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ABSTRACT Paramyxoviruses rely on the matrix (M) protein to orchestrate viral as-
sembly and budding at the plasma membrane. Although the mechanistic details re-
main largely unknown, structural data suggested that M dimers and/or higher-order
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ious denaturing conditions, revealed that all 6A-block mutants were impaired in self-
assembly and cell periphery accumulation. These phenotypes correlated with defi-
ciencies in relocating CDV nucleocapsid proteins to the cell periphery and in virus-like
particle (VLP) production. Conversely, all M-N138 mutants remained capable of self-
assembly, though to various extents, which correlated with proper accumulation and re-
distribution of nucleocapsid proteins at the plasma membrane. However, membrane de-
formation and VLP assays indicated that the M-N138 variants exhibiting the most
reduced dimerization propensity were also defective in triggering membrane remodel-
ing and budding, despite proper plasma membrane accumulation. Overall, our data pro-
vide mechanistic evidence that the efficiency of CDV M dimerization/oligomerization
governs both cell periphery localization and membrane-budding activity.

IMPORTANCE Despite the availability of effective vaccines, both measles virus (MeV)
and canine distemper virus (CDV) still lead to significant human and animal mortal-
ity worldwide. It is assumed that postexposure prophylaxis with specific antiviral
compounds may synergize with vaccination campaigns to better control ongoing
epidemics. Targeting the matrix (M) protein of MeV/CDV is attractive, because M co-
ordinates viral assembly and egress through interaction with multiple cellular and vi-
ral components. However, the lack of basic molecular knowledge of how M orches-
trates these functions precludes the rational design of antivirals. Here we combined
structure-guided mutagenesis with cellular, biochemical, and functional assays to in-
vestigate a potential correlation between CDV M self-assembly and virus-like particle
(VLP) formation. Altogether, our findings provide evidence that stable M dimers at
the cell periphery are required to productively trigger VLPs. Such stabilized M di-
meric units may facilitate further assembly into robust higher-order oligomers neces-
sary to promote plasma membrane-budding activity.
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he Morbillivirus genus, a group of enveloped, nonsegmented, single-stranded,

negative-sense RNA viruses belonging to the Paramyxoviridae family, consists of
several viruses, including measles virus (MeV), canine distemper virus (CDV), and
rinderpest virus (1). The genomes of morbilliviruses consist of six tandemly linked
transcription units encoding six structural and two accessory proteins: nucleocapsid (N),
phosphoprotein (P), matrix (M), fusion (F), attachment (H), polymerase (L), and the V
and C proteins (2). While N encapsidates the viral RNA genome, P and L (forming the
viral RNA-dependent RNA polymerase complex) associate with the N-RNA complex,
thereby constituting the minimal virus infectious unit, the ribonucleoprotein complex
(RNP). Morbillivirus particles additionally carry two interacting surface glycoproteins
(H and F) anchored in the lipidic envelope, which are strictly required for cell entry
and spread. H recognizes specific entry receptors present on the host cell surface and
initiates the membrane fusion process for cell entry and spread by activating the
associated F protein at the right place and time (3-14). In turn, the activated F protein
dramatically refolds in a process that is linked to the merging of the viral envelope with
the host cell plasma membrane. Consequently, a fusion pore is formed, which enables
injection of the RNP into the host cell cytoplasm (12, 15). C and V are involved in RNA
synthesis and in counteracting the antiviral cell response (16).

M plays a major role in the assembly and budding of viral particles. M acts as an
intermediate between the RNP and the surface glycoproteins by interaction of M with
the C-terminal end of N and the cytoplasmic tails of H and F, thereby serving as the
major viral component orchestrating the viral particle assembly process (17-24). More-
over, RNP accumulation at the cell periphery depends on stable expression of M and
the ensuing proper N-M interaction, which likely results in relocating N (and thus the
RNP) to viral budding platforms (25). Moreover, by interacting with the viral glycopro-
teins, M can contribute not only to the regulation of particle assembly but also to the
process of membrane fusion. Indeed, M also controls viral lateral spread by down-
regulating the membrane fusion process, which is mediated by F, H, and a receptor
expressed on neighboring contacting cells (20, 22, 26). The budding and assembly
processes are additionally regulated by M interaction with cellular actin filaments,
although through discrete molecular mechanisms depending on the viral strain studied
(21, 27-29). Indeed, Wakimoto and colleagues recently demonstrated that actin mol-
ecules can specifically hamper M interaction with the cytoplasmic tail of H and that this
regulation relies on a single residue of the MeV M protein (M-F50) (21).

Furthermore, the M proteins of MeV and several other members of the Paramyxo-
viridae and Pneumoviridae families are endowed with the ability to drive the formation
of virus-like particles (VLPs) in the presence or absence of other viral components (25,
30-37). The inherent budding capacity relies on different properties: M can associate
with cellular membranes (25, 38-41) and, more specifically for some paramyxoviruses,
with detergent-resistant membrane domains that may act as virus budding platforms
(40, 42-45). It has also been reported that M carries specific domains, the so-called L
domains, that contribute to M’s budding function by recruiting elements of the
endosomal sorting complex required for transport (ESCRT) in order to efficiently
complete virus particle release by promoting the membrane fission process (46). In
addition, upon de novo synthesis in the cytoplasm, M accumulates at the cell periphery
and is believed to trigger the formation of membrane protrusions, which may precede
the final budding and cell exit processes (21, 25, 26, 28, 38, 40, 47-49). Remarkably, it
was recently reported that the matrix protein of Nipah virus could additionally bind to
the E3-ubiquitin ligase TRIM6, thereby contributing to the inhibition of the type |
interferon antiviral response (50).

There is no clear evidence that the morbillivirus M protein can transiently traffic
through the nucleus, as opposed to those of many other paramyxoviruses and pneu-
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moviruses, including Nipah and Hendra viruses, respiratory syncytial virus (RSV), Sendai
virus, and mumps virus (35, 51-57). In addition, the morbillivirus particle scission
process seems to occur in an ESCRT-independent manner, in contrast to those of some
other members of the Mononegavirales (e.g., Ebola virus and vesicular stomatitis virus)
and other paramyxoviruses (e.g., parainfluenza virus type 5, Newcastle disease virus
[NDV], and mumps virus) (37, 43, 58-60). Finally, inherent functions of M may rely on
its capacity to self-assemble (19, 25, 42).

No structural data for any morbillivirus M protein are currently available. However,
high-resolution atomic structures were determined for the M proteins of the related
viruses NDV, human metapneumovirus, and RSV. Strikingly, these crystallographic
studies illustrated high structural conservation: (i) the M protomer is composed of
amino-terminal and carboxyl-terminal domains (NTD and CTD, respectively) that are
linked by a putative flexible linker, and (ii) two protomers assemble into dimers in an
antiparallel “head-to-tail” fashion through a large dimeric binding interface (Fig. 1A)
(61-63). Additional electron microscopy (EM) analyses revealed that M can form curved
higher-order oligomeric arrays upon free lipid treatment or upon membrane associa-
tion within the viral particle (61, 62, 64). Both the NTD and the CTD were proposed to
contribute to the formation of higher-order oligomers, putatively through two surface-
exposed a-helices (namely, «2 in NTD and a9 in CTD) located on opposite sides of the
dimeric binding interface (Fig. 1B and C). Interestingly, it has been hypothesized that
the angle generated between two M dimers (at dimer-dimer interfaces) may contribute
to the induction of the membrane curvature required for viral budding (Fig. 1D).
Interestingly, EM data on MeV particles highlighted an alternative supramolecular
organization in which M proteins formed helices coating the helical RNP rather than
coating the inner leaflet of the membrane (65).

In the present study, we aimed to gain mechanistic insights into the discrete
inherent functions of CDV M that are required to achieve proper membrane-budding
activity. Based on a homology model, we conducted a structure-guided mutagenesis
approach which targeted residues located at critical putative oligomeric positions. The
panel of derived M mutants was then subjected to a series of newly developed
biochemical, cellular, and functional analyses. Our findings indicate that stable CDV M
dimers are essential for triggering plasma membrane deformation and ensuing virus-
like particle formation.

RESULTS

Cell periphery accumulation is preserved by single M-N138 mutants. While
several studies have demonstrated the key role of the morbillivirus M protein in
regulating particle assembly, budding, and cell-cell fusion, our current knowledge on
how M mechanistically proceeds to sustain these functions remains very limited. Here
we aimed to shed the first light on the inherent mechanisms of M underlying viral
budding and cell exit. A summary of the properties discovered in this study is provided
in Table 1.

To gain functional insights, we initially employed a comprehensive structure-guided
mutagenesis approach to investigate putative correlations between the CDV M pro-
tein’s self-assembly properties and membrane-budding activity. We thus generated a
structural homology model based on the atomic coordinates of the related NDV M
protein dimer. In the model, each CDV M protomer comprises an N- and a C-terminal
domain (NTD and CTD, respectively) connected via a linker region. Two protomers
interact in an antiparallel manner over a large dimeric interface (Fig. 1A). To potentially
disrupt M dimers, we focused on the core of the dimeric interface by mutating the
asparagine (N) at position 138 into several charged (glutamate [E] and arginine [R]),
hydrophobic (methionine [M]), aromatic and hydrophobic (phenylalanine [F]), or small
hydrophobic (alanine [A]) residues. Additionally, three mutants with strategically lo-
cated six-alanine-block (6A-block) mutations were designed. The first one includes
residues potentially residing at the protomer-protomer interface (SVFSAN, 55). The other
two display amino acids potentially residing within or close to «2 (ARPEEL,,) and a9
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FIG 1 Structural model of CDV M and derived putative oligomeric structures. (A) NDV M-based (PDB code 4G1G) structural
homology model of a CDV M dimer. The three major domains of both protomers are colored green (NTD), pink (linker), and
red (CTD). CDV M residue N138 is represented with green sticks, and surface-exposed helices suggested to be involved in
dimer-dimer interactions are labeled. The protomer-protomer binding interface is depicted with a dashed black line. (B)
Putative M dimer-dimer association. Surface-represented M dimeric units (dashed-line boxes) were manually assembled into
putative higher-order oligomeric structures (61, 62). The three regions targeted for 6-alanine-block mutagenesis are repre-
sented by spheres and colored blue (ARPEEL), pink (IEKMGL), and green (SVFSAN). Asparagine 138 is shown in red, and the
dimeric binding interface is represented by a dashed black line. (C) Manual assembly of M dimers in higher-order oligomers.
(D) One-directional representation of M-mediated membrane curvature. M dimers were manually assembled with an angle at
the dimer-dimer binding interface, forming curved oligomers (61, 63). (E) Sequence alignment of M proteins of various
paramyxoviruses. At the top is a schematic representation of the M protein’s main domains and encompassed regions targeted
for mutagenesis (highlighted either in white or with a red bar). Accession numbers (GenBank or NCBI) for the virus sequences
are as follows: CDV A75/17 (CDV A75), AAD49701; CDV Snyder Hill (CDV SH) (68), AFC40215; CDV Onderstepoort (CDV OP),
NP_047204; phocine distemper virus (PDV), AGL33552; MeV IC-B (MeV ICB), BAM36454; MeV genotype B3, an SSPE strain (MeV
SSPE), ALL29057; rinderpest virus (RPV), CAA53779; cetacean morbillivirus (CeMV), AEO51054; peste-des-petits-ruminants virus
(PPRV), ACQ44669; Nipah virus (NiV), NP_112025; Newcastle disease virus (NDV), AEZ36128; and human parainfluenza virus 5
(hPIV5), ABC75775. The stars represent amino acids conserved throughout members of the subfamily. Amino acids differing
from the reference CDV M sequence (strain A75/17) are shown in gray boxes.
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TABLE 1 Summary of properties of M-wt and its derivative mutants

Score or presence of phenotype?

Phenotype M-wt?  ARPEELy,¢ IEKMGL,,¢ SVFSAN,;s¢ M-N138F¢ M-N138A9 M-N138 MY M-N138RY M-N138E“
Expression level 4+ 2+ 3+ 2+ 2+ 3+ 2+ 3+ 3+
Cell periphery accumulation  Yes No No No Yes Yes Yes Yes Yes
Dimeric propensity 4+ NA NA NA 3+ 3+ 3+ 4+ 3+
M-M avidity of interaction

colP1 4+ 1+ 1+ 1+ 3+ 3+ 3+ 2+ 1+

colP2 4+ 1+ T+ 1+ 3+ 3+ 3+ 3+ 2+

colP3 4+ 1+ 1+ 1+ 3+ 4+ 2+ 4+ 3+
Cellular N relocalization Yes No No No Yes Yes Yes Yes Yes

Cell membrane deformation
Branched filaments Yes No No No No Yes No Yes No
Short filaments Yes No No No Yes Yes Yes Yes Yes

VLP formation efficiency

3 ug 4+ 1+ 1+ 1+ 2+ 3+ 1+ 5+ 1+
175 ug 4+ 1+ 1+ 1+ 1+ 2+ 1+ 4+ 1+
0.5 ug 4+ 1+ 1+ 1+ 1+ 1+ 1+ 3+ 1+

aM activity scores: 5+, 133 to 165%; 4+, 100 to 132%; 3+, 67 to 99%; 2+, 34 to 66%; 1+, 1 to 33%; NA, not applicable. Yes, phenotype observed; no, phenotype not
observed.

bWild-type M protein.

<Six-alanine-block mutant.

dMutant with single mutated M residue.

(IEKMGL,,), the two a-helices proposed to be involved in dimer-dimer contacts (Fig. 1B
to D). Interestingly, although residues analogous to those of the CDV M-N138 and
6A-block mutants are quite variable among other paramyxoviruses, they are very well
conserved for all members of the Morbillivirus genus (Fig. 1E).

To investigate the impacts of the substitutions in regulating different M functions,
each M mutant together with the parental wild type (M-wt; derived from the highly
neurovirulent CDV strain A75/17) was initially expressed in 293T cells for 48 h. Western
blot analyses of total protein extracts revealed that all mutants exhibited reduced
expression profiles (Fig. 2A). While the N138A, N138R, N138E, and IEKMGL,,4 mutants
were expressed at around 70 to 85% (Fig. 2B, gray bars) compared to the wt expression
level (Fig. 2B, black bar), the N138F, N138M, ARPEEL,,, and SVFSAN, ;5 mutants exhib-
ited a slightly more pronounced defect in intracellular expression levels (around 50%
compared to the wt level) (Fig. 2B, red bars).

Because a direct correlation between intracellular M expression and cell periphery
accumulation has been proposed (25), we next determined the cellular localization of
the various M mutants by immunofluorescence analyses. To highlight the cell periph-
ery, plasma membranes were counterstained with an antibody targeting the plasma
membrane-residing alpha 1 subunit of a sodium-potassium pump. Strikingly, indepen-
dently of their steady-state levels, all mutated M-N138 proteins were efficiently trans-
ported to the cell periphery (Fig. 2C), whereas all three 6A-block mutants displayed a
clear cytosolic localization phenotype (Fig. 2C). Thus, while impaired intracellular M
expression may eventually lead to a plasma membrane targeting deficiency (25), our
data provided evidence that the latter correlation is not a prerequisite. Taken together,
while our results indicated that replacing the a2 and a9 helices and multiple residues
located at the protomer-protomer binding interface strongly interfered with plasma
membrane targeting, M mutants carrying single substitutions at position 138 efficiently
preserved cell periphery targeting.

Cell periphery localization of M correlates with dimerization propensity. Struc-
tural and biochemical evidence suggested that dimerization of the matrix protein may
represent an essential factor leading to cell periphery accumulation, cell membrane
deformation, and virus-like particle formation (63). We therefore developed biochem-
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FIG 2 Cellular expression, accumulation, and localization of diverse CDV M mutants. (A) Assessment of
expression levels of the various CDV M proteins by immunoblotting (IB) upon expression in HEK-293T cells.
M antigenic materials were detected using a polyclonal anti-M antibody («M). As a loading control, tubulin
was revealed by employing a monoclonal anti-tubulin antibody (aTub). The different protein populations
are labeled on the right. (B) Semiquantitative evaluation of M mutant expression levels. Expression values
for each M protein were normalized to the tubulin score and the normalized CDV M-wt ratio. Means and
standard errors of the means (SEM) for data from three independent experiments are shown. One-way
ANOVA with Holm-Bonferroni correction and t tests rendered no significant difference. (C) FLAG-tagged M
proteins were expressed in HEK-293T cells, and cellular localization was investigated by immunofluores-
cence analyses. Images were captured with a scanning confocal laser fluorescence microscope (Olympus).
FLAG-tagged M proteins were stained red, and the plasma membranes and nuclei were counterstained in
green and blue, respectively. The insets at the left of the panels represent the expression levels of the M
protein mutants as acquired for panel B (4 black boxes, 100%; 3 gray boxes, ~70 to 85%; and 2 red boxes,
~50%).

ical assays to investigate M dimerization. Unfortunately, several initial attempts failed to
provide satisfactory data. For instance, native-PAGE gels returned a smeared population
of M complexes, whereas SDS-PAGE gels under denaturing and nonreducing conditions
proved not to be sensitive enough to properly reveal M dimer bands (data not shown).
To overcome these technical issues, we treated M-expressing cells with the membrane-
permeating and cleavable cross-linking agent dithiobis(succinimidyl propionate) (DSP)
prior to protein extraction. Protein extracts were then subjected to denaturing and
nonreducing conditions, heated, and loaded onto SDS-PAGE gels for fractionation.
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FIG 3 Cross-linking analyses reveal proper preservation of M dimeric populations. (A) FLAG-tagged and untagged
M proteins (wt) were expressed alone (or in combination, as indicated in the text) in HEK-293T cells. Dimeric
assembly was investigated by immunoblotting performed under nonreducing conditions. Prior to cell lysis, cells
were treated with the membrane-permeating chemical cross-linker DSP (+DSP). M antigenic materials were
detected using a polyclonal anti-M antibody. The different M populations are labeled on the right. (B) The dimeric
propensity of the various M mutants was determined by immunoblotting under nonreducing conditions (—DTT),
similar to that for panel A. For the last four lanes, however, wt and 6-alanine-block mutants were further treated
with a reducing agent (+DTT). M1, M monomers; M2, M dimers. (C) Mean M dimeric propensity indices (calculated
as indicated in Materials and Methods) and SEM for data from three independent experiments. One-way ANOVA
rendered no significant difference.

Under these experimental conditions, two main populations of M-wt antigenic
materials were detected. The higher population ran at a molecular mass of approxi-
mately 70 kDa, which was roughly twice the molecular mass of the second detected
population (35 kDa) (Fig. 3A, left lane). To ensure that the slow-migrating M population
represented M dimers, not M monomers cross-linked to a host cellular factor, two M
proteins of different sizes (one without and one with an N-terminal 2XHA-linker tag)
were expressed either separately or together in the same cells. As expected, mixing the
total cell extracts of cells expressing the two M populations separately post-cell lysis led
to band patterns representing the superimposition of the profiles obtained for “non-
mixed” separate expressions (Fig. 3A, first three lanes). In sharp contrast, when both M
variants were coexpressed in the same cells, a single major band of intermediate size
was detected only at the level of the slow-migrating bands. Indeed, no difference was
observed regarding the fast-migrating M population (Fig. 3A, right lane). Since such a
population could be generated only by the assembly of M heterodimers (2 XHA-linker-
M/M), these experiments hence validated our cellular, DSP-based M dimerization assay.

The experiments were then repeated with the different M mutants. While all M-N138
variants efficiently displayed both monomeric and dimeric populations, surprisingly,
neither M dimers nor M monomers were detected in the case of the three 6A-block
mutants (Fig. 3B). Since misfolded proteins tend to form insoluble aggregates, the lysis
products of cells expressing the 6A-block mutants were further treated with dithio-
threitol (DTT) and subjected to Western blot analyses. This experimental setting re-
turned a clear M monomeric population for all three 6A-block mutants, which in turn
strongly suggested that these variants were trapped in insoluble fractions by DSP
treatment (Fig. 3B, right panels). Finally, the M dimerization efficiency index was
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determined by calculating the dimer-to-monomer ratio, which confirmed the proper
M-M interaction for all N138 mutants (Fig. 3C).

Overall, these findings provided evidence that the 6A-block M mutants had lost the
ability to form wild-type-like dimers, a phenotype that very likely correlated with gross
protein misfolding. Conversely, mutating residue 138, located at the core of the
protomer-protomer binding interface, did not prevent dimerization.

Investigation of M-M interaction by colP assays reveals modulation of self-
assembly efficiency. Since the DSP assay might have overestimated the efficiencies of
M dimerization, we next detected self-assembly by performing coimmunopurification
(colP) assays.

In order to distinguish, in the same gel, IP and colP M antigenic materials, 293T
cells were cotransfected with plasmid DNAs encoding two M proteins of different
sizes: FLAG-M and 2XHA-linker-M. Thus, upon total protein extraction under con-
ditions with various levels of stringency (colP1 to colP3) (see Materials and Meth-
ods), 2XHA-linker-M proteins were purified from cell extracts by use of magnetic
Dynabeads-based technology. Indeed, we noticed that CDV M proteins exhibited the
strong tendency to sediment even in the absence of antibody (in the case of gravity
force-dependent immunoprecipitation procedures). Purified M proteins were then
boiled and fractionated in SDS-PAGE gels under reducing conditions. After transfer of
the antigenic materials to nitrocellulose membranes, proteins were detected using a
polyclonal anti-M antibody, which efficiently detected IP (2XHA-linker) and colP (FLAG)
M populations (Fig. 4B). Validation of the assay was confirmed with our controlled
conditions (expression of FLAG-M or 2 XHA-linker-M alone, or omission of both expres-
sion plasmids), which exhibited no detectable colP of M (Fig. 4A, upper panel), whereas
M proteins migrating with the expected molecular masses were visualized in total cell
extracts (Fig. 4A, lower panel).

Regardless of the conditions used in the lysis buffer to extract total proteins, a colP
band was readily detected in cells expressing the M-N138F, -N138A, -N138M, and
-N138R mutants (Fig. 4C, upper panels). In contrast, M proteins carrying the 6A-block
mutations almost completely lost the ability to self-assemble (Fig. 4C, lower panels).
Interestingly, M-N138E was efficiently coimmunopurified only when less stringent cell
lysis conditions were applied (Fig. 4C, lower left panel). We next determined the colP
efficiency index (see Materials and Methods), and the data clearly confirmed that the
6A-block mutants were strongly deficient in M dimerization/oligomerization. Under the
most stringent cell lysis conditions, all M-N138 variants featured self-assembly impair-
ments, with the M-N138E and -N138R mutants (carrying charged amino acids) display-
ing the most pronounced deficiencies (Fig. 4D, black and dark gray bars). Remarkably,
except for M-N138M and, to some extent, M-N138F (which did not exhibit drastic
deficiencies under all cell lysis conditions), all other M-N138 variants recovered nearly
wt-like M-M binding affinities when cells were lysed under less stringent conditions
(Fig. 4D, light gray bars).

Taken together, while these findings confirmed the inability of the 6A-block M
mutants to properly form oligomers, they additionally revealed that mutating M at
N138 modulated the efficiency of self-assembly, though to different extents, depending
on the nature of the substituted amino acid and the cell lysis conditions.

M-N138 mutants efficiently relocalize N to the cell periphery. While a lack of M
oligomerization of the 6A-block mutants likely resulted from gross protein misfold-
ing, the data obtained in our colP analyses nevertheless indicated discrepancies in
M oligomerization efficiency when the protomer-protomer binding interface was dis-
turbed by a substitution at position 138. To further probe whether such modulations
were the result of major structural defects, we monitored the ability of M to relocate the
viral nucleocapsid protein (N) to the cell periphery. Indeed, it was reported that while
N is evenly distributed throughout the cytoplasm in the absence of M, in its presence,
N is recruited to the cell periphery as a result of M-N interaction (25).
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FIG 4 Coimmunopurification experiments reveal critical differences in self-assembly efficiencies of diverse M mutants. (A to C) The
inherent self-assembly efficiencies of modified and unmodified M proteins expressed in HEK-293T cells were determined by coimmuno-
purification (colP) and immunoblot analyses. (A) Control experiments performed with FLAG- and HA-tagged M proteins. The specific
antibodies used for the immunopurification (IP) and immunoblotting (IB) steps are indicated on the left. (B and C) colP performed under
experimental settings similar to those described for panel A, but with cell lysis buffers of various stringencies (colP1 > colP2 > colP3 [as
indicated in Materials and Methods]). TL, total cell lysates. The differently tagged protein populations and their mutations are labeled on
the right and below the gels, respectively. (D) M-M avidities of interaction (calculated as indicated in Materials and Methods). Means and
SEM for data from three independent experiments are shown. *, P < 0.05 by one-way ANOVA with Holm-Bonferroni correction and by
t tests.

We thus initially expressed (hemagglutinin [HA] epitope-tagged) N alone or in
combination with (FLAG-tagged) M-wt in 293T cells. At 24 h posttransfection, immu-
nofluorescence analyses were performed with fixed and permeabilized cells that were
subsequently dually decorated with anti-mouse FLAG and anti-rat HA monoclonal
antibodies (MAbs). The cells were finally treated with red and green fluorescent
dye-conjugated secondary antibodies to visualize the cellular localization of both
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FIG 5 Mutating CDV M residue N138 does not alter N binding and subsequent relocation to the cell periphery. HA-tagged N proteins expressed
alone (no M) or in combination with the indicated FLAG-tagged M proteins in HEK-293T cells were visualized by immunofluorescence analyses.
Images were captured with a scanning confocal laser fluorescence microscope (Olympus). N proteins were stained in green, M proteins in red,
and nuclei in blue.

proteins. As expected, expression of N alone returned evident cytoplasmic staining.
Conversely, when N and M were coexpressed in the same cells, N not only was
efficiently relocated to the cell periphery but also clearly colocalized with M, as revealed
by confocal microscopy analyses (Fig. 5). Strikingly, except for the three 6A-block
mutants, all M-N138 variants preserved the capacity to properly drag N to the cell
periphery (Fig. 5).

Taken together, these findings strongly suggested that the overall structure of the
M-N138 mutants, or at least the domain required to efficiently bind and relocate N to
the cell periphery, remained properly folded. On the other hand, these data once again
supported the misfolding phenotype of the 6A-block mutants.

M dimerization efficiency correlates with modulation of plasma membrane
deformation and VLP formation. It was proposed that paramyxoviruses and pneu-
moviruses can induce membrane deformation and/or cell protrusions, which may serve
as platforms for viral budding and ensuing cell exit. We thus expressed M-wt and
the series of protein variants in 293T cells for 1 day and examined, by immunoflu-
orescence analyses, the ability of each M protein to induce the deformation of the
plasma membrane. To unambiguously highlight such membrane filamentous struc-
tures, we acquired 50 successive z-stacks of M-expressing cells by confocal microscopy
and consequently merged them. Since differences in expression profiles might have
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FIG 6 Differential triggering of membrane deformation by various M proteins. (A) Amounts of transfected M-wt
DNA needed to match group 1 (~70 to 85%) and 2 (~50%) expression levels (color coding is as described in the
legend to Fig. 2B and C). Expression was assessed by immunoblotting and semiquantitative evaluation, performed
as described in the legend to Fig. 2B. *, P < 0.05 by one-way ANOVA with Holm-Bonferroni correction and by t tests.
(B to D) Immunofluorescence analyses performed as described in the legend to Fig. 1C, without nuclear counter-
staining. To gain an overall 3D view of cells, 50 z-stack images were acquired and digitally merged. (B) M-wt
exhibiting 100, 70, and 50% expression levels, depending on the amount of plasmid DNA transfected. (C) M
mutants exhibiting ~70 to 85% expression levels. (D) M mutants exhibiting ~50% expression levels. Images were
captured with a scanning confocal laser fluorescence microscope (Olympus). White arrows indicate long cell
protrusions, and white stars indicate short filopodium-like membrane structures.

influenced membrane deformation, we initially calibrated M-wt expression to match
the two groups of expression levels displayed by the various M mutants (group 1, ~70
to 85%; and group 2, ~50%) (Fig. 6A and B). Regardless of the expression levels, M-wt
was able to promote the generation of long cell-associated branched filaments that
could interconnect with neighboring cells. Similarly, the M-N138A and M-N138R vari-
ants could also efficiently trigger the formation of these long cell membrane protru-
sions. In contrast, no sign of membrane deformation was observed in any of the three
6A-block M mutants (Fig. 6C and D). Interestingly, while long cell extensions were
absent in cells expressing the N138E, N138F, and N138M mutants, short filamentous
(filopodium-like) structures protruding from the cell surface were nevertheless high-
lighted (Fig. 6C and D). Furthermore, to unambiguously demonstrate that discrepancies
in expression levels were not the main cause of the absence of filopodium-like and/or
long cell process formation, the various M mutants were grouped by their overall
expression profiles (~70 to 85% [Fig. 6C] and ~50% [Fig. 6D]), which clearly illustrated
the absence of direct correlation.

We next investigated the inherent capacity of CDV M-wt and its derivative mutants
to release virus-like particles (VLPs). To this end, we expressed the M-wt protein and
its derivative variants in 293T cells. At 48 h posttransfection, the supernatants were
harvested, treated with trypsin, loaded onto a glycerol cushion, and subsequently
centrifuged to purify VLPs. To validate the assay, the supernatants of M-wt-expressing
cells were initially treated with trypsin (1X or 2X) and/or Triton X-100 (1% or 2%) prior
to centrifugation. Clearly, pretreatment of supernatants with Triton X-100 and trypsin
led to a drastic degradation of M, as indicated by Western blotting. In contrast, single
treatment of supernatants did not result in substantial M degradation, thereby con-
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FIG 7 Assessment of inherent membrane-budding ability of the panel of CDV M mutants. (A) Supernatants of HEK-293T cells
expressing M-wt were loaded onto glycerol cushions and subjected to high-speed centrifugation. Cell supernatants were
treated with trypsin and/or Triton X-100 prior to centrifugation, and the resulting pellets were subjected to immunoblotting.
The left lane illustrates M expression in total cell lysates. (B and C) M proteins were expressed in HEK-293T cells, and the
generated VLPs were assessed as described for panel A, but without Triton X-100 treatment. To control for M protein
expression, decreasing amounts of plasmid DNA were transfected (as indicated below the blots). The different proteins are
labeled on the right. VLPs, virus-like particles; TL, total cell lysates. (D) VLP formation efficiency indices (calculated as indicated
in Materials and Methods). Means and SEM for data from three independent experiments are shown. *, P < 0.05 by one-way
ANOVA with Holm-Bonferroni correction and by t tests.

firming that the assay was indeed focusing on M proteins protected by surrounding
lipidic vesicles (Fig. 7A). As mentioned above, and presumably as a result of efficient
spontaneous generation of large oligomers, M proteins did sediment even upon Triton
X-100 treatment (Fig. 7A).

Because of the reported variations in intracellular M expression depending on the
substitution applied, we systematically decreased the amount of DNA transfected into
cells in order to control total protein expression. Western blot analyses (Fig. 6A and 7B
and C) indeed confirmed a direct correlation between decreasing amounts of plasmid
DNA transfected and total amounts of M protein expressed. Importantly, and corrob-
orating the data obtained in the cell protrusion formation assay, VLPs were efficiently
produced in the case of M-wt and the N138A and N138R mutants (Fig. 7B), and this was
confirmed by the VLP efficiency index (Fig. 7D) (see Materials and Methods). In contrast,
the three 6A-block mutants as well as the N138M and N138E M mutants were strongly
impaired in VLP formation (Fig. 7C and D). Finally, while M-N138A did preserve an
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intermediate ability to produce VLPs, the N138F mutant retained a residual activity only
when large amounts of DNA were transfected into 293T cells (Fig. 7B and D).

In summary, these results indicated that the 6A-block M mutants, which exhibited
severely impaired folding, oligomerization propensity, and cell periphery accumulation,
were additionally defective in short and long cell protrusion triggering and, conse-
quently, VLP formation. Interestingly, the M-N138E, -N138F, and -N138M mutants,
which displayed proper cell periphery accumulation, exhibited defects in M-M interac-
tions and in VLP production. However, in contrast to the 6A-block M mutants, they
retained some ability to accumulate only in short filopodium-like membrane structures.

Coexpression of M-N138R with M-N138E restores dimerization and allows
incorporation of M-N138E into VLPs. The colP assays, which were performed under
various cell lysis conditions, revealed that mutation of asparagine 138 to charged amino
acids resulted in the production of unstable M-M interactions (likely due to the
engineering of electrostatic repulsion). Interestingly, the M-M avidity of interaction
revealed that M-N138E was more affected than M-N138R, a phenotype that translated
into impaired (N138E) versus efficient (N138R) VLP production. We thus decided to
investigate whether coexpression of both mutants in the same cells could to some
extent restore (i) the M-M interaction efficiency (switching repulsive to attractive
electrostatics) and (ii) the incorporation of the N138E mutant into VLPs.

To this end, 2XHA-linker-M- and FLAG-M-expressing DNA plasmids were cotrans-
fected alone or in various combinations into 293T cells. Remarkably, while the colP
assays (exclusively those performed under stringent conditions for cell lysis [colP1])
confirmed that M-N138R and M-N138E expressed individually exhibited deficiencies in
self-assembly, coexpressing both mutants in the same cells led to a clear restoration of
M-M binding affinity (Fig. 8A and B).

We next determined whether the mixed M dimeric population indeed correlated
with the incorporation of M-N138E into VLPs. Remarkably, not only were VLPs success-
fully generated from 293T cells that expressed M heterodimers, but M-N138E was
readily detected within the released VLPs (Fig. 8C). Interestingly, while the VLP effi-
ciency index for mixed M dimer populations indicated an increase compared to that for
VLPs induced by M-N138E expressed alone, VLP production was slightly more efficient
when the FLAG-tagged M protein carried the “VLP-boosting” N138R substitution (Fig.
8D). We noticed in this set of experiments, however, that FLAG-tagged M proteins were
slightly more expressed than the HA-tagged variants (Fig. 8C, lower panels). It was
therefore not unexpected to purify more VLPs from the supernatant of cells coexpress-
ing the FLAG-tagged M protein carrying the “VLP-boosting” N138R substitution.

Taken together, these findings clearly demonstrated the successful generation of a
mixed dimeric M population composed of M-N138E- and M-N138R-carrying protomers.
Importantly, M heterodimers not only exhibited proper stability but also could promote
the release of VLPs into the supernatant, with efficient incorporation of M-N138E
protomers. These phenotypes likely resulted from a switch from repulsive to attractive
electrostatics, which provides strong evidence that residues 138 of two M protomers
are indeed located in close spatial proximity within dimeric M units. In addition, these
data further strengthen the notion that minimal M dimerization efficiency is required to
mediate proper VLP production.

DISCUSSION

Although it has been reported that paramyxoviral and pneumoviral M proteins, by
interacting with multiple cellular and viral components, play a key regulatory role in
viral replication, assembly, egress, and membrane fusion (16, 46, 66), very little is known
about the inherent ability of M to drive these discrete functions. In this study, we
initiated a comprehensive structure-guided analysis to gain mechanistic insights into
various M functionalities. We rationally targeted asparagine 138 of CDV M (M-N138) for
substitution purposes because, in our structural homology model, this residue is
located at the center of the M-M dimeric binding interface. Indeed, increasing evidence
suggests that M dimers may act as an essential minimal unit to sustain the M protein’s
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FIG 8 Dimerization and VLP formation efficiencies of heterodimeric M populations. (A and C) The self-
assembly propensity and VLP formation efficiency of M-N138E- and M-N138R-coexpressing HEK-293T cells
were determined as indicated in the legends to Fig. 4 and 7, respectively. (B and D) Dimerization and VLP
formation indices (calculated as indicated in Materials and Methods). Means and SEM for data from three
independent experiments are shown. *, P < 0.05; **, P < 0.01 by one-way ANOVA with Holm-Bonferroni
correction and by t tests.

diverse activities (16, 25, 31, 61-63). Moreover, because it was proposed that M can also
form higher-order oligomers, we focused our targeted mutational analyses on previ-
ously hypothesized critical M regions (a2 and a9 helices). Indeed, both helices may
support two-dimensional dimer-dimer assembly, thereby putatively producing higher-
order oligomeric networks (Fig. 1). Such M arrays may then drive the lipid curvature,
which eventually may lead to the formation of cell protrusions and the ensuing
platforms for viral budding (61, 62, 64).

Our data clearly indicated that dimerization/oligomerization is critical for proper M
intracellular transport and cell periphery accumulation. Indeed, the three strategically
designed 6A-block mutants (SVFSAN,;s, protomer-protomer interface; ARPEELy,
dimer-dimer interface; and IEKMGL,,,, dimer-dimer interface) failed to self-assemble
into detectable dimers, as illustrated in our newly developed assays, i.e., the cellular
DSP-based dimerization assay and a colP assay based on multiple cell lysis conditions.
Since several residues mapping to the SVFSAN peptide are involved in the protomer-
protomer interface, a lack of dimerization was not unexpected. Strikingly, our data
further demonstrated that when dimerization/oligomerization was severely impaired,
cell periphery accumulation, recruitment of N to the plasma membrane, membrane
deformation triggering, and VLP formation were additionally entirely defective. This
strongly supported the notion that self-assembly must occur to promote multiple M
functionalities. Interestingly, Runkler and colleagues described that mutating residue
V101 of MeV M to alanine (M-V101A) also resulted in a complete loss of cell periphery
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accumulation, although in this case self-assembly seemed to be preserved to some
extent (25). In our structural model, V101, which is well conserved among all members
of the Morbillivirus genus, is located within the NTD and at the dimeric interface
generated with the CTD of another protomer. It is noteworthy that the first serine
residue of the 6A-block mutant SVFSAN, ;4 (5133) folds at a position within the overall
structure which is spatially very close to amino acid V101. Although it is only specu-
lative at this stage, it is possible that mutation of both residues S133 and V101 to
alanines may translate into a lack of (or inappropriate) M dimerization, thereby gener-
ating nonfunctional M proteins.

The fact that similar phenotypes were recorded with the 6A-block mutants carrying
substitutions in the @2 and a9 helices was, however, more surprising. Indeed, based on
our structural homology model, both helices are surface exposed and are located
opposite the large protomer-protomer binding interface, which implies a role in
higher-order oligomer organization but not in dimer assembly (Fig. 1). While it is
possible that our model might not be entirely correct, we cannot exclude that mutating
both helices might have translated into long-range effects indirectly affecting dimeriza-
tion propensity. Alternatively, some residues in both helices might be involved in
critical posttranslational modifications and/or functional interactions with a host cellu-
lar factor(s) required for proper dimerization. It is interesting that the lysine residue at
position 240 of MeV M (M-K240; potentially located in @9 and N-terminal to the IEKMGL
domain) undergoes posttranslational ubiquitination, although the functional role of
such modification remains obscure (51). We can thus speculate that M ubiquitination is
required for dimerization/oligomerization and that substitutions within the flanking
IEKMGL peptide will influence K240 ubiquitination. Although additional work is needed
to precisely understand the failure of self-assembly when the a2 and a9 helices are
mutated, our data unambiguously highlight that dimerization is necessary for proper
M transport to the cell periphery. Efficient M dimerization as a requirement for cell
periphery accumulation may hence represent a basic feature shared by most (if not all)
members of the Paramyxoviridae and Pneumoviridae families (63).

In sharp contrast to the phenotype reported with the 6A-block M variants, and
regardless of the nature of the substitution performed, N138-mutated M proteins
exhibited unaltered cell periphery accumulation. Preservation of M structural integrity
was also assumed, since all mutants were still capable of (i) recruiting N proteins to the
plasma membrane and (ii) self-assembly. However, although M-M physical interactions
remained detectable, our newly developed differential colP assay demonstrated sub-
stantial modulation of M self-assembly propensity depending on the side chain prop-
erties of the amino acid substitution at position 138. Indeed, under stringent cell lysis
conditions (colP1), the M-N138F and M-N138A mutants displayed slight reductions in
self-interaction, whereas the M-N138M and M-N138R variants exhibited mild deficien-
cies in self-interaction and the N138E mutant showed severe deficiencies. These
findings thus support the idea that when charged residues are inserted at the core
position of the M-M binding interface, self-assembly is disturbed, likely as a conse-
quence of introducing electrostatic repulsions. Conversely, and further upholding this
hypothesis, the generation of heterodimers with opposite charges at position 138 led
to a full restoration of dimerization efficiency, presumably as a result of engineered
attractive electrostatics.

Importantly, when less stringent conditions were applied for cell lysis (colP3), self-
assembly was substantially restored for the M-N138A, M-N138R, and M-N138E mutants but
not the M-N138M and M-N138F mutants. In fact, for the first three mutants, we speculate
that specific to less stringent lysis conditions, coimmunopurified M proteins relied not
only on dimeric protomer-protomer interactions but also on “dimer-dimer” contacts
involved in higher-order M oligomer structures (Fig. 1B). In contrast, since the self-
assembly efficiency of M-N138M and M-N138F did not increase substantially under less
stringent cell lysis conditions, we suggest that both mutants associated into irregular
dimers which failed to promote detectable dimer-dimer contacts. Combined, the data
obtained in our colP assays not only confirmed that N138 very likely is located at the
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core of the protomer-protomer binding interface but also that mutating this residue
can interfere with dimer stability and/or an overall dimeric architecture compatible with
higher-order oligomer assembly. Importantly, this also spotlights, for the first time, a
biochemical approach potentially able to detect discrete M-M binding interfaces.

Although all N138 M variants were targeted to the cell periphery and capable of
forming dimers, significant variations in their ability to trigger membrane deformation
and VLP production were recorded. Therefore, while our findings highlighted the
notion that triggering of membrane protrusions and VLP formation relies on M self-
assembly, they additionally suggest that M dimers must preserve some structural
stability. Indeed, M-wt, M-N138A, and M-N138R, which featured at least 50% dimeriza-
tion interaction efficiencies, were able to promote the formation of long cell processes
and to trigger the release of large amounts of VLPs into the supernatants. In contrast,
M-N138E, which exhibited only around a 20% dimerization propensity, while still being
able to induce short filopodium-like structures, failed to productively rearrange plasma
membranes and generate VLPs.

Interestingly, while the N138F and N138M M mutants self-associated with substantial
affinities (~80% and ~50%, respectively), they also triggered only small, filopodium-like
membrane protrusions and were deficient in VLP formation. However, as suggested
above, the size and hydrophobic nature of the phenylalanine and methionine residues
may have translated into the assembly of irregular dimers unable to efficiently produce
higher-order oligomers. Alternatively, M arrays may have formed, but with inappropri-
ate angles at the dimer-dimer binding interface, in turn leading to nonproductive
triggering of lipid curvatures. Thus, while a minimal dimeric stability is strictly required
to promote membrane deformation and budding, our data further suggest that both
phenotypes additionally rely on functional dimer-dimer contacts.

Remarkably, our VLP assays performed with mixed M dimers not only revealed resto-
ration of the dimerization efficiency of inherently “self-assembly-defective” mutants (N138E
and N138R) but also corroborated the substantial incorporation of M-N138E protomers into
VLPs. Nevertheless, the amounts of VLPs released into the supernatants did not reach
the levels induced by M-wt. Because both heterodimeric and homodimeric popula-
tions are generated in the context of cells coexpressing different M proteins, we
hypothesize that the production of VLPs was affected by incorporation of unstable
M-N138E-M-N138E homodimers into extending M arrays. Such a destabilized M mesh
may in turn interfere with optimal lipid curvature and ensuing triggering of budding.

Altogether, our findings allowed us to propose a mechanistic model for how M may
trigger membrane budding. M initially assembles into dimers in the cytosol, which in
turn traffic intracellularly to finally reach the plasma membrane (Fig. 9A). Higher-order
M oligomers subsequently assemble at the inner leaflet of the plasma membrane. Lipid
curvature is induced as the result of two-dimensional dimer-dimer M assembly, with
an angle possibly generated at both oligomeric binding interfaces (Fig. 9B). Plasma
membrane deformation further proceeds in correlation with extension of the oligomer-
ization process (Fig. 9C). This “array elongation” step depends on a minimal stability of
M dimers to generate robust M oligomers able to sustain the physical forces required
for the promotion of membrane curvature (Fig. 9C). Large and stable spherical M arrays
ultimately contribute to the release of VLPs into the supernatant. Importantly, our
model does not exclude the requirement for host cellular proteins and/or posttrans-
lational modifications (which may also occur in the nucleus) in contributing to any
stages of the proposed mechanism of M-induced membrane budding and scission.

In summary, our findings provide evidence that a critical amount of stable M dimers
at the cell periphery is required to productively trigger VLPs. Such stabilized M dimeric
units may facilitate further assembly into robust higher-order oligomers necessary to
promote plasma membrane-budding activity.

MATERIALS AND METHODS

Cell cultures, plasmid construction, and transfections. HEK-293T cells were grown in Dulbecco’s
modified Eagle medium (DMEM; Gibco, Life Technologies) supplemented with 10% fetal calf serum and
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FIG 9 Model of M-mediated triggering of membrane budding. (A) Accumulation of M dimeric units at the
inner leaflet of the plasma membrane (pm) upon intracellular trafficking. (B) Bidirectional dimer-dimer M
assembly (dim 1 to dim 4) generates angles at the “oligomeric” binding interfaces (for simplicity, only one
direction is shown), which directly correlate with the induction of lipid curvatures. (C) Oligomerization
proceeds, and the derived assembling supramolecular complexes require stable dimeric units to build up
robust M arrays. Ultimately, growing 2D M arrays generate spherical lipid curvatures, which are released
from the host cells. The dimeric and oligomeric binding interfaces are highlighted in red and green,
respectively.

1% penicillin-streptomycin at 37°C in the presence of 5% CO,. Six-well cell culture plates (9.5 cm?) were
used for seeding of HEK-293T cells for the diverse experiments performed in this study and were covered
with glass coverslips specifically for indirect immunofluorescence and confocal microscopy assays.

The matrix protein gene was amplified with supplementary Rsrll restriction sites, N-terminal tags, and
a linker (i.e., HA-linker) from a plasmid coding for the full-length antigenome of the CDV A75/17 strain,
using the following primers: 5'-ATATATCGGACCGATGTATCCATATGATGTTCCAGATTATGCTACCGGTGGTT
CCGGTGGTTCCGGAACTGAGGTGTATGACTTCGATCAGTCTTCATGGGACACCAAAG-3' (forward) and 5'-ATA
TATCGGTCCGTTAGAGAATTTTGAAAAGACCCTGATC-3’ (reverse) (65, 67). Amplicons were subcloned into
the vector pCl by using the restriction endonuclease Rsrll. All mutations to replace the HA tag with a
FLAG tag, to elongate the HA tag or the linker, and to replace the amino acids at positions 138, 85 to 90,
133 to 138, and 241 were performed in the pCI-HA-linker-M construct by using a QuikChange Lightning
site-directed mutagenesis kit (Agilent Technologies) according to the manufacturer’s instructions. HA-
tagged CDV N was generated following the same strategy. HEK-293T cells were transfected at 90%
confluence with the various vector constructs by use of TransIT-LT1 (Mirus) following the supplier’s
instructions. Mutagenesis primer sequences will be communicated upon request.

Western blotting. HEK-293T cells expressing different pCl constructs were harvested in phosphate-
buffered saline (PBS) at 24 or 48 h posttransfection, cleared by centrifugation (10 min, 2,000 X g, 4°C),
and frozen at —20°C. Cell pellets were resuspended in 0.2 M dithiothreitol (DTT)-1.6X Laemmli buffer
(Bio-Rad) and then subjected to Western blot analysis using an in-house-generated rabbit polyclonal
anti-CDV M antibody (1:1,000) (22) and a horseradish peroxidase (HRP)-conjugated goat anti-rabbit
antibody (1:9,000) (Dako) or HRP-conjugated mouse monoclonal anti-tubulin antibody (1:5,000) (AbCam).
Signals were detected with Amersham ECL Prime Western blotting reagent (GE Healthcare Life Sciences)
following the manufacturer’s instructions. Anti-CDV M and anti-tubulin signal intensities from three
independent experiments were quantified relative to the wild-type (wt) signals, which were set at 100%,
using Aida image analyzer software, and total lysate (TL) expression level ratios (anti-CDV M/anti-tubulin)
=7 (MM™(Tubulin™) ]

3 are shown (Fig. 2B).

Indirect immunofluorescence analysis. HEK-293T cells transfected with plasmids encoding M or
derivative mutated M proteins were fixed with 4% paraformaldehyde at 24 h posttransfection and then
permeabilized by use of 0.5% Triton X-100. Immunofluorescence analysis was performed by using a
mouse anti-FLAG monoclonal antibody (1:1,000; Sigma-Aldrich) for FLAG-M constructs, a rabbit anti-
sodium-potassium ATPase (anti-Na/K ATPase) monoclonal antibody (1:200; Abcam) for the plasma
membrane, a rat anti-HA monoclonal antibody (1:1,000; Roche Diagnostics) for the HA-N construct, Alexa
Fluor 555-conjugated goat anti-mouse IgG(H+L), Alexa Fluor 488-conjugated goat anti-rabbit IgG(H+L),
and Alexa Fluor 488-conjugated goat anti-rat IgG(H+L) secondary antibodies (1:1,000; Life Technologies),

were calculated. For each mutant (mut), mean ratios [
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and 4',6-diamidino-2-phenylindole (DAPI) (1 pwg/ml; AppliChem). Pictures were acquired by laser scan-
ning confocal microscopy using an Olympus IX81 confocal microscope with FluoView FV1000 software

and processed into section pictures or three-dimensional (3D) reconstitutions with Imaris software.
Dimerization assay. M-expressing cells were harvested in PBS 48 h after transfection and cleared by
centrifugation (20 min, 400 X g, 4°C). Cells were incubated in PBS with 1 mM dithiobis(succinimidyl
propionate) (DSP; an amine-reactive cross-linker) (Thermo Scientific) for 2 h with agitation at 4°C. After
clearing by centrifugation (10 min, 2,000 X g, 4°C), cells were lysed in cold native sample buffer (NS
buffer) (100 mM Tris-Cl, 10% glycerol, 0.0025% bromophenol blue [pH 8.6], 0.1% digitonin) supple-
mented with cOmplete EDTA-free protease inhibitor cocktail tablets (Roche Diagnostics). The lysate was
cleared by centrifugation as described above, and the supernatant was mixed with 4 mM urea Laemmli
buffer (2.5% SDS, 20% glycerol, 120 mM Tris [pH 6.8], 0.02% bromophenol blue, 4 mM urea) at a 1:1 ratio.
Samples were then heated at 50°C, loaded into 7% NuPAGE Tris-acetate gels (Novex; Life Technologies),
and subjected to Western blot analysis with a rabbit polyclonal anti-CDV M primary antibody (1:1,000)
(22) as described above. Dimer and monomer anti-CDV M signal intensities were measured simultane-
ously for each construct, using Aida software. Dimer-to-monomer ratios were normalized to that of the
=1 | (Dimer™/Monomer™)/(Dimer}"Monomer!")

4

wild type. Mean ratios ] were determined for four

independent experiments (Fig. 3C).

Coimmunopurification. HEK-293T cells coexpressing FLAG-M and 2XHA-linker-M, both bearing
the same mutations, were resuspended in PBS at 24 h posttransfection. Eighty percent of the total
volume was used for colP assay, and the rest was used for total lysate protein expression analysis.
After centrifugation (10 min, 2,000 X g, 4°C), the PBS solution was removed, and cells were lysed in
RIPA buffer (50 mM Tris, pH 7.2, 150 mM NaCl, 10 mM EDTA, 1% sodium deoxycholate, 1% Nonidet
P-40, 0.05% SDS) or NS buffer. Lysates were incubated for 1 h with a mouse anti-HA monoclonal
antibody (1:800; BioLegend) and overnight at 4°C with prewashed protein G Dynabeads (Novex; Life
Technologies) at an adjusted antibody concentration of 1:1,000. After 3 washes with either RIPA
buffer (after RIPA buffer lysis [colP1]) or PBS (after RIPA buffer lysis [colP2] or after NS buffer lysis
[colP3]), bead samples were resuspended in 33.3 mM glycine (pH 2.8), 0.1 M DTT, and 0.8X Laemmli
buffer (Bio-Rad). Supernatants were then subjected to Western blot analysis with a rabbit polyclonal
anti-CDV M primary antibody (1:1,000) (22) as described above. Anti-M band intensities from FLAG-M
(coimmunopurified protein [colP]) and 2XHA-linker-M (immunopurified protein [IP]) expression or
coimmunopurification were determined simultaneously for each mutant, using Aida software. The colP
efficiency index was determined as the ratio of colP to IP signals normalized to their respective total
lysate expression levels. The mean index was normalized to the wild-type value to allow for direct
=2 | (M colP FLAG™YM IP HAM™) /(M TL FLAG™YM TL HA™")

3

VLP assay. HEK-293T cells were transfected with plasmids expressing different M constructs.
Culture supernatants and cells were collected 48 h after transfection. Cellular debris was removed
from supernatants by centrifugation (20 min, 500 X g, 4°C). Some of the clarified supernatants were
adjusted to 1% or 2% Triton X-100, and then every supernatant was incubated for 30 min at 37°C
with 100 wg or 200 ug of trypsin (trypsin-EDTA solution [10X]; Sigma-Aldrich). Subsequently, 25 ug
or 50 g, respectively, of soybean trypsin inhibitor (Roche Diagnostics) was added to neutralize the
protease. The resulting mixture was loaded onto a 25% glycerol cushion and centrifuged at 16,100 X g
for 1 h at 4°C. The pellet was resuspended in 0.2 M DTT-1.6X Laemmli buffer (Bio-Rad) and then
subjected to Western blot analysis as described before, using a rabbit polyclonal anti-CDV M
antibody (1:1,000) (22). As for total lysate expression levels, signal intensities were acquired relative
to the 3-pg wild-type signals, which were set to 100%. Each mutant’s efficiency index for VLP
production was calculated relative to the wild-type index for the corresponding DNA amount

=3 [ug M VLP™ (g M TL™/ g Tubulin TL™")] )
transfected 3 g wt mean index |

Statistical analysis. One-way analysis of variance (ANOVA) and an unpaired two-tailed t test were
used to analyze differences between the wild-type and mutant means. P values were adjusted by the
Holm-Bonferroni sequential correction to control the type | error rate resulting from multiple compari-
sons (67). Differences were considered statistically significant if the resulting P values were <0.05 and are
illustrated accordingly in the figures.

comparison ] / wt mean index}'
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