use of the virus as an ad-
equate template for future drug or vaccine delivery.

KEYWORDS Newcastle disease virus, ab initio modeling, atomic force microscopy,
matrix protein, protein structure, small-angle X-ray scattering
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atrix proteins of enveloped viruses are multifunctional and commonly the most

abundant viral proteins. Viral matrix proteins play an essential role in virus
assembly, the budding of progeny virions, and other processes in the viral replication
process (1-4). Newcastle disease virus (NDV) is a pleomorphic enveloped virus with a
negative-strand, nonsegmented RNA genome belonging to the Avulavirus genus in the
Paramyxoviridae family (5). The virus causes significant disease in most species of birds,
resulting in burdens on agriculture and the global economy. The matrix protein of the
virus, M-NDV, contains 364 amino acids (for all reported strains) and has a molecular
weight (MW) of approximately 40 kDa. The M-NDV translocates into nucleus (6, 7) and
plays a crucial role in virus budding (8). The majority of matrix proteins of paramyxo-
viruses are dimers, forming a grid-like array on the inner surface of the viral membrane
(9-12) that interacts with both the cytoplasmic tails of the transmembrane dual-
function hemagglutinin/neuraminidase (HN) and fusion (F) glycoproteins (8, 13) as well
as the nucleocapsid (2, 14-16). The M-NDV is a highly conserved protein which has
been proposed as a key marker protein to classify different NDV strains (17). The simple
analysis of the protein amino acid sequence shows that the net charge of the protein
is positive at pH 7.0 and that it contains a preponderance of hydrophobic residues,
making the protein hydrophobic in nature. Nevertheless, there is yet no evidence that
M-NDV inserts into lipid bilayers, making it a peripheral protein that is positioned
between the viral lipid membrane and the nucleocapsid (6). Isolated M-NDV proteins
adsorb onto phospholipid bilayers and condense into fluid-like domains, causing
membrane deformation and budding of spherical vesicles (18). Recently, X-ray crystal-
lography and electron tomography investigations (19) have shown the pseudoatomic
structure of assembled M-NDV dimers. The dimers form tetrameric arrays, with the
angle between dimers generating the membrane curvature necessary for virus bud-
ding. These matrix protein arrays also organize viral glycoproteins (anchored in the
gaps between them) and the nucleocapsid. Thus, the matrix protein arranges the
maturation and infection process in time and space, participating in the sequence of
events during budding and fusion (19).

Enveloped viruses enter the cell through two main pathways: direct fusion between
the viral envelope and the plasma membrane and receptor-mediated endocytosis
followed by fusion (20). It is assumed that, in the case of paramyxoviruses, the
membrane fusion process takes place at the host plasma membrane in a pH-
independent manner. However, the fusion of NDV with cultured cells may be enhanced
at acidic pH (21). Recent studies indicate that low pH can serve as a fusion trigger for
some paramyxoviruses (22), and protonation of specific amino acids in their fusion
proteins could promote low-pH-induced conformational changes through an electro-
static repulsion mechanism (23). Thus, the virus may also penetrate the cell via the
endocytic pathway in a pH-dependent process, or, as has been suggested by Cantin et
al. (24), virus entry can be a more complicated process exploiting different entry routes.
The same virus may have different entry preferences, depending on the cell line.
Therefore, why and how viruses are able to use exact entry pathways remain open
questions, as well as the possible effects of pH on the viral matrix proteins. Answering
these questions is crucial for the development of antiviral agents as well as for the use
of viruses as tools in therapy, e.g., in gene therapy to deliver genes into cells or in the
delivery of pharmaceuticals, in particular anticancer drugs. The use of NDV for cancer
therapy is due to the fact that the virus has significant oncolytic activity. NDV appears
to selectively kill cancer cells while sparing normal human cells (25, 26).

M-NDV is responsible for the viral assembly and disassembly, budding, and inter-
actions with lipid membranes, and pH may influence not only the fusion proteins of the
virus but also its protein matrix layer to facilitate virus disassembly at the endocytic
route. To investigate the structural response of M-NDV at different pH values in terms
of self-assembly and the dissociation of the viral scaffold, we investigated the M-NDV
structure in solution using small-angle X-ray scattering (SAXS) combined with atomic
force microscopy (AFM) and complementary characterization techniques, including
intramembrane field compensation (IFC).
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FIG 1 CD spectra of isolated M-NDV in 50 mM MES-100 mM NacCl buffer, pH 4.0 and pH 7.0.

RESULTS

CD analysis of the isolated M-NDV protein. To characterize the secondary struc-
ture of the isolated matrix protein, we performed circular dichroism (CD) spectropola-
rimetry measurements. In the present work, we used a Chirascan dichrograph to
measure the far-UV CD spectrum of isolated M-NDV in 50 mM morpholineethanesul-
fonic acid (MES) and 100 mM NacCl buffer, pH 4.0 and 7.0 (Fig. 1). In these spectra (with
buffer value subtracted and result normalized to protein concentration), the main
negative maximum (6-max) was located at 207 nm. The position and intensity of the
6-max practically did not change with pH (—9.540 millidegrees [mdeg] at pH 4.0 and
-10.000 mdeg at pH 7.0). The a-helical content of the protein determined using the
Greenfield-Fasman equation (27) and K2D2 web service (28) was found to be 20% at
both pH 4.0 and pH 7.0. That value is close to the 19% of a-helices obtained from
high-resolution structure (PDB accession number 4G1L [19]). Thus, our results indi-
cate little quantitative difference in the protein helical content values at acidic and
neutral pH.

AUC shape characterization of the M-NDV. We assessed the shape of the M-NDV
molecules in a solution of 0.3 mg/ml in 50 MM MES and 100 mM NaCl at room
temperature, using analytical ultracentrifugation (AUC) (Fig. 2). For both pH 4.0 and pH
7.0 conditions, we obtained the major peak with almost the same sedimentation
velocity. The sedimentation coefficient, s, ,, was equal to 5.4S at pH 4.0 and 5.6S at pH
7.0. The translational friction ratio f/f 4 of 1.2 = 0.02 obtained for the M-NDV molecules
indicates a slight deviation from a spherical shape. The theoretical value for the
maximal possible sedimentation coefficient of the compact sphere with a molecular
weight of the dimer of M-NDV is 6.2S. Thus, with regard to deviation from the spherical
shape, the sedimentation coefficient values give the dimer as the basic structural unit
of the M-NDV in solution. The minor peaks at 8.3S for pH 4.0 and 8.2S for pH 7.0
correspond to large protein associates, possibly tetramers. These associates are 5%
(vol/vol) in acidic medium and 22% (vol/vol) in the neutral milieu, indicating the
increase in concentration of self-associated M-NDV at pH 7.0.

AFM of the M-NDV layers. Atomic force microscopy (AFM) studies of the M-NDV
adsorbed on a mica surface show the formation of a dense protein layer at protein
concentrations of about 200 nM in solutions on the mica surface (Fig. 3). As the mica
surface is negatively charged in aqueous solution, it provides surface charge density
similar to that of the inner leaflet of the plasma membrane (29) that is necessary for the
correct alignment of the matrix protein molecules (19). Moreover, the atomically flat
solid mica surface allows high-resolution AFM images to be obtained. The density of
the adsorbed layer was 91% = 3% (mean = standard deviation [SD]; n = 12) at pH 4.0
and 97% * 2% (n = 8) at pH 7.0. The average thickness of the adsorbed layer was
2.5nm = 0.7 nm (n = 12) at pH 4.0 and 3.4 nm = 0.6 nm (n = 8) at pH 7.0. We observed
large protein associates with the height up to 40 nm on the surface at pH 7.0 (Fig. 3a,
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FIG 2 Sedimentation velocity experiment on the M-NDV protein at pH 4.0 (a) and pH 7.0 (b). Top panels
show the raw data; absorbance at 280 nm was plotted as a function of the radial position, and every fifth
curve is shown. Lower panels show fitted distributions of the sedimentation coefficients.

bright spots) occupying up to 1.5% of the surface area. The inset in Fig. 3b shows a
high-resolution image of the protein layer indicating the existence of curved protein
stripes with a length of about 100 nm. These structures are protein oligomers, sug-
gesting that the protein is assembled on the mica. The observed height of the M-NDV
layer at pH 7.0 was higher than the radius of the crystal dimer (PDB accession number
4G1L), with a radius of gyration (R,) of 2.56 nm, while close to the thickness of the
matrix protein layer of about 4 nm observed by cryo-electron tomography (19). The
thickness of the layer at pH 4.0 was close to the R, of the M-NDV dimer in crystal (19).
Changing the pH from 7.0 to 4.0 led to disappearance of these aggregates and a
decrease in the layer average thickness to 2.1 nm = 0.7 nm (n = 5), which corresponds
to the case of pH 4.0 (Fig. 3¢).

M-NDV interactions with lipid membranes. M-NDV is a positively charged protein
at pH 7.0; therefore, its adsorption on the one side of the planar lipid membrane should
change the transmembrane electrical field. This change can be measured by the
intramembrane field compensation (IFC) technique as the shift of boundary potential
difference, Ag,, providing the kinetics of protein adsorption (29). Although the M-NDV
protein is overall positively charged, its membrane interactions are independent of the
ionic strength (19) and are dominated by hydrophobic interactions. In addition, there

FIG 3 AFM topography images of the M-NDV layers adsorbed at freshly cleaved mica at pH 4.0 (a) and
pH 7.0 (b) and the change from pH 7.0 to pH 4.0 (c). The inset in panel b shows a zoomed part of the
protein layer, with white arrows indicating protein clusters. The bulk protein concentration in the
solution above the surface was 200 nM. The full z-axis scale is 10 nm. The bright spots that are particularly
more evident at pH 7.0 are large protein self-associates.
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FIG 4 Isotherms of M-NDV adsorption on lipid bilayer membranes (DPhPS-DPhPC) obtained by IFC at pH
4.0 and pH 7.0. Each point corresponds to a stationary level for the given concentration, averaged over
three independent experiments. Solid lines are the fit of the experimental data by a one-site binding
model (Langmuir isotherm).

is no evidence that the protein inserts into the lipid bilayer; it simply associates with the
membrane surface. We constituted a diphytanoylphosphatidylserine-diphytanoylphos-
phatidylcholine (DPhPS-DPhPC) membrane (30:70 mol%) to have both negatively
charged phosphoserine moieties for possible electrostatic interactions while providing
access to the hydrophobic core of the membrane via branched phytanol lipid tails. The
latter should increase the matrix protein adsorption via hydrophobic interactions (30).
The addition of the M-NDV to the one side of such a freestanding planar bilayer lipid
membrane (BLM) led to an increase in the boundary potential difference of the
membrane, reflecting the adsorption of the protein. After the stationary level was
reached, we performed perfusion with protein-free buffer that led to a decrease of the
boundary potential difference to zero at both pH 7.0 and pH 4.0, meaning reversible
protein adsorption (data not shown) (29). Taking the average stationary level of the
potential difference at different bulk concentrations of M-NDV, we obtained adsorption
isotherms at pH 4.0 and pH 7.0 (Fig. 4). Fitting the isotherms with a one-site binding
model (Langmuir isotherm) resulted in M-NDV binding constants to the DPhPS-DPhPC
membrane of (4.4 = 0.4) X10° M~" at pH 4.0 and (4.9 = 0.2) X10® M~" at pH 7.0.
Therefore, M-NDV interactions with lipid membrane do not show any pH dependence.

SAXS measurements of the M-NDV protein in solution. To further analyze the
M-NDV structure, small-angle X-ray scattering (SAXS) measurements were performed in
solutions at both pH 4.0 and 7.0 (Fig. 5) in a concentration range from 1 to 3 mg/ml. The
resulting SAXS profiles can be divided into two main regions. A very low scattering-
angle region (momentum transfer s of < 0.25 nm~") that we interpret as being sensi-
tive to the formation of higher-order self-associates and a higher scattering-angle
region (momentum transfer s of >0.25 nm~") that we interpret as scattering intensities
arising from predominantly lower-order oligomeric species (dimers, tetramers, etc.). In
a comparison of the higher-angle data measured from M-NDV at either pH 4.0 or pH
7.0, only minor changes in the scattering curves were observed. For example, a weak
concentration dependence was detected at both pHs. This concentration dependence
causes a small change in the magnitude of the radii of gyration. At pH 4.0, the R,
decreases when the protein concentration is decreased from 3.5nm *=0.2nm at
3mg/ml to 3.1 nm = 0.2 nm at 1 mg/ml while, in a similar fashion at pH 7.0, the R,
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FIG 5 Experimental SAXS curves from 2.2 mg/ml solutions of M-NDV at pH 4.0 and pH 7.0. The gray
dashed line at s = 0.25nm~" separates regions of the scattering profile dominated by large M-NDV
self-assemblies (to the left of the line) and smaller protein oligomers, for example, dimers and tetramers
(to the right of the line).

decreases from 3.5nm *=0.2nm to 3.3 nm * 0.2nm over the same concentration
range. Given these minor concentration effects on the high-angle data, further analysis
(see below) was performed from the data recorded at an average solute concentration
of 2.2 mg/ml under both pH conditions.

Unlike the data recorded at higher angles, a marked difference in SAXS intensities
in the very-low-angle region were seen when the data measured for a momentum
transfer s of <0.25 nm~" from the M-NDV protein at low or neutral pH were compared
(Fig. 5). The scattering curve at pH 7.0 shows a very strong upturn at very small angles,
indicating the formation of large, soluble protein self-assemblies at pH 7.0, while their
amount at pH 4.0 is rather subtle. These SAXS results are consistent with the AFM and
AUC data that show the presence of larger-MW species at neutral pH, reflecting a
process of pH-dependent M-NDV oligomerization.

The X-ray scattering in acidic medium in the range of a momentum transfer of
0.25<s<25nm™" is characteristic of a solution containing a limited number of
large-MW aggregates and allows for the calculation of the overall structural parameters
of the M-NDV protein at pH 4.0: R, = 3.4nm % 0.2nm with a molecular weight of
110kDa = 10kDa. However, these structural parameters are larger than the R, of
2.56 nm calculated from the crystal dimer (PDB entry 4G1L) with a molecular weight
of 74 kDa. Furthermore, the calculated scattering profiles computed from the dimer and
monomer of the X-ray crystal structure yield a poor fit to the experimental data, giving
discrepancies, x? values, of 3.79 for a monomer and 1.44 for the dimer (Fig. 6a).
Although the fits of the monomer and the dimer structures to the pH 4.0 SAXS data are
poor, the fact that the calculated dimer scattering generates a better fit to the data than
the monomer may indicate that M-NDV at pH 4.0 exists as a mixture of different
oligomeric species in acidic solution that tends toward a dimeric state. Consequently,
to analyze the amount of these putative oligomeric forms at pH 4.0, we applied the
program OLIGOMER (31) using various combinations of symmetry-related oligomers
extracted from the high-resolution X-ray crystal structure of M-NDV in the PDB entry
4G1L (monomers, dimers, tetramers, hexamers, and octamers). The best fit to the
experimental data (x?> = 1.09) (Fig. 6b, curve 2) was obtained from a volume fraction-
weighted mixture of the crystallographic dimers (volume fraction w; = 0.82), tetramers
(w; = 0.09), and octamers (w; = 0.09). Associated volume fractions of monomers or
hexamers were not required to fit the SAXS data, suggesting a negligible influence of
these species on the measured SAXS intensities. The average molecular mass
(~120 kDa) evaluated by OLIGOMER of the M-NDV dimer-tetramer-octamer mixture is
similar to that estimated from the experimental /(0) and protein concentration as well
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FIG 6 (a) Comparison of the experimental scattering data from M-NDV at pH 4.0 (1) and the scattering curves calculated
from the X-ray crystal structures (PDB accession number 4G1L) of the M-NDV monomer (2) and M-NDV dimer (3). (b)
Analysis of the same experimental curve (1) in terms of a mixture of M-NDV X-ray crystallographic dimers, tetramers, and
octamers yielding a best-fit (2) that is derived predominantly from a volume fraction-weighed mixture of dimers (~82%)
with measurable levels of tetramers (~9%) and octamers (~9%). (c) Different assemblies of the M-NDV protein obtained
using the service PISA (protein interfaces, surfaces, and assemblies): dimer (1), tetramer (2), and octamer (3). The individual
NDV monomers in the dimer (1) are shown in different colors.

as the Porod volume (V,; ~175 to 185 nm?3) obtained from the experimental SAXS
profile. These results are in keeping with the observations made from the AUG; i.e., at
pH 4.0, the solution state of M-NDV predominantly consists of dimers, with trace levels
of higher-order oligomers in solution (Fig. 2a).

Shape analysis of the M-NDV self-assemblies at neutral pH. To assess the
structure of the aggregates formed at pH 7.0, the following procedure was adopted.
First, a distance distribution function, p(r), was calculated from the experimental data
using data at an sof >0.25nm~" (Fig. 7a, inset), that is, in the range where the
influence of large aggregates becomes negligible. These low-s data were analyzed
yielding the maximum size of about 9 nm with an R, of 3.4 nm = 0.1 nm that is similar
to the R, of the dimer-dominated mixture observed at pH 4.0. The calculated fit to the
SAXS data of the higher-angle p(r) was extrapolated to the zero angle (Fig. 7a, curve 2)
and then subtracted from the experimental data at pH 7.0 across the entire s range to
yield the difference SAXS profile dominated by the M-NDV aggregate scattering
contributions (Fig. 7b, curve 1). The resulting SAXS profile was used to reconstruct the
shape of the M-NDV clusters similar to the approach used in Shtykova et al. (32, 33).

For the bead model shape reconstruction, we used spherical as well as hollow-
elliptical and hollow-cylindrical shapes as initial search volumes. In all cases, helical-like
structures were obtained, but for the hollow-cylindrical search volume, the result of
reconstruction was more compact and symmetric (Fig. 7c). The parameters of the
cylindrical search volume were chosen in accordance with the parameters extracted
from the p(r) function calculated from the difference SAXS profile of the M-NDV clusters
(Fig. 7b, inset). The height of the cylinder, h, of 143 nm corresponds to the maximal size,
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FIG 7 Calculation of the scattering intensity contributions from M-NDV aggregates and their shape restoration. (a) The
experimental SAXS profile from 2.2 mg/ml M-NDV protein at neutral pH (1) and the modeled scattering intensities
back-transformed to zero-angle from the p(r) fit to the higher-angle data for an s of >0.25 nm~" (2). The inset shows the
corresponding distance distribution function, p(r), computed using GNOM from the experimental SAXS curve from the
M-NDV protein at neutral pH in the region of s > 0.25 nm~". (b) The resulting difference scattering pattern from the M-NDV
aggregates/clusters (1) and the subsequent p(r) fit to the SAXS data extrapolated to a zero scattering angle (2). The inset
shows the distance distribution function, p(r), computed using GNOM from the difference curve. (c) A reconstructed
dummy-atom bead model of the M-NDV clusters in two perpendicular orientations. The fit of the model to the SAXS data
(x> =1.36) is shown in panel b (3).

D, from the p(r). The outer diameter, d,,,,, of 60 nm is equal to a cross-section of the
shape while the inner diameter of the cylinder, d,,,,, of 46 nm was chosen so that the
cylinder wall thickness, calculated as (d,, — dinn)/2, of 7 nm is approximately equal to
the thickness of the macromolecule of the protein. The reconstructed model of the
large M-NDV clusters (Fig. 7c) appears to be characterized by a layered architecture,
where the walls of the cylindrical shape are filled unevenly, forming wide, empty spaces
between helical turns. The reconstructed model yields a reasonable fit to the scattering
contributions attributed to the M-NDV clusters extracted from the experimental SAXS
data (x? = 1.36).

Although we present a single model to represent the M-NDV clusters, it is probably
best not to view the model in isolation as the SAXS data indicate that mixtures of
oligomeric components are likely present in solution and that the self-association of
M-NDV is a dynamic process. Since Battisti et al. (19) revealed the NDV matrix layer as
a pseudotetrameric grid-like array, our next task was to model similar constructs based
on the structure of the protein (PDB entry 4G1L) and generate oligomers and helical
assemblies from the high-resolution structural units. Helical assemblies mimicking the
large NDV clusters were generated according to the following procedure. First, a
repeating unit consisting of three spatially separated tetramers according to the ab
initio model was positioned at the distance equal to the helix radius (R) of 25 nm from
the origin along the x axis toward the center of the macromolecule. Each subsequent
repeating unit was obtained from the previous one by rotation by angle « of 12
degrees about the Z-axis followed by the shift, Az, of 2.5nm along the Z-axis. The
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FIG 8 The construction of M-NDV oligomers and higher-order helical assembly models based on the
X-ray crystal structure unit cell and symmetry operators as well as previously determined pseudotetra-
meric grid-like arrays. (a) Dimer. (b) Tetramer. (c) Three spatially separated tetramers as repeating units
to construct a pseudotetrameric grid-like array. (d) Final helical structure compared to the corresponding
shape from ab initio modeling of the M-NDV helical clusters obtained from the SAXS data. The individual
NDV monomers are shown in different colors. (e) Reconstruction from the SAXS data dummy-atom bead
model of the M-NDV cluster.

corresponding helix pitch p is equal to 360°/(a/Az), or 75 nm. The replication procedure
was repeated N — 1 =9 times yielding (Na)/360° helical pitches (Fig. 8).

To analyze the amount of the possible oligomeric forms of the M-NDV protein in
solution, we performed OLIGOMER (31) analysis across the entire s-range of the pH 7.0
SAXS profile using the various oligomeric combinations of the high-resolution structure
of the protein in combination with the pseudotetrameric grid-like structure mimicking
large M-NDV helical clusters (Fig. 8e). The OLIGOMER program yields a good fit with a
x? value of 1.02 (Fig. 9) for an equilibrium mixture consisting of crystallographic dimers
(volume fraction w; = 0.81), octamers (volume fraction w; = 0.15), and trace amounts
of the large helical clusters (w; = 0.04). The results reflect those obtained for the
oligomeric species of M-NDV at pH 4.0, in that the main volume fraction occupied by
the M-NDV protein at neutral pH are dimers (w; about 0.82), consistent with the AUC
results which show a predominantly dimeric component in solution at neutral pH, with
an increase in the proportion of higher-order oligomers/assemblies compared to those
at pH 4.0 (Fig. 2).

Ig |, relative

FIG 9 OLIGOMER analysis of the M-NDV protein in solution at pH 7.0. Experimental SAXS data (1) and the
best fit to the experimental data (2) by an equilibrium mixture of crystallographic dimers (81%), tetramers
(15%), and large helical clusters (4%).
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DISCUSSION

We performed comprehensive structural analyses of the NDV matrix protein and
probed its propensity to spontaneously self-associate in solution and at the mica
surface as well as the effects of altering pH from neutral to acidic conditions on this
self-association and interactions with lipid membranes. The CD spectropolarimetry
analysis (Fig. 1) shows that the M-NDV solubilized from the intact virions has the
secondary structure in solution (in terms of percentage of a-helices) close to that
obtained from the X-ray crystal structure (PDB accession number 4G1L [19]) and that
the CD spectra of the protein at pH 4.0 and pH 7.0 almost coincide, indicating no
significant alteration to the protein secondary structure at acidic and neutral pHs.

Analytical ultracentrifugation indicates that the main structural unit of the M-NDV in
solution is a dimer (Fig. 2) that is consistent with SAXS and cryo-electron tomography
data (19). However, and unlike the matrix protein from influenza virus, M1 (33), we
observe that a measurable portion of the M-NDV protein self-associates into oligomers
even at acidic pH, where the majority of the protein is dimeric. Increasing the pH
increases the proportion of higher-molecular-weight oligomers and large self-associated
helical assembilies. In a neutral milieu these M-NDV dimers self-associate (octamers and
above), comprising ~20% by volume fraction of the protein molecules. This observa-
tion favors the hypothesis that a pH-triggered conformational change in the matrix
proteins of paramyxoviruses could occur through an electrostatic repulsion mechanism
for matrix disintegration (23), similar to M1 of influenza virus (29). Our AFM studies on
mica surfaces demonstrate that the M-NDV layer densities at both pH 4.0 and pH 7.0
(Fig. 3a and b) are close, in contrast to influenza M1 that forms a much sparser layer in
acidic medium (29, 32). The thickness of the M-NDV layer at the mica surface at pH 4.0
(2.5 nm £ 0.7 nm) is close to the size of crystal dimers (Rg = 2.56 nm) (19) (Fig. 3a) and
lower than that observed by SAXS (R; = 3.4nm * 0.2 nm), meaning that the layer in
this case is a dimer thick and rather uniform. At pH 7.0 the average thickness of the
layer was larger (3.4 nm = 0.6 nm), with M-NDV aggregates above the layer (Fig. 3b).
Both observations suggest that we have an increased amount of high-order oligomers,
as obtained by AUC and SAXS. While even at pH 4.0 we do not detect the significant
disassembly of the M-NDV layers at the mica surface, a change of pH from 7.0 to 4.0 led
to disappearance of the large protein aggregates above the dimer-thick layer. There-
fore, even though acidification reduces the oligomerization state of the M-NDV, elec-
trostatic repulsion between M-NDV dimers on decreasing the pH is insufficient by itself
for the complete disruption of the matrix layer. Therefore, we propose that hydropho-
bic interactions are the likely prevalent factor underpinning matrix layer organization
under conditions of both neutral and acidic pH. This is not to say that charge
interactions are unimportant as we do observe significant changes in the amount and
size of the protein self-associates at pH 7.0, suggesting an enhancing role of an acidic
environment in the dissociation of the M-NDV complexes. Such acidification that occurs
at endocytic pathway entry could actually promote the disintegration of the protein
scaffold to some extent and may be a cause of the observed diversity of virus entry
pathways, depending on the cell line (24).

The analysis of the M-NDV binding to the lipid bilayer (Fig. 4) showed that the
binding was reversible at both pH 4.0 and pH 7.0 with almost the same binding
constants: (4.4 £ 0.4) X10° M~ for pH 4.0 versus (4.9 = 0.2) X10° M~ for pH 7.0. The
values of binding constants were close to the binding constant of VP40 from another
representative of the Mononegavirales, Ebola virus (34), and some other peripheral
proteins (35, 36), but an order of magnitude lower than that for the matrix protein from
the influenza A virus (29). Cryoelectron tomography of NDV and influenza viruses
supports these results: only 10% of Newcastle disease virions have a visible matrix layer
(19) while for influenza virus the protein matrix beneath lipid membrane is detected in
90% of viral particles (37). The coincidence of M-NDV membrane binding properties
under neutral and acidic conditions indicates that the protein-membrane interactions
doubly change during the virus uncoating, even if it goes by the endocytic pathway,
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while the change in protein-protein interactions might be involved in the final disin-
tegration of the viral protein scaffold. It means that electrostatics contribute poorly to
the protein-lipid interactions, which is in line with the results of Faaberg and Peeples
(38) that the M-NDV interactions with the liposomes were independent of ionic
conditions. Otherwise, the change in protein net charge would influence the binding at
the membrane structure, as observed for the M1 protein of influenza A virus (29).

SAXS experiments support the AUC results in concluding that the main structural
unit of the M-NDV in solution is a dimer at both pH 4.0 and pH 7.0, and that increasing
the pH results in the formation of larger, higher-order M-NDV oligomers and assem-
blies. By combining X-ray crystallography and cryoelectron tomography, Battisti et al.
(19) showed that the matrix protein of Newcastle disease virus forms dimers that
assemble into pseudotetrameric arrays with the angle of 6° between neighboring
dimers to generate the membrane curvature for virus budding. Our results are consis-
tent with these observations in that the oligomerization of the M-NDV protein appears
to be an intrinsic biological property of the M-NDV protein that takes place even in
acidic medium, with the same order of oligomerization: dimer organizes into tetramer
and after that we have the helical array of repeating tetramers as a double-helix of
dimers (Fig. 8). The helical structures (Fig. 7c and 8) have a layered cylindrical archi-
tecture. Moreover, the walls of the cylindrical shape are filled unevenly: there are empty
spaces between the helical turns. This agrees with Battisti et al. (19) who revealed
mostly partial matrix layers in the tomographic representations of the NDV virions.
Moreover, the diameters of the helices obtained from our SAXS data (around 60 nm)
(Fig. 7c) are close to the diameter of elongated Newcastle disease virions observed by
Battisti et al. (19) by cryoelectron tomography. These structures formed in solution,
beyond the virion and without participation of the other viral components, supporting
the idea of an inherent property of M-NDV to self-oligomerize to form a curved viral
scaffold. By comparing M-NDV helices with self-assemblies of the M1 protein of
influenza A virus (32), we can say that the latter fill the search volume while the former
ones form hollow structures, located mainly along the walls of the hollow cylinder.
Most likely, such a difference in the scaffold structures can be explained by the
difference in the structures of the individual protein macromolecules. The low-
resolution structural models of influenza virus M1 built from the SAXS data reveal that
the protein is a structurally anisotropic monomer consisting of compact NM domains
and an extended and partially flexible C-terminal domain (32, 33) while SAXS data for
M-NDV indicate that the protein is predominantly a compact dimer in solution (19), in
agreement with the crystalline state.

Our results indicate that the main structural unit of the M-NDV is a dimer that has
an inherent property to oligomerize into tetramers, with these tetramers forming
protein helical oligomers at neutral pH resembling the size of filamentous M-NDV
virions. The geometry of the protein assemblies allows M-NDV to introduce the
membrane curvature necessary for budding of virus-like particles without other viral
proteins (12, 18). Although the membrane-binding propensity of the M-NDV protein
did not demonstrate any pH dependence, the protein oligomerization tendency does
decrease in an acidic milieu, meaning that endocytic pathways may facilitate NDV entry
into the host cell (24) through the acceleration of the matrix scaffold disintegration for
the nucleocapsid release.

MATERIALS AND METHODS

Newcastle disease virus preparation. NDV (LaSota 1427 strain) was propagated in 10-day-old
embryonic chicken eggs and purified by centrifugation through 20% (vol/vol) sucrose in STE buffer
(100 mM NacCl, 10 mM Tris-HCl, and 1 mM EDTA, pH 7.4) at 21,000 rpm for 90 min at 8 °C in an SW 27.1
rotor of a Beckman-Spinco L5-75 centrifuge, as described in Kordyukova et al. (39).

Isolation of the matrix protein. In Garcia-Sastre et al. (40) it is demonstrated that the isolation of
the M-NDV protein could be performed under high-ionic-strength conditions in a neutral milieu.
Nevertheless, we decided to change the protocol based on the results obtained for the isolation of the
influenza virus M1 protein (41). As for M-NDV (40), the matrix protein M1 of influenza A virus interacts
electrostatically (29, 32), implying the coordination of positive and negative charges on protein mole-
cules to form viral scaffold. Low-pH conditions will diminish all the negative charges on the protein

March 2019 Volume 93 Issue 6 e01450-18

Journal of Virology

jviasm.org 11


https://jvi.asm.org

Shtykova et al.

- F
e — NP
O —m—- - M

a b c

FIG 10 SDS-PAGE analysis of the protein samples. Lane a, matrix M protein isolated from purified
Newcastle disease virus (NDV) virions using acid solubilization protocol (41); lane b, isolated M protein
concentrated through 10,000-MWCO (Thermo Scientific) filters; lane ¢, purified NDV virions showing
major virus proteins (HN, hemagglutinin-neuraminidase; F, fusion glycoprotein; NP, nucleoprotein; M,
matrix protein).

surface, thus stabilizing the minimal possible protein unit in the solution (32). The benefit of such an
approach is the possibility to further study the self-assembly of the protein in physiological ionic
strength. Thus, we performed the isolation of the M-NDV protein by acid-dependent solubilization of the
viral envelope with the mild nonionic detergent NP-40 (Igepal) (Sigma, USA) in 50 mM MES and 100 mM
NaCl, pH 4.0 buffer. The isolated protein was dialyzed against the same buffer with Bio-Beads SM-2
Adsorbent (Bio-Rad, USA) for 18 h at 4°C using dialysis tubing cellulose membranes (14,000-molecular-
weight cutoff [MWCQ]) (Sigma, USA). The protein suspension/buffer ratio was 1:400 (vol/vol), and to
every 200 ug of M-NDV in the suspension we added 700 mg of Bio-Beads pretreated with methanol to
the buffer. The dialyzed protein was concentrated with the aid of Microcon membranes (Microcon
Ultracel YM-10; regenerated cellulose 10,000 MWCO) (Millipore, USA) at 10,000 rpm for 2 h at 4°C to a
final concentration up to 3 mg/ml. The purity of protein samples was determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (42) (Fig. 10), and the protein content in solution
was determined by quantitative amino acid analysis (Hitachi L-8800 analyzer).

The protein concentration was estimated using UV-visible light (UV-Vis) spectroscopy. The absorption
spectra in the 240- to 338-nm range were measured in cells with an optical path of 1 cm using a Hitachi
UV-2600 spectrophotometer. True absorption (E) spectra of light-scattering suspensions were calculated
by an extrapolation method, using the programs of Ksenofontov et al. (27). The spectral region of 320 to
338 nm was used for the extrapolation. We used the web service Sednterp (http://bitcwiki.sr.unh.edu) to
calculate extinction coefficients (E%1% .z, ...) of the studied proteins. To determine M-NDV concentration,
the coefficient E®1% o = 0.695 was employed.

CD spectroscopy. Circular dichroism (CD) spectra in the regions of 198 to 260 nm (far UV) were
recorded on a Chiroscan CD spectropolarimeter (Applied Photophysics, United Kingdom) in 2-mm optical
path length cuvettes. Protein concentrations of 0.05to 0.15 mg/ml in 50 MM MES and 100 mM NaCl
buffer, pH 4.0 and 7.0, were used for far-UV CD measurements. Far-UV spectra were calculated in
ellipticity (6) per mole of amino acids; the mean amino acid molecular weight was 110 Da. The spectra
were recorded at 0.5 to 1.0 nm/s. The measured spectra were smoothed with the instrument software.
Each point was measured for 1s. The a-helical content of the protein was determined using the
Greenfield-Fasman equation (43) and by the web service K2D2, which estimates protein secondary
structure from CD data (28).

Analytical ultracentrifugation (AUC) measurements and data analysis. Sedimentation velocity
experiments were performed on a Beckman E analytical ultracentrifuge (USA), equipped with a scanner
at a wavelength of 280 nm, at rotor speeds of 48,000 rpm at 20°C. The program SEDFIT (sedfit12p52) was
applied to model sedimentation profiles using the integrated Lamm equation solutions (44). Solvent
density, viscosity, and the specific partial volume of the M-NDV protein were calculated at 20°C by
SEDNTERP (https://www.spinanalytical.com/auc-software.php). Intrinsic sedimentation coefficients (s,,,,)
corrected to water at 20°C were calculated by SEDNTERP from the experimental s values obtained in the
appropriate solvent.

Scattering experiments and data analysis. Synchrotron small-angle X-ray scattering (SAXS) mea-
surements were performed at the European Molecular Biology Laboratory (EMBL) on the storage ring
PETRA Il (Deutsches Elektronen-Synchrotron [DESY], Hamburg) at the EMBL-P12 beam line equipped
with a robotic sample changer and a two-dimensional (2D) photon-counting pixel X-ray detector
(Pilatus-2M; Dectris, Switzerland). The scattering intensity, /(s), was recorded in the range of momentum
transfer, s, of 0.05 <s <4.5nm~", where s = (4msin6)/A, 26 is the scattering angle, and A = 0.124 nm is
the X-ray wavelength (45). The measurements were carried out in 100 mM NaCl and 50 mM MES buffer
at pH 4.0 and in the same buffer at pH 7.0, after titration by alkali (NaOH), at 10°C using continuous-flow
operation over a total exposure time of 15 collected as 20- by 50-ms individual frames to monitor for
potential radiation damage (no radiation effects were detected) (46). The data were corrected for the
solvent scattering and processed using standard procedures (47, 48), with additional data analysis
performed using the program PRIMUS (31). To account for interparticle interactions, we measured and
compared samples of M-NDV between 1.0 and 3.0 mg/ml. A weak concentration dependence was
observed and analyzed.

The values of the forward scattering and radii of gyration, R;, were calculated from the experimental
SAXS patterns using Guinier approximation:
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Tp(s) = 10)exp(— s’R}/3) (1)
which is valid in the range of sR, approximately of <1.3 (49). These parameters and the maximal
diameter of the particle, D,,,.,, were also computed from the distance distribution function p(r). The latter
was evaluated by the program GNOM (50) according to equation 2:

3

— 1 . d
p(r) = ﬁ{sﬂ(s)sm(sr) s Q)

The low-resolution shapes were reconstructed ab initio with DAMMIN (51) employing a dummy atom
(bead) model of the particle. Starting from a random assembly, the program utilizes simulated annealing

(SA) to build models fitting the experimental data, Iexp(s), with minimal discrepancy:
1 Too(s;) — cI 1(5-):|2
2 exp\Yj calc\”j 3
X N - 1; |: c(sj) 3

where N is the number of experimental points, ¢ is the scaling factor, and I(a,((sj) and o(sj) are the
calculated intensity from the model and the experimental error at the momentum transfer, s, respec-
tively.

Molecular weight of the M-NDV protein was calculated from the SAXS data using the value of /(0)
combined with protein concentration relative to a bovine serum albumin standard (52) as well as from
the concentration-independent excluded Porod volume (Vp) (53).

Multiple ab initio reconstructions were performed to obtain consistent models. The DAMMIN outputs
were analyzed using programs SUPCOMB (54) and DAMAVER (55) to identify the most typical models. To
analyze the amounts of different associates in the M-NDV solutions, we used the program OLIGOMER
(31). Given the scattering intensities of components in a mixture, /,(s), the program fits the experimental
scattering curve by their linear combination to determine their fractions, w,. The equation

1(s) = 2 (w; X I(s)) (4)
is solved with respect to w; by nonnegative least squares to minimize the discrepancy between the
experimental and calculated scattering curves. The program CRYSOL (56) was used to calculate the
scattering from the crystal structure of the M-NDV protein (PDB entry 4G1L) (19) and from its different
associates (dimers, tetramers, etc.) in solution.

Different assemblies of the M-NDV protein for SAXS-based modeling were obtained using the service
PISA (protein interfaces, surfaces, and assemblies) (57) at the European Bioinformatics Institute (http://
www.ebi.ac.uk/pdbe/prot_int/pistart.html). The crystal structure of the paramyxovirus matrix protein,
PDB accession number 4G1L (19), was employed for the crystallographic interface analysis.

Docking procedure. To model the M-NDV macromolecular assemblies, rigid-body docking simula-
tions were conducted using the ZDOCK server (58). High-resolution structures of the M-NDV dimer
obtained from the X-ray crystal structures (PDB entry 4G1L [19]) were docked against the same dimer.
The top 10 models predicted by ZDOCK were visually analyzed and compared with the similar models
obtained by PISA to choose the most consistent M-NDV oligomers to include in the further analysis.

AFM. Structures formed by M-NDV protein upon adsorption were studied on a Multimode Nano-
scope IV setup (Veeco Digital Instruments, USA) equipped with a J-type scanner and electrochemical fluid
cell. All experiments were carried out in tapping mode at room temperature in working buffer solution
(100 mM NaCl, 50 mM MES, pH 4.0 or 7.0). For scanning, SiN, cantilevers were used with a nominal spring
constant of 0.06 N/m (type SNL; Bruker, USA) with a tip radius of approximately 2 nm. After half an hour
of adsorption at room temperature, the sample was placed into the atomic force microscope (AFM) cell
filled with working buffer solution, and scanning commenced. Image processing was made with WSxM
software (59).

IFC. Intramembrane field compensation (IFC) measurements of M-NDV adsorption and desorption
were performed as described in Batishchev et al. (29). In brief, freestanding planar bilayer lipid mem-
branes (BLM) were formed by the Mueller-Rudin technique (60) at the small aperture (diameter of
0.8 mm) in a septum dividing two 500-ul chambers of a Teflon cell. The chambers were filled with a
working buffer solution of 20 mM KCl, 0.1 mM EDTA, and 5 mM sodium citrate at pH 4.0 or 7.0. The BLM
were made from a solution of 30 mol% of diphytanoylphosphatidylserine (DPhPS) and 70 mol% of
diphytanoylphosphatidylcholine (DPhPC) (Avanti Polar Lipids, USA) in decane (Sigma, USA) with a total
lipid concentration of 15 mg/ml. The adsorption of M-NDV protein on the one side of the BLM changed
the difference of boundary potentials across the lipid bilayer, Ag,, which was measured using the IFC
technique (61). The washing of the protein from the cell was performed by perfusion with protein-free
buffer solution using a peristaltic pump (LKB, Sweden). To obtain the adsorption isotherm, the protein
was added stepwise to change the final bulk concentration in 50 nM steps, from 50 nM to 600 nM. Each
point on the isotherm corresponds to a stationary level for the given concentration, averaged over three
independent experiments. Although the theory of the IFC method can explain in detail only the
adsorption of small molecules, it has been demonstrated that reliable results can be obtained for large
protein molecules (62-64), assuming that the measured potential difference, Ag,, is directly proportional
to the amount of the protein adsorbed per unit area of the membrane. Recently, we have shown that
the same approach was used successfully for the analysis of influenza virus M1 protein binding to lipid
membranes (29).
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