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Abstract: Filoviruses are the causative agents of a severe and often fatal hemorrhagic fever with
repeated outbreaks in Africa. They are negative sense single stranded enveloped viruses that can
cross species barriers from its natural host bats to primates including humans. The small size of
the genome poses limits to viral adaption, which may be partially overcome by conformational

plasticity. Here we review the different conformational states of the Ebola virus (EBOV) matrix pro-
tein VP40 that range from monomers, to dimers, hexamers, and RNA-bound octamers. This confor-
mational plasticity that is required for the viral life cycle poses a unique opportunity for

development of VP40 specific drugs. Furthermore, we compare the structure to homologous matrix

protein structures from Paramyxoviruses and Bornaviruses and we predict that they do not only
share the fold but also the conformational flexibility of EBOV VP40.
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Introduction

Ebola virus (EBOV) and Marburg virus constitute
the two genera of the family Filoviridae. Marburg
virus is represented by a single species and EBOV
by five species.! The natural reservoirs of filoviruses
are a number of different bat species and human
transmission is thought to occur via animal hosts
including primates.! In humans EBOV infections
cause a severe hemorrhagic fever, which is mostly
lethal.2 Filoviruses are membrane enveloped fila-
mentous viruses that contain a negative sense single
stranded RNA genome grouping them together with
the Paramyxoviridae, Rhabdoviridae, and Bornaviri-
dae to the order Mononegavirales. Their genome
encodes five nucleocapsid-associated proteins, the
nucleoprotein NP, VP35, VP30, VP24, and the RNA-
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dependent RNA polymerase L, in addition to the
matrix protein VP40 and the glycoprotein GP. Cryo
electron microscopy reconstruction of the nucleocap-
sid core composed of NP, VP35, and VP24 revealed
helical structures containing the viral genome,*
which are structurally similar to other negative
strand RNA virus nucleocapsids.®*” The helical
nucleocapsid complex associates with VP30,® which
is structurally similar to M2-1 of paramyxoviruses
and may thus have a similar function as transcrip-
911 Finally the polymerase
L completes the nucleocapsid complex and transcri-
ption and replication are likely to resemble those of
other negative strand RNA viruses.!? VP35 physi-
cally links the nucleocapsid complex to the matrix
protein VP40'31* which is the most abundant viral
protein that polymerizes underneath the viral mem-
brane.'® VP40 plays an essential role in virus bud-
ding and expression of VP40 is sufficient to form
filamentous virus-like particles (VLP).1517 VP40 also

tion antiterminator.
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recruits the nucleocapsid and the glycoprotein GP to
the plasma membrane for assembly and bud-
ding.'®2° The glycoprotein GP mediates entry into
target cells via the endo-lysosomal pathway,?"22
which is mediated by extensive conformational rear-
rangements of GP.2324

Transport of Viral Proteins

In order to orchestrate assembly all components
need to concentrate at the budding site. Nucleocap-
sids are assembled within perinuclear inclusions,
which are sites of virus replication.?® Marburg virus
nucleocapsids are transported along actin filaments
and once they reach the plasma membrane the
nucleocapsid associates with VP40 and is trans-
ferred to filopodia,?® which constitute the preferred
site of Marburg virus budding.?” GP reaches the
plasma membrane via the secretory pathway and
concentrates at sites of VP40 accumulation.?® Mar-
burg virus VP40 is recruited to the plasma mem-
brane via the retrograde endosomal transport® and
EBOV VP40 was shown to move along actin fila-
ments.>* Consistent with the above data, imaging of
EBOV replication demonstrated that NP, VP35,
VP30, VP24, and VP40 accumulate in cytoplasmic
inclusions, which enlarge near the nucleus and are
subsequently transferred to the plasma membrane.?!
Budding of Marburg virus occurs via a lateral inter-
action of the nucleocapsid with the plasma mem-
brane in concert with VP40 and GP. Membrane
wrapping then starts at one end of the nucleocapsid
and proceeds to a final envelopment and virus

release via membrane scission.>?

VP40 Recruits the ESCRT Machinery

Final steps in budding depend on endosomal sorting
complexes required for transport (ESCRTs), which
are recruited to viral budding sites via late domains
present in viral structural proteins.?*3% EBOV
VP40 contains two overlapping late domains and
Marburg virus has the same motifs present in VP40
and NP3"3° EBOV VP40 interacts with Tsg101 via
its PTAP motif in vivo® consistent with the pres-
ence of Tsgl01 in VP40 containing VLPs.*! The sec-
ond late domain was first shown to bind to a WW
domain from the yeast E3 ligase Rsp5 (Nedd4 homo-
logue)*? and later to the WW domain 3 from human
Nedd4 in vitro.*® Notably dominant negative
mutants of Nedd4 inhibit budding of VP40 contain-
ing VLPs** and dominant negative VPS4 inhibits
Marburg virus release.*® This is consistent with the
current model that stipulates that late domains
present in viral structural proteins serve to provide
access to ESCRT-III and the VPS4 complex, which
constitute the membrane fission machinery. ESCRT-
IIT is thought to assemble into filamentous helical
structures within the neck of a budding virion, con-
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strict the membrane neck via the formation of

dome-like structures*®*” and induce scission in con-

cert with the VPS4 ATPase.?%*® However, other fac-
tors may be able to substitute for ESCRTs during
filovirus budding, because late domain mutations do
not completely inhibit budding.*>4°

Different Conformations of the Matrix Protein VP40
The matrix protein VP40 is the major structural pro-
tein'® and its expression in eukaryotic cells suffices to
release virus-like particles (VLPs) with filamentous
morphology. However, VP40 VLPs have variable diam-
eters from 40 to 80 nm, compared to the more or less
consistent 80 nm  diameter of infectious
virus 16-184250-53  The crystal structure of VP40
revealed two structurally related N- and C-terminal
beta sandwich domains (NTD and CTD), which pack
against each other in a closed conformation® [Fig.
1(A)]. The structure lacks the first 40 amino acids (30
residues had been removed for crystallization pur-
poses). However this N-terminal region contributes to
the stability of VP40; it might reach over to the CTD
because its presence increases the protease resistance
of the CTD and protects it from trypsin cleavage at
position 212 in vitro.’® Removal of the complete CTD,
the last seven residues of CTD and artificial destabili-
zation of the NTD-CTD interface by urea leads to spon-
taneous oligomerization via the NTD demonstrating
the metastable interaction between NTD and CTD.5%5¢
The oligomeric states observed in vitro are hexameric
and octameric ring-like structures with dimeric NTD
as the building block.?>®” The CTD, which must be
linked flexibly to the NTD in these oligomers, has been
implicated in membrane association.?*®¢ There are two
regions on the CTD which have been suggested to be
important for membrane interaction. One is part of a
basic patch present on the disordered CTD loop con-
necting « helix 7 and B strand 11 [Fig. 1(B), patch
2].Deletion of this loop or mutations within this region
(K274E, K275E) inhibited VLP release from cells.?® In
contrast, another study implicated a CTD hydrophobic
surface composed of residues Leu213, 11e293, Leu295,
and Val298 at the opposite site of the CTD [Fig. 1(B),
patch 1] as being critical for plasma membrane localiza-
tion, VP40 oligomerization, and viral particle egress.>®
The same region was shown to penetrate into the
plasma membrane and was shown to be important for
liposome tubulation and for VP40-induced vesicle bud-
ding from giant unilamelar vesicles.® Furthermore
mutagenesis within this region affected the intracellu-
lar localization of VP40 and caused a reduction or a
complete block of VLP release.’! Due to the distant
locations of patches 1 and 2 it is unlikely that both
regions are directly implicated in membrane interac-
tion. Therefore the exact orientation of VP40 CTD on
membranes needs further investigation.
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This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.

Figure 1. Crystal structure of VP40. (A) Structure of dimeric VP40 (pdb code 1ES6); The chain direction from N- to C-terminus
is colored dark to light blue. Dimerization in solution has been confirmed.®® (B) Close-up of two proposed membrane interaction
motifs located at two opposing sites of the CTD. The hydrophobic surface comprising residues Leu213, 1e293, Leu295, and
Val298 is indicated as patch 1 and the loop region (disordered in the crystal structure and modeled as a coil) comprising resi-
dues K274 and K275 as patch 2. Both regions shown in red have been implicated in membrane interaction. (C) The metastable
association of the NTD and CTD generates two potential drug binding pockets. Stereo image of the NTD-CTD interface. Two
potential drug binding pockets (residues Leu132, Ala156, Arg148, Ser319, L320, Pro321; and residues Val100, Thr192, Asp193,
Asp312, and Thr313) are indicated. Binding of small molecules within these pockets could stabilize the closed conformation
and thus prevent the formation of oligomeric VP40 that is required for the Ebola virus life cycle. An interactive view is available

in the electronic version of the article.

VP40 has been initially shown to be monomeric in
solution based on chemical cross linking experiments
performed at pH 8.8 and protein concentrations
of <2 mg/mL,%® while size exclusion chromatography
and multiangle light scattering revealed dimers in
solution at protein concentrations of 2 mg/mL®® and
mutagenesis of the dimer interface demonstrated its
relevance for virus assembly.®® The same authors
showed that VP40 dimers assemble via CTD to CTD
interactions into linear hexamers and they suggest
that such hexamers form the building block for assem-
bly. These hexamers would expose alternating CTDs
towards the viral membrane and towards the nucleo-
capsid thus potentially establishing a firm link
between the nucleocapsid and the membrane.?® A sim-
ilar arrangement exposing the CTDs alternating above
and below a ring structure has been determined for
hexameric VP40 ring structures assembled in vitro.>®
Until now no biological function has been assigned to
these VP40 hexameric ring structures. Electron
tomography analysis of EBOVs suggested that VP40 is
arranged as a regular lattice with a 5 nm spacing,
which was suggested to correspond to the hexameric
assembly®®? [Fig. 2(A)]. In contrast other electron
microscopy studies on Marburg virus revealed only
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local regularity within an inner and outer layer of a
VP40 lattice.*

Dissociation of the CTD leads to an octameric
ring structure that specifically binds the short RNA
sequence 5-UGA-3'. The RNA stabilizes the ring
structures and confers SDS resistance to the octa-
mer®”3 [Fig. 3(A,B)]. Structural comparison of the
NTD in complex with RNA and of the NTD associ-
ated with the CTD in the closed conformation
revealed that the N-terminal 69 residues need to
move out of the way to make the dimerization inter-
face within the octamer accessible [Fig. 3(C)] Accord-
ingly this region was disordered in the crystal
structure. Furthermore the tip of B1 and B2 change
conformation and interact with a neighboring mole-
cule within the octamer [Fig. 3(A)]. No VP40 octa-
mer formation has been observed in vitro in the
absence of RNA.%" This is in contrast to an RNA-free
octamer crystal structure.’® However, these crystals
formed after proteolysis and therefore additional
RNAse contamination could have removed the RNA;
although Bornholdt et al.®® report oligomer forma-
tion of a mutant that can no longer bind RNA, such
oligomerization is likely dependent on the relatively
high protein concentration used in the analysis. In
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Figure 2. Structural organization of filovirus and paramyxovirus matrix proteins in virions. (A) VP40 filaments derived from the
assembly of VP40 hexamers are modeled to scale onto 2D averages of virion tomograms. Black/white has been inverted for
clarity in these images; white now corresponds to VP40 density. The hexamer unit as defined by the crystal structure is indi-
cated by two black lines.>%8 (B) Cryo electron microscopy map of the matrix protein layer of Newcastle disease virus with the
matrix protein dimer docked into the density,®® the scale bar, 5 nm.

contrast VP40 octamers have been detected upon
VP40 expression in mammalian cells and in infected
cells as SDS-resistant oligomers detected by western
blot analysis.?®%% Because we did not detect any octa-
mer formation at low protein concentrations in the
absence of RNA,%” we suggest that specific RNA bind-
ing drives octamer formation under physiological con-
ditions. In addition to the N-terminus of NTD, the
CTD also has to dissociate in order to facilitate octa-
mer formation. A flexible linker can position the
CTDs at the side, above or below the ring structure.
Because the CTD binds to membranes, VP40
octamers may also function at membranes. EBOV
replication was shown to occur in inclusions at the
perinuclear region?®®' and the activity of VP40
octamers might be immobilized there via CTD mem-
brane interactions. Alternatively, the CTD might
associate with other viral or cellular factors required
to exert its regulatory function during viral transcrip-
tion.?® The function of VP40 octamers is likely limited
to transcription control because octamers are not
present in virus particles®® and VP40 mutants that
no longer bind RNA can still form VLPs but do not
support EBOV replication. The VP40 RNA binding
activity is essential for the EBOV life cycle®® and we
hypothesize that the sequence-specific recognition of
RNA is linked to the recognition of viral RNA.
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Analyzing the NTD-CTD interface within the
monomer reveals two pockets that could accommodate
small molecules and thus stabilize the closed NTD-
CTD conformation. Leul32, Alal56, and Argl48 form
together with Ser319, L.320, and Pro321 an ~14 X 7 X
6.5A deep pocket and Val100 and Thr192 are at the bot-
tom of ~8 X 8 X 10 A deep pocket that is surrounded by
Aspl193, Asp312, and Thr313 [Fig. 1(C)]. Notably
removal of residues 320-326 destabilizes the NTD-CTD
interaction such that the CTD dissociates, which indu-
ces spontaneous NTD oligomerization in vitro leading
to VP40 hexamers and octamers in the presence of RNA
(56). This suggests that the C-terminal end is critical for
the NTD-CTD interaction. Therefore stabilizing the
NTD-CTD interaction with small molecules should
interfere with virus propagation notably because the
generation of octameric ring-structures is essential for
virus replication.’® Hence VP40 might be a suitable
drug target in order to interfere with EBOV infection.

Conservation of the VP40 Fold in Negative
Strand RNA Virus Matrix Proteins

The evolutionary relationship of negative single
strand RNA viruses is confirmed by the structural
conservation of the matrix proteins from Filoviridae,
Paramyxoviridae, and Bornaviridae. The exception
is the matrix protein structure from Vesicular
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This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.

Figure 3. Octamer structure of the VP40 NTD bound the short RNA 5'-UGA-3'. (A) Full length VP40 can be destabilized to bind
RNA in an octameric conformation mediated by the NTD (pdb code1H2C). An interactive view is available in the electronic ver-
sion of the article.(B) Close-up of the sequence-specific RNA recognition (C) The N-terminal region of the VP40 NTD as well as
the CTD need to dissociate from the core to facilitate octamer formation. The CTDs are connected by a long flexible linker
allowing a more or less random positioning in solution (black arrows in A indicate their position).

stomatitis virus (VSV) a member of the Rabdoviri-
dae. The structure of the VSV matrix protein folds
into an N-terminal part composed of an anti-parallel
B-sheet packed against two a-helices and a small
C-terminal region®*%® [Fig. 4(A)] with no significant
structural homology to EBOV VP40. In contrast the
Borna disease virus matrix protein is smaller and
contains only one domain with structural homology
to the NTD of VP40.5 Borna virus matrix forms tet-
ramers in solution and the crystal structure revealed
that the tetramer binds single stranded RNA at its
center which was modeled as cytidine-5'-
monophosphate [Fig. 4(B)]. The functional role of
the RNA bound conformation of the matrix protein
is unclear. It has been detected in Borna virus
infected brain tissue®” and could thus play a role in
assembly or any other step of the viral life cycle.
High structural conservation is found between
EBOV VP40 and matrix proteins from Paramyxovir-
idae such as Respiratory syncytial virus matrix,®
Newecastle disease virus matrix,%® and human Meta-
pneumovirus matrix.”® They are all composed of two
beta sandwich domains homologous to VP40 NTD
and CTD that associate with each other. However
the mode of interaction and the orientations of the
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CTDs with respect to the NTDs is different in all
four viral matrix proteins [Fig. 4(C)]. In addition,
the matrix proteins from Metapneumovirus and
Newcastle disease virus were reported to form
dimers in solution and in the crystal. Dimerization
positions the NTD and CTD at the same side, and
produces a pseudo-tetrameric arrangement, which is
different from the VP40 dimers (Fig. 5), but resem-
bles the quaternary structure of Borna disease virus
matrix protein tetramers [Fig. 4(B)].”° Its physiologi-
cal relevance is indirectly supported by the fact that
three different viral matrix proteins assemble into a
similar quaternary structure. Human Metapneumo-
virus matrix also binds calcium, which is coordi-
nated by two solvent exposed loops of the NTD. The
presence of calcium was shown to substantially
increase the thermostability of M.™

Incubation of human Metapneumovirus ma-
trix with 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) produced tubular helical structures with
variable diameters of ~40 nm. Helical three-
dimensional reconstruction from electron microscopy
images revealed a subunit arrangement with a rise
of 5.16 A. The repeating unit fits the dimeric crystal
structure, when positioned with its dimeric
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Ebola virus

Respiratory syncytial virus Newcastle disease virus Metapneumovirus

Figure 4. Structural conservation of matrix proteins from the Mononegavirales families. (A) Crystal structure of the vesicular
stomatitis virus (VSV) matrix protein core (pdb code 2W2R). (B) Structure of the Borna disease virus tetramer (pdb code 3F1J).
(C) Structure of the Ebola virus VP40 with the same NTD orientation as shown for RSV (pdb code 2VQP), Newcastle disease
virus (pdb code 4G1L) and human Metapneumovirus (pdb code 4LP7) matrix protein monomers. (The chain direction is indi-

cated with dark to light colors from the N- to the C-terminus.)

symmetry axis orthogonal to the long axis of the fila-
ment. This would position the concave surface of the
dimer toward the inside producing a non-
physiological positive curvature. Similar tubular
structures of M have been observed for RSV M"! and
are found to form irregular helical assemblies in
RSV virions.”® In contrast the crystal packing of M
from Metapneumovirus revealed the opposite nega-
tive curvature that is more relevant for M assembly
in vivo.”® In fact electron microscopy analysis of
Newcastle disease virus showed an M protein layer
that fits the dimeric M structure with the concave
membrane binding surface positioned toward the

viral membrane implicating the CTD in membrane
interaction [Fig. 2(B)]. Contacts between dimers and
between filaments are made by NTDs and CTDs of
symmetry related units.%® This is different from the
EBOV assembly model, where NTD-NTD interac-
tions form the filament (Fig. 2A) and the CTD con-
tacts both the membrane and the nucleocapsid.®®

An open question is whether the matrix proteins
from Paramyxoviruses can also adopt different qua-
ternary structures as it is the case for EBOV VP40.
Money and colleagues noted that the NTD and CTD
of RSV M are only kept together by weak interac-
tions and cleavage within the linker region leads to

Ebola Virus

Metapneumovirus

Newcastle disease Virus

Figure 5. Comparison of dimeric structures of the matrix proteins. Dimeric conformation of the human Metapneumovirus (pdb
code 4LP7) matrix protein and of Newcastle disease virus matrix (pdb code 4G1L) in comparison to the Ebola virus VP40 dimer.
All three structures have one NTD (grey) in the same orientation. This demonstrates that not only the orientations of the NTD
with respect to the CTD are different as shown in Figure 4, but also their mode of dimerization. It should be noted however,
that the dimerization mode is quite similar for Metapneumovirus and Newcastle disease virus matrix proteins.
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Table I. Calculated Total Buried Area by the NTD—
CTD Interface and Binding Energies (AG Indicates the
Solvation Free Energy Gain upon Formation of the
Assembly) for NTD-CTD Interactions of Ebola Virus
VP40, Respiratory Syncytial Virus Matrix, Newcastle
Disease Virus Matrix and Human Metapneumovirus
Matrix using the PISA Server™

Buried area AG
(A% (kcal/mol)
Ebola virus VP40 1365 —21.7
Respiratory syncytila 977 -10.6
virus matrix
Newecastle disease 1679 —18.4
virus matrix
Human Metapneumovirus 760 -9.9
matrix
Gp41-HK20 Fab complex 5590 -35

For comparison the total buried surface and calculated AG
are indicated for a high affinity antigen-antibody interac-
tion (gp41-HK20).™

the dissociation of NTD and CTD.®® Furthermore
Leyrat and colleagues noted that NTD-CTD inter-
face residues are conserved within EBOV and Meta-
pneumovirus matrix proteins despite their overall
low sequence similarity.”® Comparison of the NTD-
CTD interfaces of the known paramyxovirus matrix
protein structures indicates that their interaction is
relatively weak in agreement with their calculated
total buried surface area that range from ~700 to
1600 A% and corresponding dissociation energies
(AG) ranging from —21.7 to —9.9 kcal/mol, with
Ebola VP40 having the highest AG (Table I). This
suggests that these matrix protein structures can
also change their NTD-CTD arrangements to pro-
duce new conformations that might play additional
role(s) during the life cycle of these viruses.

Conclusions

The different conformations and quaternary struc-
tures of VP40, monomer/dimer, octamers in complex
with RNA, ring-like hexamers observed in vitro and
linear hexamers observed in the crystal are prime
examples of how the small size of a viral genome
can enlarge its coding capacity by packing different
functions into different conformations of the same
protein. Comparison of the matrix protein structures
from three different families of negative single
stranded RNA viruses has unraveled their evolution-
ary relationship that was not evident from the pri-
mary sequences highlighting once more the
contribution of structural biology to the understand-
ing of evolutionary relationships. Although the cur-
rent structures have brought much insight into how
these matrix proteins assemble into higher order
protein networks that drive and coordinate the bud-
ding process, further work is required to determine
whether the conformational plasticity observed for
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EBOV VP40 is also conserved in case of the matrix
proteins from paramyxoviruses and Borna virus.
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