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Evidence for an interaction of the membrane (M) protein of Newcastle disease
and Sendai viruses with cellular actin was obtained by three different techniques.
M protein linked to Sepharose 4B was found to bind actin, but not myoglobin or
bovine serum albumin, and to selectively remove actin from a mixture of these
three proteins. Sedimentation of a mixture of M protein and F-actin through a

sucrose gradient resulted in sedimentation of M protein with actin. Control
proteins, bovine serum albumin and cytochrome c, did not sediment with actin. In
circular dichroism studies, M protein added to actin in a 1:1 complex resulted in a
significant increase in negative ellipticity at 220 nm, which corresponds to an
increase in a-helix and a decrease in a-structure and random coil. This is
indicative of an interaction between M protein and actin. It is possible that the
frequent identification of cellular actin in a number of enveloped viruses may be
attributed to the interaction of actin and M protein or its equivalent.

Cellular actin has been identified in many
enveloped viruses (7, 13, 17, 23, 24). Initially,
actin was thought to be a cellular contaminant;
however, Tyrrell and Norrby have demonstrat-
ed that actin is an internal component of measles
virus (23). The function of actin in these viruses
remains unclear, although several roles have
been postulated. Actin filaments are involved in
the control of movement of measles virus enve-
lope proteins on the surface of infected cells (5,
6). In addition, Damsky et al. (4) have suggested
that actin interacts with virus nucleocapsids for
the extrusion of murine mammary tumor virus
from infected cells. Subsequently, Tyrrell and
Ehrnst (22) used monospecific antisera to nu-
cleocapsid and membrane (M) proteins to show
cocapping of these proteins with the capping of
surface viral glycoproteins in cells persistently
infected with measles virus. The communication
between the viral components on the cell surface
and the intracellular nucleocapsids appeared to
be mediated by actin filaments. However, Grif-
fin and Compans (10) did not find any evidence
for the involvement of the cellular cytoskeleton
in the maturation of vesicular stomatitis virus or
influenza virus. We present biochemical evi-
dence for an interaction of the M protein of
Newcastle disease virus (NDV) or Sendai virus
and cellular actin. The interaction between M
protein and actin could account for the presence
of actin in these viruses and may be of impor-
tance in the assembly and budding process of
these enveloped viruses.

MATERIALS AND METHODS

Preparation of actin. Actin was prepared from fro-
zen rabbit muscle by the method of Spudich and Watt
(20).

Production and purification of virus. Ten-day-old
chicken embryonated eggs were injected with 0.2 ml of
infectious material containing approximately 100 PFU
of Sendai virus or NDV. After 72 h at 37°C, the
allantoic fluid was collected and clarified by centrifu-
gation at 2,000 x g for 10 min. Virus was pelleted at
27,000 x g for 1 h, suspended with sonication in 0.01
M sodium phosphate buffer (pH 7.2), and layered on a
discontinuous 20 to 50%o sucrose gradient. After cen-
trifugation at 52,000 x g for 1 h, the virus band was
collected from the 20 to 50%o sucrose interface and
dialyzed against 0.01 M sodium phosphate buffer (pH
7.2). Purity was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on 10
or 15% slab gels by the method of Laemmli (12).

Isolation of M protein. M protein was isolated from
purified NDV or Sendai virus by the method of Scheid
and Choppin (19). Virus (2 mg/ml) was disrupted with
2% Triton X-100 in 1 M KCl4.01 M sodium phosphate
(pH 7.5), and insoluble proteins were removed by
centrifugation at 10,000 x g for 20 min. The M protein
was precipitated by dialysis against low-salt buffer
(0.01 M sodium phosphate). The purity of each prepa-
ration ofM protein was analyzed by SDS-PAGE on 10
or 15% slab gels stained with Coomassie blue.

Affinity chromatography. NDV or Sendai virus M
protein (0.5 mg) was covalently linked to 2 g of CNBr-
activated Sepharose 4B (Pharmacia Fine Chemicals,
Inc.). Columns (3 ml) were prepared with these beads,
equilibrated in 0.14 M NaCl-0.02 M sodium phosphate
(pH 7.4; PBS), and washed with cytochrome c (10 mg
in 1 ml) to prevent nonspecific adsorption of labeled
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proteins. Actin, bovine serum albumin (BSA), and
myoglobin were radiolabeled with "25I by the lactoper-
oxidase method of Thorell and Johansson (21). Specif-
ic details of the procedures used in each affinity
chromatography experiment are given below.

Co-sedimentation in sucrose gradients. Actin, M pro-
tein, and control proteins (BSA, fibrinogen, and cyto-
chrome c) were sedimented, alone or mixed with
another protein, through sucrose gradients. Mixtures
of two proteins were prepared as follows. For mix-
tures containing actin, 0.5 mg of G-actin in G-actin
buffer (2.5 mM Tris, 0.2 mM CaCl2, 0.5 M ATP, pH
8.0) was polymerized by the addition of KCI to 0.5 M.
After 10 min at 22°C, an equal volume of 0.01 M
sodium phosphate buffer containing M protein or
control protein (0.1 to 5 mg) was added. The final
volume of each mixture was 0.5 ml. After a further 10
min of incubation at 22°C, the sample was layered on a
continuous gradient of 2 to 20% sucrose in 0.25 M
KCl-0.01 M sodium phosphate buffer (pH 7.2). For
samples not containing actin, proteins were incubated
for 10 min at 22°C in a buffer made up of equal parts of
0.01 M sodium phosphate (pH 7.2) and G-actin buffer
containing 0.5 M KCI before being layered on a
gradient. Gradients were centrifuged at 80,000 x g for
2 h in an SW40 rotor, and 11 equal-volume fractions
were collected from below. Any material which had
pelleted to the bottom of the tube was also collected.
Proteins were precipitated by the addition of 0.25
volume of 50% trichloroacetic acid for identification
by SDS-PAGE on 10% gels stained with Coomassie
blue.
CD studies. The circular dichroism (CD) spectra

were measured by the method of Oikawa et al. (16) at
27°C on a Cary 60 recording spectropolarimeter with
an attached 6001 CD accessory, using 0.05-cm cells.
The far-UV CD spectra of Sendai virus M protein,
actin, and a 1:1 mixture ofM protein and F-actin were
determined. The theoretical spectrum of the complex
of the 1:1 mixture, assuming no interprotein interac-
tion, was calculated (1). Control CD spectra with
actin, BSA, and a 1:1 mixture ofBSA and F-actin were
measured, and the theoretical spectrum of the com-
plex, assuming no interprotein interaction, was calcu-
lated. The solvent system used in recording the M
protein-F-actin spectra was 0.75 M KCl-2.5 M Tris-
0.2 mM CaCl2-0.5 mM ATP at pH 7.0. The same
solvent system was used for the BSA-F-actin spectra
except that the KCI was 0.25 M. The higher KCI
concentration was used in the M-protein preparations
to maintain M protein in a soluble form.

RESULTS
Protein preparations. Actin isolated from rab-

bit muscle and M protein isolated from purified
NDV and Sendai virus were assayed for purity
by SDS-PAGE. Only preparations that gave a
single major band for M protein or a single band
for actin, as shown in Fig. 1, were used in the
experiments described.

Analysis of interaction by affinity chromatogra-
phy. Affinity columns were prepared with NDV
M protein bound to Sepharose 4B. Actin (5 ,ug,
7.7 x 105 cpm of 1251), BSA (2 ,ug, 1.2 x 106 cpm

d e

HN

NP

W.

FIG. 1. Analysis of isolated proteins by SDS-
PAGE in 10o gels (a and b) and 15% gels (c, d, and e).
Gels were stained with Coomassie blue. (a) NDV; (b)
M protein from NDV; (c) M protein from Sendai virus;
(d) Sendai virus; (e) actin from rabbit muscle. HN,
Hemagglutinin; NP, nucleocapsid protein.

of 1251), and myoglobin (3.4 ,ug, 4 x 106 cpm of
1251) were passed through separate columns with
PBS as the eluant. The amounts of each protein
applied to and eluted from the column were
measured in a liquid scintillation counter. Ap-
proximately 80% (mean of five experiments) of
the 125I-labeled actin bound to the column,
whereas retention of labeled BSA or myoglobin
was less than or equal to 10% (similar to reten-
tion of 2 to 10% of these proteins on Sepharose
4B without M protein). In three experiments,
further elution with 2 M KCI released an average
of 25% of the bound actin, and subsequent
elution with 8 M urea released an additional
50%.
These results were confirmed using columns

of Sendai virus M protein linked to Sepharose
4B. A mixture of the three labeled proteins in the
same quantities as above was passed through a
column in PBS, and the proteins in the eluate
were identified by SDS-PAGE followed by auto-
radiography. Actin was selectively decreased in
the eluate (Fig. 2b). The actin remaining in the
column could be partially eluted with 2 M KCI
(Fig. 2c).

Further evidence for the specificity of the
binding was obtained by passing I-labeled
actin through columns of cytochrome c or myo-
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FIG. 2. PAGE of proteins applied to and eluted
from an affinity column of Sendai virus M protein
linked to Sepharose 4B. A mixture of BSA, actin (A),
and myoglobin (My), all labeled with 1III, was pre-
pared in PBS and loaded onto a 3-ml column. Proteins
were eluted with 10 ml of PBS and 10 ml of 2 M KCI,
sequentially. Proteins in the original mixture (a), in the
PBS eluate (b), and in the 2 M KCl eluate (c) were
identified by SDS-PAGE on a 10%o gel followed by
autoradiography.

globin covalently linked to Sepharose 4B. The
same procedures were used as described for M
protein-Sepharose 4B columns. Binding of 125I-
labeled actin was not enhanced by the addition
of either of these proteins to Sepharose 4B.

Analysis of interaction by sedimentation
through sucrose gradients. M protein, under the
conditions of centrifugation described above,
was found only in the top three or four fractions
of a 2 to 20% sucrose gradient (Fig. 3A, B, and
C). In occasional experiments (as in Fig. 3C) a
pellet of insoluble M protein appeared at the
bottom of the gradient as well, even though the
gradients contained 0.25 M KCl to keep the M
protein in solution. At this salt concentration, G-
actin is converted to F-actin polymers of differ-
ent sizes, which accounts for the distribution of
actin throughout the gradient after centrifuga-
tion (Fig. 3D, E, and F).
When a mixture of actin and M protein was

sedimented through the gradient, M protein was
found to be present with actin in each fraction
throughout the gradient. The sedimentation pro-
files of control proteins BSA and cytochrome c
were not altered by the presence of actin, nor
did M protein alter the sedimentation of BSA or
fibrinogen. In the latter case, even the pelleting
of some of the M protein failed to result in any
co-sedimentation of fibrinogen (Fig. 3C).

Analysis of interaction by CD. Additional evi-
dence for the interaction between M protein and
actin is shown in Fig. 4 and Table 1. Figure 4a
illustrates the far-UV CD spectra of M protein,
F-actin, and a 1:1 complex of M protein and F-
actin. This latter spectrum is decidedly more
negative than a theoretical spectrum calculated
on the basis of a 1:1 mixture of the two proteins
in which there is no interaction. Calculations to
convert ellipticity data into conformational pa-
rameters, viz., the amounts of a-helix, P-form,
and random coil, for the various protein systems
studied were done by the method of Chen et al.
(2) and are summarized in Table 1.
An analysis of the CD data indicates that M

protein contains very little secondary structure,
viz., 11% a-helix, 19% ,B-pleated sheet, and 70%
random coil. The corresponding amounts of the
various conformational forms present in both F-
actin and BSA compare favorably with those
published for these proteins in other investiga-
tions (9, 15). The reproducibility of all spectra
was within ±500° for wavelengths of greater
than 210 nm.
The addition of M protein to F-actin in a 1:1

complex resulted in an increase in negative

TABLE 1. Actin-M protein interaction as measured
by CD

Proportion of confor-
Protein -01]220 mational form

Hb BC RCd

M protein 3,620 0.111 0.188 0.701
F-actin 11,455 0.356 0.201 0.443
M protein-F-actin 9,200 0.288 0.185 0.527
complex (1:1)

M protein-F-actin 8,342 0.260 0.1% 0.546
complex (1:1)'

BSA 14,500 0.473 0.193 0.328
F-actin 10,600 0.317 0.250 0.330
BSA-F-actin com- 12,500 0.398 0.214 0.338

plex (1:1)
BSA-F-actin com- 13,000 0.397 0.215 0.338

plex (1:1)f
BSA 14,472 0.479 0.218 0.303
M protein 3,620 0.111 0.188 0.701
M protein-BSA 10,708 0.354 0.189 0.467
complex (1:1)

M protein-BSA 11,104 0.364 0.209 0.437
complex (1:1)
a Limits of error, ±5000.
b H, a-Helix. A 1% difference in H corresponds to a

difference in ellipticity of approximately 3000.
c B, 1-Form.
d RC, Random coil.
' A theoretical spectrum for a 1:1 mixture of M

protein and F-actin.
f A theoretical spectrum for a 1:1 mixture of BSA

and F-actin.
g A theoretical spectrum for a 1:1 mixture of M

protein and BSA.
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FIG. 3. Distribution of proteins after centrifugation through continuous 2 to 20%o sucrose gradients. (A) NDV
M protein alone; (B) NDV M protein and BSA; (C) NDV M protein and fibrinogen; (D) NDV M protein and
actin; (E) BSA and actin; (F) cytochrome c and actin. In each case, proteins were mixed before being layered on
the gradient. The sedimentation behavior of each individual protein in a mixture was analyzed by SDS-PAGE of
the trichloroacetic acid-precipitable material in each gradient fraction, as well as any material which had pelleted
to the bottom of the centrifuge tube (lane 1). Protein in successive fractions from the bottom to the top of the
gradient was run in lanes 2 to 12, respectively. Gels were stained with Coomassie blue.

ellipticity at 220 nm of 8180, relative to the
theoretical spectrum calculated on the basis of
no interprotein interaction. This value reflects
an increase in ot-helix of approximately 3%, with
associated decreases of 1 and 2% in ,-structure
and random coil, respectively. Clearly, there is
an interaction between these two proteins which
is particularly notable in view of the high ionic
strength (0.75 M) of the medium. On the other
hand, a control experiment consisting of a 1:1
mixture of BSA and F-actin resulted in a
A[0]220 nm value of 500° when compared with a
theoretical spectrum of the two proteins, con-
structed on the assumption of no interaction
(Fig. 4b). This difference is just within the range
of experimental error and results in no apparent
variation among the three conformational forms
evaluated from the respective experimental and
calculated spectra. A 1:1 mixture of BSA and M
protein also reveals no interaction since the
A10]220 nm is 3960, which is within the experimen-
tal error of the system.

DISCUSSION
In this study we used three methods to dem-

onstrate an interaction between the M protein of

two paramyxoviruses and cellular actin. Affinity
chromatography studies showed an ability of M
protein attached to Sepharose 4B to selectively
bind actin. The ability of M protein to interact
with actin was confirmed in the CD and co-
sedimentation studies. The strength of this inter-
action is particularly notable since, to maintain
M protein in a soluble form, the association
between the two proteins was measured in solu-
tions of relatively high ionic strength (0.75 M
NaCl for the CD and 0.25 M NaCl for the co-
sedimentation experiments). It is quite possible
that the strength of the interaction would be
found to vary with salt concentration, as does
the interaction of actin with a muscle protein
such as troponin (11).
During the assembly of paramyxoviruses, nu-

cleocapsids become aligned beneath areas of the
plasma membrane rich with viral envelope pro-
teins (3). Once in this position, the nucleocap-
sids are enveloped by the altered cell membrane.
Previous studies have indicated that the pres-
ence ofM protein is rate limiting in viral assem-
bly and budding (13, 14, 18, 26). Studies by
Yoshida et al., using a temperature-sensitive
mutant of Sendai virus, have clearly demonstrat-
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40
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FIG. 4. Far-UV CD spectra of: (a) Sendai M pro-
tein (- -), F-actin ( ,a 1:1 mixture of M
protein and F-actin (------), and a theoretical spectrum
of the complex, assuming no interprotein interaction
(... ); (b) F-actin ( ,BSA (- - -), a 1:1 mixture
of BSA and F-actin (------), and a theoretical spectrum
of the complex, assuming no interprotein interactin
(.* ). The solvent system used in recording the M
protein-F-actin spectra was 0.75 M KCI-0.075 M
phosphate buffer at pH 7.0, whereas the BSA-F-actin
spectra were effected in a medium of 0.25 M KCI-2.5
mM Tris0.2 mM CaCIz-0.5 mM ATP at pH 8.0.

ed the role of M protein in the association of
nucleocapsids with plasma membranes (25). The
importance of actin in viral assembly has not
been established. We previously presented evi-
dence for a possible role of actin filaments in the
movement of nucleocapsids to the site of bud-
ding (22). These studies were done using a
temperature-sensitive mutant of measles virus in
a fibroblastic cell line. However, Griffin and
Compans have presented evidence that the cy-
toskeleton is not involved in the maturation of
vesicular stomatitis or influenza virus (10).
Genty and Bussereau also concluded that the
cytoskeleton is not required for vesicular stoma-
titis virus production, but did suggest that newly
synthesized viral proteins, upon insertion into
the host cell plasma membrane, induce a depoly-
merization of actin filaments (8). Although a
strong association of viral M protein and cellular
actin may account for the frequent identification
of actin in enveloped viruses, further study is
required to elucidate the possible role of this
actin in the assembly of these virions.
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