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The Matrix Protein VP40 from Ebola Virus
Octamerizes into Pore-like Structures
with Specific RNA Binding Properties

and polymerase L [4–7]. The mature viral particles have
a filamentous shape, which varies in length [4, 8].

Structural analysis of VP40 shows a monomeric meta-
stable conformation consisting of two structurally re-
lated � sandwich domains that are loosely associated
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minal domain and destabilization of the monomer by38042 Grenoble
France urea treatment, mutagenesis, and binding to synthetic

liposomes leads to the formation of ring-like structures2 Institut de Biologia Molecular de Barcelona
C.I.D.-C.S.I.C. c/o Jordi Girona, 18–26 in vitro, a process that has been suggested to play a

role in assembly and budding [10, 11]. The change in08034 Barcelona
Spain the oligomeric state is arbitrated by the N-terminal do-

main [9], while the C-terminal domain is required for3 Institut für Virologie
Robert-Koch-Str. 17 membrane association in vitro [10] and in vivo [12].

Filovirus assembly and budding takes place at the35037 Marburg
Germany plasma membrane, which requires lipid raft microdo-

mains [4, 13]. Expression of Ebola virus VP40 was shown
to be sufficient to induce the release of virus-like parti-
cles from mammalian cells [12, 14], whereas coexpres-Summary
sion of GP improved the efficiency of particle production
dramatically [13, 15]. Furthermore, VP40 contains shortThe Ebola virus membrane-associated matrix protein

VP40 is thought to be crucial for assembly and budding sequence motifs (PPXY and PTAP) at its N terminus
whose presence has been implicated in virus particleof virus particles. Here we present the crystal structure

of a disk-shaped octameric form of VP40 formed by release by interacting with cellular factors [12, 16–18].
VP40 also associates with RNP structures in vivo [19]four antiparallel homodimers of the N-terminal do-

main. The octamer binds an RNA triribonucleotide and it has been reported to localize to late endosomal
membranes [20]. Matrix protein/RNP interactions havecontaining the sequence 5�-U-G-A-3� through its inner

pore surface, and its oligomerization and RNA binding been reported for a number of enveloped viruses [21–
24]. This process may generally involve interactions withproperties are facilitated by two conformational

changes when compared to monomeric VP40. The se- viral RNA (vRNA), such as the Corona virus M/mRNA1
recognition, which seems to be crucial for the M-NPlective RNA interaction stabilizes the ring structure

and confers in vitro SDS resistance to octameric VP40. association [25]. Likewise, influenza virus M1 and vRNA
were reported to promote the assembly of helical NPSDS-resistant octameric VP40 is also found in Ebola

virus-infected cells, which suggests that VP40 has an structures, leading to the translocation of RNP from the
nucleus to the cytoplasm [26]. In addition, other studiesadditional function in the life cycle of the virus besides

promoting virus assembly and budding off the plasma implicate matrix proteins in the interference with the
cellular RNA metabolism [27, 28].membrane.

Here we present the X-ray structure of octameric VP40
assembled through its N-terminal domain (NTD). Oligo-Introduction
merization is accompanied by structural rearrangements,
when compared to the full-length monomeric conforma-Filoviruses belong to the order of negative-stranded

nonsegmented RNA viruses and are classified into the tion of VP40. Notably, we find that a short triribonucleo-
tide (5�-U-G-A-3�), derived from the expression host, istwo genera, Ebola and Marburg viruses. They are the

causative agents of a severe, mostly lethal, haemor- specifically bound at the inner pore dimer-dimer inter-
face. This, together with the detection of a small amountraghic fever in humans, with occasional epidemic out-

breaks of the disease in regions of central Africa [1]. of octameric SDS-resistant full-length VP40 in Ebola
virus-infected cells, suggests that VP40 is not only activeFiloviruses are enveloped by a lipid bilayer, which an-

chors the glycoprotein GP to the surface of viral parti- in bilayer interaction during the assembly process, but
also plays an important role either in viral or host cellcles. GP undergoes a number of posttranslational modi-

fications, which have been associated with virus entry RNA metabolism during its replication cycle.
and possibly pathogenicity [2, 3]. The matrix protein
VP40 forms a layer underneath the viral membrane and Results
provides a link to the ribonucleoprotein complex (RNP)
composed of the viral RNA packaged by the nucleopro- Structure Determination

Both VP40(31–212) and VP40(31–194) form ring-liketein (NP) as well as the associated proteins VP35, VP30,
oligomeric structures in solution and were crystallized
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Table 1. Crystallographic Statistics

A. Data Collection

VP40(55–194) VP40(55–194) VP40(55–194) VP40(55–194) VP40(55–194) VP40(31–212)
Data Set (native) (Pt CuK�) (Pt peak) (Pt remote) (Pt peak and remote merged) (native)

Space group P422 P422 P422 P422 P422 P6222
Cell constantsa (Å) 80.51, 46.77 80.39, 46.92 80.57, 46.96 80.57, 46.96 80.57, 46.96 79.61, 239.18
Wavelength (Å) 0.933 1.542 1.072 1.069 1.072 � 1.069 0.979
X-ray source/beamline ID14-EH1 rotating anode BM-14 BM-14 BM-14 ID14-EH4
Max. resolution (Å) 1.60 2.30 1.63 1.63 1.63 2.60
Rmerge

b 6.5 (34.1)c 6.9 (25.3) 4.6 (23.8) 4.4 (23.9) 6.5 (28.7) 8.5 (40.6)
Completeness (%) 95.9 (78.2)c 99.6 (99.2) 99.9 (99.7) 99.9 (99.6) 99.9 (99.8) 97.8 (86.0)
No. reflections 167,556 64,896 95,075 94,570 189,216 63,464
No. unique reflections 19,961 7,179 19,721 19,726 19,736 14,356
�I/�(I)� 7.1 (1.6)c 10.1 (2.9) 10.6 (2.4) 11.0 (2.5) 7.4 (2.2) 4.5 (1.8)
Average multiplicity 8.4 (2.9)c 9.0 (8.5) 4.8 (4.3) 4.8 (4.4) 9.6 (8.6) 4.4 (3.6)
Wilson B factor (Å2) 14.2 27.0 16.3 16.6 16.3 67.2

B. MAD Phasing (VP40(55–194))

Phasing Powerd Figure of Merite

ano 2.3 acentric 0.68
iso 3.9 centric 0.66

C. Final Refinement Statistics

Structure VP40(55–194) VP40(31–212)
Resolution range used for refinement (Å) 40.0–1.60 59.8–2.60
No. of reflections in working set/test set 18,914/1,026 13,004/995
Rcryst

f 0.164 0.305
Rfree

f 0.182 0.329
Bond lengths rmsd (Å) 0.008 0.009
Bond angles rmsd (�) 1.18 1.42
Bonded B’s (main chain/side chain) rmsd (Å2) 0.58/1.69 0.60/1.23
Average B (Å2) 11.1 39.7
Protein residues in final model 124 (out of 140) 245 (out of 363)
No. of nonhydrogen atoms used in refinement 1195 2153
RNA residues 3 6
Solvent molecules 158 113
Ions/cations – 2 (Cl	)

a Values for a 
 b and for c.
b Rmerge 
 [�h�I|Ii(h) 	 �I(h�)|/�h�IIi(h)] � 100, where Ii(h) is the ith measurement and �I(h)� is the weighted mean of all measurements of reflec-
tion h.
c Numbers in parentheses are for last shell.
d Phasing power 
 �|FH|�/E, where �|FH|� is the rms structure factor amplitude for the heavy atom and E is the estimated lack-of-closure
error.
e Figure of merit 
 �|�P(�)ei�/�|P(�)|�, where � is the phase and P(�) is the phase probability distribution.
f Rcryst and Rfree 
 �h||F(h)obs|	 k|F(h)calc||/�h|F(h)obs| for reflections in the working and test sets (�500), respectively.

in space groups P6222 and P422, respectively. The P6222 cordingly, only the structure as present in the tetragonal
crystals will be discussed. The P6222 model containscrystals contained the full-length construct VP40(31–

212), while the P422 crystals were only obtained upon residues 69 to 190 (or 191 in molecule B) and two single-
stranded triribonucleotides as found in the P422 struc-proteolysis at residue 54 in the crystallization drop, as

confirmed by SDS-PAGE analysis and N-terminal se- ture. Residues 31 to 68 and 189(190) to 212 were disor-
dered in the crystal and could not be assigned (forquencing of dissolved crystals. The structure of the P422

crystal form, thus containing VP40(55–194), was solved refinement statistics, see Table 1).
by a combination of single isomorphous replacement
(SIR) and multiwavelength anomalous diffraction (MAD) General Architecture

Both NTD protein variants analyzed here form toroidalmethods. The final model contains residues 69 to 192
and a short stretch of very well-defined single-stranded octameric rings (assembled by crystallographic symme-

try) with a wide central pore (Figure 1). The ring struc-RNA, containing the sequence 5�-U-G-A-3� (phasing and
refinement statistics are presented in Table 1). tures are composed of four dimeric antiparallel � sand-

wich domains (Figure 1A). Each domain contains sixThe P6222 crystal form [VP40(31–212)], which contains
two molecules per asymmetric unit, was subsequently antiparallel � strands forming two sheets and three �

helices that pack laterally against the � structure. Thesolved by Patterson search techniques. The chain traces
in both crystal forms are well superimposable, with only ring structure has an outer diameter of �84 Å and an inner

diameter of �17 Å (Figure 1B); the width of the particle isslight rms deviations for the C� atoms of both molecules
(0.37 Å for molecule A and 0.42 Å for molecule B). Ac- �42 Å (Figures 1C). In each monomer, the C-terminal
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ends (residues 184 to 194) reach over to the neighboring
monomer, which contacts them in an extended confor-
mation. This arrangement leads to the positioning of the
C-terminal ends at the outer side of the ring, pointing away
from it, almost at the same horizontal level and only 15 Å
apart (Figure 1C). This suggests that the C-terminal do-
mains, which were not present in the construct, could
be positioned at the side, above or below the ring. The
structure lacks �70 residues at the N terminus and its
N-terminal end is positioned at the outside of the ring,
close to the C-terminal end (Pro 185) (Figure 1B). Each
monomer binds a short stretch of RNA at the dimer-
dimer interface, characterized by excellent electron den-
sity for a triribonucleotide (Figure 1D).

Molecular Interface within the Antiparallel Dimer
The interface of the antiparallel dimer occupies 1250 Å2.
The dimer is stabilized by salt bridges from Glu160A
(molecule A) to Arg148B (molecule B) and Arg151B, re-
spectively; further polar interactions are found between
Trp95A and Gln184B (Figure 2A). The effect of the inter-
actions is 2-fold due to the antiparallel nature of the
dimer. The stability of the dimer is further enhanced by
hydrophobic core interactions (residues Trp95, Pro97,
Phe161, Ile74, and Ile82 from molecules A and B) (Figure
2B) as well as residues 189 to 194 (A and B), which
interact in an extended conformation on the outside of
the ring with a neighboring molecule (Figure 1A). All
polar residues except Glu160, which is substituted by
Asn, and all of the hydrophobic residues involved in
the stabilization of the interface are conserved between
VP40 sequences from Ebola and Marburg viruses [9].
The interface of the antiparallel dimer coincides with the
interface occupied by the N- and C-terminal domains
in the closed monomeric conformation, and residues
covered by both interfaces are approximately the same
[9]. This indicates that the C-terminal domain has to
move away to allow the formation of the NTD dimer as
suggested [11].

Molecular Interface between Two Dimers
The dimer-dimer interactions bury a surface of 990 Å2

(involving molecules A and C). This is dominated by
hydrophobic interactions complemented with polar
main chain contacts, including hydrogen bonds be-
tween the amide of Gly141A and the carbonyl of
Tyr171C, and the oxygen of Thr173A and the amide of
Gly139C. In addition, residues from the loop structure
connecting � strand 4 and � helix 3 are sandwiched
between two loop structures from a neighboring mole-
cule, namely one connecting � strands 1 and 2 and the
other one bridging � helix 4 with � strand 6. This creates
a weak hydrophobic core on both corresponding ends
of the � sandwich structures. The formation of the dimer-Figure 1. The N-Terminal Domain of Ebola Virus VP40 Forms Oc-

tameric Ring-like Structures Mediated by Specific ssRNA Binding dimer interface also generates the binding pocket for the
(A) Ribbon drawing of the antiparallel dimer formed by the N-terminal
domain of VP40. The two monomers are shown in different colors
and the secondary structure elements are labeled [9]. Note that
the C-terminal end (residues 189 to 194) interacts in an extended the dimensions as well as the positions of the N and C termini are
conformation with the outer � sheet of its neighbor. indicated (the RNA has been omitted in C).
(B and C) Ribbon drawing of the ring structure of VP40. (B) View (D) Stereo view of a �A-weighted electron density omit map (mFobs 	
from the top, and (C) view from the side. The RNA molecule, bound DFcalc) contoured at 2� showing the superimposed final model for
at the dimer-dimer interface, is shown as an all-atom model. Each the triribonucleotide with the sequence U-G-A as an all-atom model
dimer (such as the one shown in A) is drawn in a different color and and with a C� tracing of the adjacent NTD molecule.
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tification of this Uri-Gua-Ade nucleotide (Figure 1D).
Uri1R displays its sugar puckering as C2�-endo [29] (Ta-
ble 2), which is stabilized by a number of polar interac-
tions between symmetry-related Uri1R residues. The base
moiety is positioned in syn conformation, fixed by an
internal hydrogen bond (Uri1R O5�-O2, 3.3 Å). This posi-
tions the aromatic base ring perfectly parallel to that
of a symmetry-equivalent Uri1R* residue (3.9 Å between
planes), resulting in a very strong 
 interaction (Figure 3B).

Nucleoside Uri1R is connected with Gua2R by a phos-
phate-linker in extended conformation, and no interac-
tions are observed between these two residues. Gua2R
is also puckered as purely C2�-endo, with its O2� atom
stabilized by an interaction with the protein moiety (see
below). The base, equally in syn conformation, is accom-
modated in a pocket in the inner pore surface and at
the interface between protein protomers (see below).
This pocket is formed by protein residues and by the
perfectly parallel base plane of a symmetry-related
Gua2R* residue.

The sugar-phosphate backbone folds back after
Gua2R to reach Ade3R, so that both the guanine and
adenine bases come to interact with each other, being
approximately perpendicular (Gua2R N2-Ade3R N1,
2.9 Å). A further interaction of the adenine is observed
with the preceding phosphate group (Ade3R N6-Gua2R
O2P, 3.3 Å). The sugar puckering of this 3�-terminal resi-
due is C3�-endo, enabling another interaction with the
sugar of the preceding residue (Gua2R O2�-Ade3R O4�,
3.4 Å), and the base is positioned in anti (Figure 3B and
Table 2).

RNA-Protein Interactions
Inside of the central cavity of the ring, the dimer-dimer
interface is stabilized by the interaction with the ssRNA
segment (Figure 3A). The main specificity of the ob-
served trinucleotide binding resides in the central gua-
nosine phosphate. The guanine base is placed in a deep
pocket located at the interface between two protein
protomers related by crystallographic symmetry (resi-Figure 2. Close-Up View of the Molecular Interactions at the Inter-
dues from the symmetry-related polypeptide are char-face of the Antiparallel Dimer

acterized by an asterisk) and interacts mainly withThe view is along the two-fold axis similar to Figure 1A (rotated by
180�). Panel (A) shows hydrophilic interactions and panel (B) focuses Arg134 (Gua2R O6-Arg134 N�, 2.9 Å; Gua2R N7-Arg134
on the hydrophobic core in the center of the two-fold axis. Second- N�2, 2.9 Å) and Phe125 (parallel ring stacking, 3.4 Å
ary structure elements are labeled accordingly. Note that most of between aromatic planes) of one protein chain. The
the residues involved in the specific contacts are conserved be-

backbone phosphate group of Gua2R is linked via atween Ebola and Marburg virus VP40 (see Figure 3 in [9]).
double-headed salt bridge with Arg134* (Gua2R O2P-
Arg134 N�1, 2.9 Å; Gua2R O5�-Arg134 N�2, 3.0 Å), while
the sugar moiety contacts the protein main chain (Gua2R
O2�-Gly126 N, 3.1 Å) (Figure 3C)specific recognition of a single-stranded ribonucleotide

segment, which dominates the interface (Figure 3A). Fewer contacts are observed between the flanking
residues of the oligonucelotide and the protein. Nucleo-
side Uri1R is not involved in any polar interactions withVP40 Binds RNA Specifically

The RNA oligonucleotide is composed of a 5�-phos- the protein octamer, and only hydrophobic forces are
established by the aromatic base to the side chains ofphate-depleted uridine residue (Uri1R, bound to mole-

cule A), followed by a guanosine phosphate (Gua2R) Leu132* and Leu158*. The 3�-terminal nucleotide Ade3R
is placed in a shallow cavity lined out by the protein mainand an adenosine phosphate (Ade3R) at the 3� end. Both

termini are pointing into the interior of the pore, being chain (His123-Gly126) and the side chains of Tyr171,
Asn154*, and Ile152*. It interacts directly via its baseaccessible for bulk solvent and, putatively, for 3�- and/

or 5�-elongated RNA molecules (Figures 1 and 3A). The with the protein through one hydrogen bond (Ade3R N1-
Asn154* N�2, 3.0 Å) and via its sugar moiety through ahigh quality of the final electron density map, including

the observed interactions, permitted unambiguous iden- second one (Ade3R O2�-Gly126 O, 3.0 Å) (Figure 3C).
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Figure 3. RNA Conformation and RNA Pro-
tein Interactions

(A) Two RNA molecules bind at the molecular
interface generated by the dimer-dimer for-
mation. The two protomers are shown in yel-
low and light yellow and the triribonucleotide
is drawn as an all-atom model.
(B) Stereo view of two complete symmetry-
related triribonucleotides containing the se-
quence 5�-U-G-A-3�, bound at the dimer-
dimer interface. The two molecules are in
white and in light gray with labels containing
one asterisk. In addition, the right panel in-
cludes also a uridine (label underlined) from
a neighboring RNA molecule, interacting spe-
cifically with Uri1* (for clarity, only Uri1 of the
triribonucleotide is shown). The hydrogen
bonding distances within the triribonucleo-
tides are indicated as dashed lines. Note the
parallel base pair stacking by the central gua-
nine (Gua2 and Gua2*) as well as the parallel
orientation of two symmetry-related uracil
bases (Uri1* and Uri1). Both riboses from the
uridine and the guanine are in the C2�-endo
conformation while the guanine ribose is in
C3�-endo [29].
(C) Close-up stereo view of protein-RNA in-
teractions, shown for a single RNA molecule;
van der Waals contacts are not shown with
the exception of the parallel base pair stack-
ing of F125. Note that most of the interactions
are contributed by the guanosine phoshate.
Hydrogen bonding distances are indicated by
dashed lines and contributions of symmetry-
related residues are marked with an asterisk
(N154*).

The observed structural features and the fact that the phosphate. Furthermore, the implication of the sugar
O2� atoms in a number of key interactions (both intra- andprotein oligomer was capable of sequestering a triribo-

nucleotide of a particular sequence from the expression intermolecular) further permit to discard the potential
binding of a trideoxyribonucleotide with an equivalenthost E. coli strongly suggest that the octameric VP40

N-terminal domain displays a marked selectivity for the sequence. Therefore, the observed binding must be
considered both RNA- and sequence-specific. In addi-specified sequence, in particular for a central guanosine

Table 2. Conformational Parameters of the Bound Triribonucleotide

Residue Residue Base Position Orientation
Number Name Relative to Sugar Value of � around C4�–C5� Sugar Puckering

5�

1R Uri syn 52.8� gauche(�) C2�-endo
2R Gua syn 67.6� gauche(	) C2�-endo
3R Ade anti 	102.2� gauche(�) C3�-endo

3�
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Figure 4. Comparison of the NTDs Derived from the Closed Monomeric Conformation and from the Ring Structure Unveils Major Conformational
Changes

(A) Superposition of C� atoms 71 to 191 results in an rms deviation of 2.8 Å. Sites of major conformational movements are indicated with
arrows. The NTD from the closed monomeric conformation is shown in red and the one from the octamer structure in yellow.
(B) Schematic overview of the two major conformational changes in VP40. An N-terminal loop (gray) and the C-terminal domain (gray) from
the closed VP40 conformation must change their conformation to achieve octamerization. This is indicated by the ribbon drawing of the three
regions involved; the potential movement of the two domains with respect to the N-terminal domain is highlighted by arrows.

tion, all polar residues involved in the RNA interaction movement of the C-terminal domain out of its position
to facilitate the formation of the antiparallel dimer, whichare strictly conserved between Ebola and Marburg VP40

sequences and some van der Waals contacts are substi- occupies an almost identical interface as seen between
the N- and C-terminal domains of the closed monomerictuted by conservative changes.
conformation (Figures 3 and 4B; see also Figure 4 in
[9]). The linker between both domains could be as longStructural Rearrangements of VP40

upon Oligomerization as �30 Å, as it contains 11 residues up to the first �
strand (� strand 7) of the C-terminal domain [9] and mayThe NTD of the monomeric closed conformation [9] and

the protomer within the oligomeric structure can be therefore position the C-terminal domain in a random
position with respect to the NTD.overlaid with an rms deviation (matching the C� atoms

of residues 72 to 189) of 2.8 Å. Most of the differences
observed lie in the loop regions and the positions of � Detection of Oligomeric VP40 In Vivo

Part of the NTD construct VP40(31–212), which was usedhelix 2 and � strand 6. In particular, � helix 2 moves
3.3 Å (at C� position 117) and � strand 6 4.3 Å (at C� for crystallization, reveals SDS resistance when sepa-

rated under nonboiling conditions on SDS-PAGE. A highposition 173), resulting in major differences within this
region (Figure 4A). molecular weight form is detected that migrates close

to the 150 kDa marker protein (Figure 5A, lane 2). TheTherefore, two conformational changes are observed
to facilitate the transition from the monomer to the oc- same oligomeric form is observed when crystals belong-

ing to space group P6222 are dissolved and separatedtamer. First, N-terminal residues 31 to 70, which pack
in an extended conformation together with a 310-helix under nonboiling conditions (Figure 5A, lane 3). This

indicates that the SDS resistance is an intrinsic feature(helix 1) against the core of the � sandwich structure in
the monomeric conformation, have to unfold and be of octameric ring-like VP40 in complex with RNA. In

addition, monomeric VP40 adopts the same oligomericexpelled from the shallow cleft created by � strands 3
and 6 to allow the formation of the dimer-dimer interface SDS-resistant structure when incubated with 2 M urea

in the presence of E. coli nucleic acids. The formationwith its RNA binding pocket (Figure 4B). The N-terminal
chain runs between � helix 2 and � strand 6 and both of ring-like structures was also confirmed by electron

microscopy (data not shown). The oligomeric form ofstructural features move substantially in the oligomeric
conformation (Figure 4A). In addition, the original chain SDS-resistant VP40 in complex with nucleic acids thus

migrates above the 220 kDa marker protein (Figure 5B;direction from the monomeric form would also position
the N terminus at the inside of the ring structure, which lane 1), while monomers and dimers are detected under

boiling conditions (Figure 5, lane 2).may not be large enough to accommodate eight addi-
tional polypeptide chains. Analysis of VP40 SDS resistance in cells infected with

Ebola virus reveals that a fraction of the total protein alsoThe second conformational change includes the
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Figure 5. SDS Resistance of Oligomeric Ring-like VP40 in Complex with RNA

(A) SDS resistance of VP40(31–212). Lane 1, boiled sample; lane 2, nonboiled sample; lane 3, nonboiled sample of crystals of VP40(31–212)
in space group P6222.
(B) SDS resistance of full-length VP40. Lane 1, full-length recombinant VP40 destabilized in the presence of E. coli nucleic acids and separated
on SDS-PAGE; lane 1, nonboiled; lane 2, boiled. Lane 3, detection of full-length VP40 in Ebola virus infected cells under nonboiling conditions
and boiled (lane 4). Note that the high molecular weight form in lane 3 corresponds to the size of the oligomeric full-length VP40 generated
in vitro (lane 1). The monomeric form and the proposed octameric form are both indicated by arrows and a band corresponding to a dimer
(lane 2) is indicated by an asterisk.
(C) SDS resistance analysis of VP40 present in purified Ebola virus particles. Samples were separated under boiled (lane 1) and nonboiled
conditions (lane 2).
Samples were separated on gradient SDS-PAGE and positions of marker proteins are indicated. Bands in (A) were detected by Coomassie
blue staining and in (B) and (C) by Western blot.

shows SDS resistance, specified by the high molecular is similar to the interface occupied by the N- and C-terminal
domains in the closed conformation.weight band that migrates at the same position as SDS-

resistant recombinant VP40 (Figure 5B, lanes 3 and 1). The binding of the ssRNA is typical for protein-RNA
interactions with the characteristic parallel stacking ofIn addition, no dimeric form of VP40 can be detected in

infected cells under either separation condition. This bases and aromatic residues, such as Phe125. As re-
ported for many protein/RNA complexes, adenine is co-strongly indicates, together with the RNA binding prop-

erties of full-length oligomeric VP40 in vitro, that octa- ordinated by recognition of its N1 and N6 groups and
the recognition of guanine involves arginines, a role thatmeric VP40 bound to a specific RNA sequence plays a

role in the virus life cycle. We then analyzed purified is fulfilled by Arg134 [30]. Phe125 and Arg134 are the
most important residues in the interaction and both areEbola virus particles to determine whether octameric

VP40 in complex with RNA is part of the virus particle. positioned next to each other and exposed close to
the interface of the N- and C-terminal domains in theSeparation of samples under boiled and nonboiled con-

ditions produced mostly monomers and a band corre- monomeric conformation (see Figure 5C in [9]), which
might implicate them in the transition process. Uracil atsponding to dimers of VP40. However, no high molecular

weight band corresponding to the SDS-resistant form the 5� end is less well fixed by protein-RNA interactions;
however, it is still unambiguously defined by electrondetected in virus-infected cells could be detected, indi-

cating that octameric VP40 might not be abundantly density and well coordinated by stacking against hy-
drophobic residues Leu132 and Leu158 as well as apresent in virus particles (Figure 5C).
symmetry-related uracil group, including polar interac-
tions between neighboring uridines. Interestingly, all po-

Discussion lar residues involved in the protein-RNA interaction are
strictly conserved and all hydrophobic residues are ei-

Viral matrix proteins from negative-strand RNA viruses ther conserved, such as Phe125, or substituted by con-
participate in the assembly of lipid-enveloped viruses servative changes among all available sequences from
by providing a link between the surrounding membrane Ebola virus subtypes (Zaire, Reston) and Marburg virus
and the nucleocapsid structure. The unraveling of the strains (Musoke and Popp). We propose that this con-
crystal structure of octameric VP40 in complex with RNA servation is significant (34% identity between Ebola
may suggest yet another still uncharacterized function [Zaire] and Marburg [Popp] VP40 NTDs), and it indicates
for the matrix protein. The structure shows that VP40 that Marburg virus VP40 may also interact specifically
has to undergo two major conformational changes in with nucleic acids.
order to allow the observed oligomerization. This in- A number of RNA binding proteins form oligomers
volves the movement of the C-terminal domain, which that assemble into ring-like structures with specific RNA
had been suggested earlier [11], as well as the displace- binding properties on the outside of a ring framework,
ment of the N-terminal region (residues 31 to 70), which as in case of octameric rotavirus NSP2 [31] and TRAP
then generates the binding pocket for the specific recog- (trp RNA binding attenuation protein) [32]. In addition,
nition of the ssRNA motif U-G-A. Indeed, the octamer RNA recognition can also occur on the inside of the ring,

as in the case of the Sm protein family, which assemblesstructure shows that the interface of the dimeric subunit
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into hexamers or heptamers and functions in the biogen- Biological Implications
esis and stability of mRNA [33, 34] and TB-RBP, which
forms octamers and controls the translation of stored Viral matrix proteins play an important role in the assem-

bly and budding processes of enveloped viruses. TheymRNAs in testis and brain [35]. The general function
of binding multiple RNA copies could be as simple as are positioned underneath the viral membrane and en-

sure the integrity of mature viral particles. VP40 is aconcentrating multiple copies at specific sites. In case
of VP40, the binding of the RNA seems to follow an monomer in solution and contains two domains [9]. The

N-terminal domain is involved in homo-oligomerizationinduced fit pathway, as suggested for general RNA-
protein recognition [36], which evolved to accommodate [10] and interaction with cellular budding factors [16–18],

while the C-terminal domain is instrumental for mem-multiple functions within a single polypeptide chain by
creating a symmetric homo-oligomer. The C-terminal brane association [10, 12].

The structure of octameric VP40 binds sequence-spe-domains, which are not present in the structure, could
be still involved in membrane association and might cific ssRNA and represents the first crystal structure of

a matrix protein from an enveloped virus in complextherefore localize specific action to membrane compart-
ments as described for positive-strand RNA virus repli- with ssRNA. As the limiting size of a viral genome to

be packaged into virus particles leads to evolutionarycation strategies [37].
The RNA ligand greatly stabilizes the dimer-dimer in- pressure to increase the coding content of the genome

without changing its size, several conformations of VP40terface, which is similar to the RNA-induced dimeriza-
tion of rotavirus NSP3 [38]. VP40(31–212) shows SDS will therefore allow the matrix protein to exert multiple

tasks. We provide evidence that the RNA bound formresistance when separated under nonboiling conditions
on SDS-PAGE, which can be attributed to the presence of octameric VP40 is not an abundant component of the

assembled particle, as its SDS-resistant form is onlyof nucleic acids in the sample [17, 56]. Only SDS-resis-
tant high molecular weight VP40 is present in the hexag- found in infected cells and not in mature viral particles.

It is therefore most likely involved in a yet unknownonal crystal form, which indicates preferential crystalli-
zation of this form. Furthermore, we show that full-length regulatory step during the life cycle of the virus. Our

data also suggest that Marburg viruses employ a similarVP40 can be transformed into a SDS-resistant form in
the presence of E. coli nucleic acids, assembling into strategy, as all residues involved in RNA interaction are

conserved between Ebola and Marburg virus strains.ring-like structures, as determined by electron micros-
copy. Interestingly, the same SDS-resistant high molec- The octamer structure of VP40 now provides the frame-

work for a precise functional analysis. In addition, theular weight form is found in cells infected with Ebola
virus. Although the amount present in these cells is low, presence of the octameric form of VP40 in infected cells

together with the well-defined RNA binding pocket mayit clearly indicates that this oligomeric form of VP40,
which depends on RNA binding, is present in infected render VP40 a new target for antiviral drug development.
cells and plays a specific role in the viral life cycle. In
contrast, the high molecular weight SDS-resistant form

Experimental Procedures
is not present in virus particles, indicating a role distinct
from the direct assembly of particles. We find, however, Expression and Crystallization
a SDS-resistant dimeric form of VP40, which could be VP40(31–212) was expressed and purified as described [10], and a

C-terminally truncated form of VP40, VP40(31–194), was cloned,part of higher-order oligomers or hexamers as sug-
expressed, and purified as described for VP40(31–212). For crystalli-gested [10, 11]. Notably, the SDS-resistant dimeric form
zation, 1 �l of VP40(31–212) (10 mg/ml) and 1 �l of well solutionis not detected in infected cells.
(100 mM HEPES [pH 7.5], 1.5 M NH4H2PO4, 15% MPD), and 1 �l of

VP40 had been previously shown to form ring-like VP40(31–194) (13 mg/ml) and 1 �l of well solution (100 mM Na-
structures in solution, which had been suggested to acetate [pH 4.6], 35% MPD, 4% glycerol) were mixed and equili-
contain antiparallel dimers forming trimers [10, 11]. Fur- brated against the well buffer. VP40(31–194) was nonspecifically

proteolyzed in the crystallization drop, and the N terminus of ather analysis of our previous data revealed that the origi-
crystal was determined to start at position 55 by chemical sequenc-nal preparations contained both a mixture of hexamers
ing [VP40(55–194)]. For cryo-protection, VP40(31–212) crystals wereand octamers due to the presence of nucleic acids in
briefly transferred to well solution containing 5% glycerol, and

the sample [56]. VP40(31–194) crystals were transferred into well solution containing
The function of octameric VP40 in the virus life cycle 15% glycerol before flash cooling in a stream of liquid nitrogen.

is still elusive. It might have a role in RNP formation
as described for a number of matrix proteins [21–26],

VP40(55–194): Diffraction Data Collection and Processingalthough recent evidence would not directly support
VP40(55–194) crystallizes in space group P422 with unit cell dimen-such a role [7]. On the other hand, it might be in agree-
sions of a 
 b 
 80.51 Å and c 
 46.77 Å, with one molecule per

ment with the detection of viral RNPs associated with asymmetric unit and a Matthews-parameter VM 
 2.5 Å3/Da (50%
VP40 in inclusions of Marburg virus-infected cells [20]. solvent; [40]). One native data set was collected at beamline ID14-
Other potential interactions besides those with the viral EH1 (ESRF, Grenoble). A heavy-ion derivative was obtained by soak-

ing a crystal during 6 hr in the cryo-protecting buffer containinggenome may involve filovirus mRNAs containing the triri-
200 �M potassium tetra-chloroplatinate(II), and one data set wasbonucleotide sequence [39], and such complexes may
collected on a rotating anode source. A multiple-anomalous diffrac-function in transcription or translation control. Lastly,
tion (MAD) experiment at the platinum LIII absorption edge was per-we cannot exclude the possibility that the bound (cellular
formed at beamline BM-14 (ESRF, Grenoble). Therefore, two data

or viral) RNA acts solely as an adaptor in order to gener- sets, at � 
 1.069 Å (absorption peak) and � 
 0.979 Å (hard remote),
ate a conformation of VP40 suitable to interact with an were collected from the same crystal, with data extending to 1.63 Å

(Table 1). All diffraction data were indexed and integrated withunknown regulatory protein, active in the virus life cycle.
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DENZO [41], scaled, merged, and reduced with SCALA within the SDS Resistance Analysis of Recombinant VP40
VP40(31–212) was separated on SDS-PAGE gradient gels with andCCP4 package [42].
without prior boiling of the samples in standard sample buffer con-
taining 0.5% SDS (w/v). Hexagonal crystals of VP40(31–212) were

VP40(55–194): Structure Solution, Model Building, washed extensively in the crystallization buffer and then dissolved
and Refinement in SDS loading buffer and separated under nonboiling conditions.
A single platinum site was located in an anomalous difference- Full-length monomeric VP40 was purified as described [10] and then
Patterson map (bound to Met89 S�). Phases up to 1.63 Å resolution destabilized in 2 M urea in the presence of an excess of E. coli
were calculated from this single refined site with the program SHARP nucleic acids (1:1; w/w).
[43], from the phases provided by the two-wavelength MAD (syn- VP40 Analysis in Ebola Virus-Infected Cells
chrotron data) and the SIRAS (rotating-anode data) experiments Ebola virus-Zaire strain Mayinga was grown, passaged, and purified
(Table 1). A posterior density modification step (solvent flipping) as described [55]. Ebola virus-infected cells were washed 24 hr
with SOLOMON [42] rendered an electron density map of excellent postinfection and lysed for 5 min at 4�C in PBS containing 1%
quality that permitted density improvement and automated chain Triton X-100. Lysates were centrifuged for 2 min at 9200 rpm and
tracing using wARP/ARP [44]. Subsequent final corrections of the supernatants were mixed with sample buffer resulting in a final
model, the introduction of solvent molecules where appropriate if concentration of 0.5% SDS. Samples were divided and one part
present in �A-weighted 2mFobs 	 DFcalc and mFobs 	 DFcalc maps, and was boiled for 5 min while the other part left at RT. As a positive
identification and building of the triribonucleotide were performed control, recombinant octameric VP40 was used and treated under
with the programs O [45] and TURBO-FRODO [46]. Positional and the same conditions as described above. Samples were loaded
temperature-factor crystallographic refinement was performed with onto an SDS-PAGE and blotted onto PVDF membranes that were
the program CNS v. 1.0 [47]. As a last step, REFMAC5 was used with incubated with a mouse monoclonal anti-VP40 antibody (dilution
TLS refinement [48] to better account for the anisotropic thermal 1:100), followed by a goat anti-mouse IgG (dilution 1:40,000) as
displacements. The final refined model consists of protein residues secondary antibody.
69 to 192 (molecule A), ribonucleotides 1 to 3 (chain R), and 158 VP40 Analysis in Purified Ebola Viruses
solvent molecules. It has been refined employing native data to SDS resistance of virion-associated VP40 was tested using 20 �l
1.6 Å resolution, with a final crystallographic R value of 16.4% and of purified virions (�2 � 108 particles) that were incubated with PBS/
an Rfree value of 18.2%. The model has good stereochemistry (Table 1% Triton X-100 for 5 min at 4�C and further treated as described
1) and all residues lie within the allowed regions of a Ramachandran above.
plot, as checked with PROCHECK [49].
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