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Ebola virus maturation occurs at the plasma mem-
brane of infected cells and involves the clustering of
the viral matrix protein VP40 at the assembly site as
well as its interaction with the lipid bilayer. Here we
report the X-ray crystal structure of VP40 from Ebola
virus at 2.0 A resolution. The crystal structure reveals
that Ebola virus VP40 is topologically distinct from all
other known viral matrix proteins, consisting of two
domains with unique folds, connected by a flexible
linker. The C-terminal domain, which is absolutely
required for membrane binding, contains large hydro-
phobic patches that may be involved in the interaction
with lipid bilayers. Likewise, a highly basic region is
shared between the two domains. The crystal struc-
ture reveals how the molecule may be able to switch
from a monomeric conformation to a hexameric form,
as observed in vitro. Its implications for the assembly
process are discussed.
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Introduction

Filoviridae are negative-stranded non-segmented viruses,
which are classified into two species: Marburg virus and
Ebola virus, the latter containing four subspecies (Ivory
Coast, Reston, Sudan and Zaire). Ebola virus is the
causative agent of a severe haemorrhagic fever in humans,
which is associated with high mortality (Siegert et al.,
1967; Feldmann and Klenk, 1996). Filoviruses enter cells
such as monocytes, macrophages, hepatocytes and endo-
thelial cells by employing their surface glycoprotein
(Schnittler et al., 1993; Becker et al., 1995; Feldmann
et al., 1996; Takada et al., 1997; Yang et al., 1998) in an
infectious process most probably established through
receptor-mediated endocytosis (Geisbert and Jahrling,
1995; Wool-Lewis and Bates, 1998). Subsequent fusion
of viral and cellular membranes is mediated by the viral
fusion protein (Gallaher, 1996; Volchkov, 1998;
Weissenhorn er al., 1998). Replication of Ebola virus
occurs in the cytoplasm (Feldmann and Kiley, 1998) and
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the assembly and budding of new viral particles takes
place at the plasma membrane (Feldmann et al., 1996).

The matrix protein VP40 is the most abundant protein in
viral particles, and is positioned beneath the viral bilayer
to ensure the structural integrity of the particle (Geisbert
and Jahrling, 1995). Matrix proteins have been shown to
play an important role in virus assembly and budding.
During this process, the matrix proteins associate with
cellular membranes and are clustered at the site of
assembly through interactions with the C-terminal tails
of viral glycoproteins, an event that is thought to trigger
assembly (reviewed by Garoff et al., 1998). Numerous
matrix proteins, including Ebola virus VP40 itself, have
been shown to interact preferentially with bilayers with
elevated levels of negatively charged phospholipids
in vitro (Zakowski et al., 1980; Ruigrok et al., 2000a,b).
Notably, the viral envelope seems to possess a defined
lipid composition that plays a crucial role during assembly
(Lenard and Compans, 1974). Lipid rafts have been
implicated in the acquisition of specific lipids into the viral
envelope (Scheiffele et al., 1999; Manié et al., 2000), a
process that may provide the special lipid environment
required for matrix-protein membrane interactions.

The structures of a number of matrix proteins from
members of the Retroviridae have been solved by NMR
and X-ray crystallography. Although their sequences
differ considerably, their three-dimensional structures are
quite similar (Massiah et al., 1994; Matthews et al., 1994;
Rao et al., 1995; Christensen et al., 1996; Hill et al., 1996;
Matthews et al., 1996; Conte et al., 1997). Matrix proteins
from SIV-1 and HIV-1 crystallize as trimers which display
a large basic surface proposed to mediate binding to the
lipid bilayer (Rao et al., 1995; Hill et al., 1996). A similar
basic surface is present in the structures of retroviral
matrix proteins from HTLV-II (Christensen et al., 1996),
Mason-Pfizer monkey virus (Conte et al., 1997) and
bovine leukaemia virus (Matthews et al., 1996).
Furthermore, a basic surface was suggested to mediate
membrane targeting of influenza virus matrix protein M1
(Sha and Luo, 1997). However, the structural and func-
tional properties of matrix proteins of retroviruses and
negative-stranded RNA viruses are likely to differ signifi-
cantly. The former surrounds a spherical nucleocapsid that
originates from a polyprotein and mediates budding at the
basolateral side of polarized cells. The latter, on the other
hand, are not processed by proteolytic cleavage, enclose a
helical nucleocapsid and often trigger budding at apical
cell surfaces.

We have shown previously that the C-terminal region
comprising residues 213-326 of Ebola virus VP40 is
absolutely required for membrane association in vitro.
Notably, trypsinized VP40 lacking this region assembles
into hexameric ring-like structures, as seen in biochemical
studies and electron microscopy images, which may play a
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Table 1. Crystallographic statistics

Data collection Remote Peak Inflection
Wavelength A) . A1 = 0.8855 A, = 0.97888 Az = 0.97907

Max. resolution (A) 2.0 2.0 2.0

Rinerge® 3.9 (22.4)° 5.8 (19.8) 3.6 (19.7)

% complete 93.7 (86.8) 97.9 (92.9) 93.8 (86.1)

No. of reflections 166 358 159 796 164 655

No. of unique reflections 19 062 19 188 19 185

<llo()> 10.6 (3.8) 15.2 (5.0) 10.7 (3.2)

f (e -3.02 —6.20 -10.20

17 (e) 4.40 7.41 2.82
MAD phasing (SHARP)

Phasing power® Recunisd Figure of merit®

(ano) (iso) (ano) (iso) (acentric) (centric)

2.14 1.81 0.63 0.51 0.77 0.59
Refinement

No. of reflections in working set 17 007

Rerys 0.220 (0.278)°

Riree! 0.250 (0.337)

Average B 28.3 A2

Residues 260 (out of 296)

Bond length r.m.s.d. 0.006 A

Bond angles r.m.s.d. 1.47°

Ramachandran plot¢ % in most favoured 98.6

and additionally allowed regions

Water molecules 121

AR meree = Znilli(h) — <I(h>)/Z,Zi0i(h), where Ii(h) is the i™ measurement and </(h)> is the weighted mean of all measurements of I(h).
2 g

"Numbers in parentheses are for the final shell.

‘Phasing power = <IFyl>/E, where <IFyl> is the r.m.s. structure factor amplitude for the heavy atom and F is the estimated lack-of-closure error.

4R cunis = mean lack of closure divided by mean isomorphous difference.

°Figure of merit = <IZP(ct)e'o/ZIP(0))l>, where o is the phase and P(v) is the phase probability distribution.
chryst and Reee = ZpllF(R)obsl — 1F(h)carcl/Znl F(R)opsl for reflections in the working and test sets, respectively.

2As defined in PROCHECK (Laskowski et al., 1993).

role during viral assembly and budding (Ruigrok et al.,
2000b).

Here we report the three-dimensional structure of the
matrix protein VP40 from Ebola virus, the first matrix
protein structure from a negative-stranded non-segmented
RNA virus. Both the N- and C-terminal domains fold into
similar B-sandwich structures, suggesting that they might
have been generated by gene duplication. Few interactions
between the domains and the position of the trypsin
cleavage site indicate the possibility of a conformational
change or suggest a domain movement that might play a
role in the function of VP40.

Results and discussion

Structure determination and architecture

A protease-resistant core of VP40 was identified by factor
Xa and trypsin cleavage from full-length VP40, expressed
in Escherichia coli (Dessen et al., 2000; Ruigrok et al.,
2000b). The crystal structure of VP40 (residues 31-326)
was determined by the multiwavelength anomalous dif-
fraction (MAD) method (Hendrickson and Ogata, 1997)
using selenomethionine-substituted VP40 (data and phas-
ing statistics are presented in Table I and in Materials and
methods). The experimental maps calculated after

SHARP, WARP and SOLVE/DM procedures (see
Materials and methods) were of excellent quality
(Figure 1) and allowed unequivocal tracing of the chain.
The refined model consists of residues 44-321 and has
been refined to 2.0 A resolution with a crystallographic
R-value of 22.0% (free R-value of 25.0%).

The VP40 monomer is an elongated, two-domain
assembly, with dimensions of 40 X 50 X 25 A
(Figure 2A). The N-terminal domain is folded into a
B-sandwich consisting of six antiparallel strands arranged
in two B-sheets of three strands each (N-terminus: B1-B6;
Figure 2B). Three loops lie arranged in the form of open
jaws on the apex of the N-terminal domain that is farthest
from the C-terminal region. The fold of the N-terminal
domain is loosely reminiscent of classic membrane-
targeting C2 domains identified in many signal transduc-
tion molecules (Rizo and Siidhof, 1999), although the
latter display one additional [B-strand per sheet. The
C-terminal domain (C-terminus: B7-312; Figure 2) con-
sists of one antiparallel triple-stranded [-sheet and an
opposite set of three B-strands which form a strongly bent
B-sheet. In both domains, the PB-strand arrangements
manifest a concave twist, and an a-helix packs laterally
with respect to the B-sheets. The domains are connected by
a flexible linker (residues 195-200) that is not traceable in
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Fig. 1. Stereo view of the experimental map generated with MAD phases obtained from six selenium sites identified by SOLVE and subsequently
solvent flattened. The map is contoured at the 16 level, and focuses on a conserved loop region in domain 2 connecting B-strands 7 and 8.

the experimental maps, and make an approximate angle of
60° to one another. Although the longest loop in the
C-terminal domain which connects strand P11 to 12
(residues 293-303) is traceable, two other loops (222-226
and 274-280) are not, suggesting higher flexibility in
this region of the protein. In addition, no clear density
was observed corresponding to residues 3143 at
the N-terminus as well as to residues 322-326 at the
C-terminus, substantiating their lack of order.

New topology

Using complete VP40 as well as the N- and C-terminal
domains separately, a search for structurally homologous
proteins (DALI; Holm and Sander, 1993) yielded no
matches of statistical significance. However, superposition
of the domains themselves revealed a similar architecture.
Most differences reside on the lengths of individual
[-strands, which are longer in the N-terminal domain, and
the positions of the corresponding loops. Their similarity
can also be observed on the VP40 topology diagram
(Figure 2B). The spatial positioning and direction of the
B-strands is similar, displaying main chain r.m.s. devi-
ations of 1.6 A upon fitting of all B-strands as well as a2
and o6, which connect the different levels of sheets in both
domains (Figure 2B). A notable difference between the
two domains is the strongly bent -sheet arrangement of
B-strands 7, 8 and 12. Nevertheless, it is conceivable that
both domains arose from a common ancestor by gene
duplication, although we cannot detect any significant
sequence homology.

Sequence comparison

Sequence comparison of Ebola virus (strain Zaire) and
Marburg virus (strain Popp) VP40 reveals a similarity of
29% (VP40 sequences from other Ebola virus subtypes
currently are not available) (Bukreyev et al., 1993)
(Figure 3). The conservation of the primary sequence is
most prominent in the N-terminal region that corresponds
to the secondary structure elements. Notably, there is an
especially high sequence identity comprising the region
around [-strand 4, o-helix 3 and B-strand 5. The
C-terminal domain shows only a single continuous stretch
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of sequence conservation located in the region of B-strands
7 and 8 (Figure 3).

A number of matrix proteins have been proposed to
interact with cellular proteins via WW domain-binding
motifs (Garnier et al., 1996; Macias et al., 1996; Xiang
et al., 1996; Harty et al., 1999; Yasuda et al., 1999), an
instrumental event for successful assembly and budding.
Both Ebola virus VP40 (10-PPEY-13) and Marburg virus
VP40 (16-PPPY-19) contain potential WW-binding motifs
at their N-termini (Harty et al., 1999; Figure 3). However,
this part is not present in the structure due to the sensitivity
to protease digestion (Dessen et al., 2000; Ruigrok et al.,
2000b); its flexibility and potential availability for inter-
action is underlined further by the lack of traceable
electron density for residues 31-43.

Filoviruses have been grouped in the order
Mononega-virales together with the families of
Bornaviridae, Paramyxoviridae and Rhabdoviridae,
based on their non-segmented negative-stranded RNA
genome and their conserved genome organization.
Sequence comparisons of VP40 with matrix proteins
from members of the other families did not reveal any
significant homology. In fact, only members of the
Paramyxoviridae express a matrix protein with a size
comparable to that of Ebola virus VP40, while matrix
proteins from Rhabdoviridae and Borna-viridae are
generally ~100 amino acids shorter than VP40, indi-
cating major structural differences.

Similarity to other known viral matrix protein
structures

The structure of Ebola VP40 displays no resemblance
to structures of retroviral matrix proteins (reviewed by
Conte and Matthews, 1998) which can be attributed to
major differences in the assembly/maturation processes
of these viruses (Garoff et al., 1998). The HIV-1
matrix protein consists of five a-helices, two short 3
helical stretches and a three-stranded mixed [3-sheet
which form a single compact globular domain
(Massiah et al., 1994; Rao et al., 1995; Hill et al.,
1996). The other known viral matrix protein structure
from influenza virus also shows no structural homology
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Fig. 2. (A) Ribbon diagram of Ebola VP40. Two domains are shown in different colours. Secondary structure elements coloured yellow and dark blue
lie on a plane below those coloured orange and light blue. Flexible loop regions, which were not traceable in the experimental maps, including the
interdomain connecting loop (horizontal arrow) are drawn as dashed lines. The trypsin cleavage site, after Lys212, is highlighted by a vertical arrow.
Trypsinization at this site causes complete disengagement of the C-terminal domain from the N-terminus, and subsequent hexamerization of the
N-terminal domain. (B) Topology diagram of the two domains of Ebola virus VP40. B-strands are represented as arrows, while o-helices are
rectangles. Short helical turns are represented as small squares. The domains display structural resemblance.
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Fig. 3. Sequence alignment of VP40 from Ebola virus (strain Zaire, DDBJ/EMBL/GenBank accession No. AF086833) and from Marburg virus (strain
Popp, DDBJ/EMBL/GenBank accession No. Z29337). Identical residues are shown in red letters and conservative substitutions in blue. The sequence
present in the structure is shown schematically with the assignment of secondary structure elements (based on the structure of Ebola virus VP40). The
black arrows at positions 31 and 326 indicate the first and last residues present in the construct used for crystallization. The yellow arrow at position
212 indicates the position of the trypsin cleavage site that induces hexamerization of VP40 in solution in vitro (Ruigrok et al., 2000b). The numbering
is according to the Ebola virus VP40 sequence.

to Ebola virus VP40. An N-terminal protease-resistant Proteolysis of influenza M1 indirectly suggests that
domain of influenza virus M1 protein folds into a this matrix protein may be also composed of two
compact o-helical structure (Sha and Luo, 1997). domains, like Ebola virus VP40.
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The interdomain connecting region

The VP40 domains are not tightly packed against each
other, which becomes evident from the lack of order
observed in the interconnecting loop (residues 195-200,
Figure 4A, yellow dotted lines) as well as the absence of
major interdomain side chain interactions (Figure 4A).
Such contributions are made uniquely by Gln184, which
hydrogen bonds to Asp253 and Lys256, GInl55 which
hydrogen bonds to Ser319, and Ser316 which hydrogen
bonds to the backbone carbonyl of Pro97 (Figure 4A).

In addition, the interdomain region contains a zipper of
hydrophobic residues (Figure 4B and C). Most of the
residues corresponding to this hydrophobic stretch are
conserved between Ebola virus and Marburg virus VP40
sequences (Figure 3). The most prominent feature is
Trp191 of the N-terminal domain, which lies in the
traceable region that precedes the flexible interconnecting
loop, and fits into a hydrophobic cleft composed of
conserved C-terminal residues Pro219, Leu267, Val268,
Pro283 and I1e285 (Figure 4B and C).

Trypsin proteolysis of full-length VP40 results in
cleavage after Lys212 (Ruigrok et al., 2000b), located
between P-strands 7 and 8 in the C-terminal domain
(Figure 2A). This leads to the spontaneous dissociation of
the C-terminal domain in solution, underlining their weak
interaction. It is of note that the collective interactions
provided by the aforementioned hydrogen bonds, as well
as the stabilization added by the hydrophobic zipper
including the insertion of Trpl91 into a C-terminal
hydrophobic cleft (Figure 4), are insufficient to maintain
the domain association after Lys212 cleavage. The
removal of this C-terminal part induces the hexameriza-
tion of VP40 in vitro (Ruigrok et al., 2000b), indicating
that the C-terminal domain may sterically prevent the
formation of hexamers through its interactions with the
N-terminal domain. This suggests that the conformation
observed in the crystal structure may be metastable, and
the removal of the C-terminus is sufficient to induce a
change in quaternary structure. The biochemical data
combined with the observation of the loose interdomain
packing in the X-ray structure strongly indicate that the
C-terminal domain may be able to move with respect to
the N-terminal domain and thus facilitate such a change in
its oligomeric state. A similar flexibility has been specu-
lated to be important for the matrix protein of influenza
virus (Sha and Luo, 1997) as well as for vesicular
stomatitis virus (Gaudin et al., 1997), mostly to accom-
modate the different functions attributed to the matrix
protein during the viral life cycle. However, we cannot
exclude the possibility that the hexamerization of VP40
may be induced by conformational change(s) other than
the removal or movement of the C-terminal domain.

Membrane-targeting surfaces

We have shown previously that VP40 interacts preferen-
tially with membranes containing negatively charged
phospholipids (Ruigrok et al., 2000b), a feature observed
and suggested for a number of viral matrix proteins
(Zakowski et al., 1980; Rao et al., 1995; Hill et al., 1996;
Provitera et al., 2000; Ruigrok et al., 2000a). The
C-terminal truncation of VP40 (trypsin cleavage after
Lys212, Figures 2A and 4) abolishes membrane inter-
action (Ruigrok et al., 2000b), indicating a crucial role for
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Fig. 4. Interdomain interactions. (A) Close up of polar interactions
between the N- and C-terminal domains. Residues involved in salt
bridges and hydrogen bonds are shown. For clarity, the connection
between residue 307 and 310 is shown as a grey dashed line. The loop
connecting both domains is indicated with an arrow. (B) Surface
representation of the N-terminal domain (residues 44—194) and (C) of
the C-terminal domain (residues 201-321). Hydrophobic residues lining
the interface on the N- and C-terminal domains are shown in green.

the C-terminal domain of VP40 in lipid bilayer targeting.
In addition, membrane association of VP40 in vitro was
shown to involve electrostatic interactions (Ruigrok et al.,
2000b).

The C-terminal domain exhibits large solvent-exposed
hydrophobic surface regions (Figure SA and B) which also
involve residues in B-strands 7 and 8, the most conserved
linear sequence between Ebola and Marburg virus VP40
within the C-terminal domain (Figure 3). However, the
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Fig. 5. Distribution of hydrophobic and electrostatic surfaces. (A and B) Surface representation of VP40 in two orientations, rotated by 90° with
respect to each other. The N-terminal domain is shown in white and the C-terminal domain in yellow. Hydrophobic residues are depicted in green.

(C and D) Charge distribution of Ebola virus VP40 (two orientations, rotated by 90°). Surface potential representation of VP40 with regions where the
electrostatic potential is less than —10 kgT are red, while those more than +10 kgT are blue (kg, Boltzmann constant; T, absolute temperature). A basic
patch is clearly visible in the central region of the molecule and encompasses residues from both domains.

location of basic residues possibly involved in membrane
targeting is not as clear. The only significant basic patch is
observed at the interface of the two domains, involving
residues from [B-strands 4 and 5 and o-helix 3 of the
N-terminal domain as well as B-strands 7 and 8 from the
C-terminal domain (Figure 5C and D). This orientation of
the molecule also shows a hydrophobic bulk (Pro321)
exposed to the solvent and surrounded by basic residues
Lys127, Argl34, Argl48, Lys212 and Arg214. The
combined role of basic and hydrophobic residues in
membrane interactions has been discussed for a number of
proteins with varied interface-related functionalities
(Macedo-Ribeiro et al., 1999; Pratt et al., 1999; Dessen,
2000; Provitera et al., 2000). However, further studies
are necessary to locate the exact membrane-targeting
sequence.

Implications for assembly and budding

Viral matrix proteins are thought to play an important role
in viral assembly and budding (reviewed by Garoff et al.,
1998). Marburg virus and probably Ebola virus assembly

take place at the plasma membrane (Feldmann et al., 1996)
where an interaction with the cytoplasmic tail of the
glycoprotein may occur in a fashion comparable to those
shown for a number of other viral glycoproteins and their
matrix proteins (Sanderson er al., 1994; Metsikko and
Simons, 1986; Cosson, 1997; Jin et al., 1997; Schnell et al.,
1998; Mebatsion et al., 1999; Schmitt et al., 1999). This
process may cluster the matrix proteins and the glyco-
proteins at the initial starting site of assembly.
Biochemical data and electron microscopy studies show
that the removal of most of the C-terminal domain of VP40
from Ebola virus is sufficient to induce hexamer formation
(Ruigrok et al., 2000b). Based on the X-ray crystal
structure of VP40, we conclude that the N-terminal
domain of VP40 is most likely to be responsible for the
hexamerization observed for trypsinized VP40 in solution,
while the C-terminal domain probably harbours most of
the membrane-targeting sequence. The formation of a
hexameric matrix protein lattice has been speculated to
play a role in the assembly of HIV and SIV. Low-
resolution electron microscopy studies (Nermut et al.,
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1993) as well as the observation of a crystalline trimeric
HIV matrix protein (Hill et al., 1996) and the arrangement
of trimeric SIV matrix protein in a hexameric crystal
lattice (Rao et al., 1995) indicated a role for hexameriza-
tion in retrovirus assembly. However, the icosahedral
symmetry of retroviral particles suggested by these data
was not confirmed by others (Fuller ef al., 1997; Yeager
et al., 1998). In contrast, biochemical data on VP40
(Ruigrok et al., 2000b) clearly indicate the possibility of
hexamerization of a truncated VP40 matrix protein from
Ebola virus in vitro, and the crystal structure of VP40
suggests how such a transition from monomer to hexamer
could possibly be achieved in vivo. Although we cannot
exclude that hexamerization of VP40 may occur at a step
other than virus assembly during the life cycle of Ebola
virus, it is tempting to speculate that hexamerization may
play a role in assembly, and we therefore propose the
following model for VP40-induced assembly. (i) VP40
contacts the lipid bilayer through a combination of
hydrophobic and electrostatic interactions, mostly con-
tributed by its C-terminal domain. (ii) VP40 undergoes a
conformational change(s) in a process that most probably
includes a movement of the C-terminal domain with
respect to the N-terminal unit, which is achievable due to
the lack of major interdomain contacts. The N-terminal
domains then hexamerize. (iii) The hexameric building
blocks may form a lattice underlying the plasma mem-
brane in a macro-oligomerization process induced by
contacts between bridging C-terminal domains as well as
interactions with the cytoplasmic tails of the glycoprotein.
This chain of events may initiate assembly by further
involving the participation of the ribonucleoprotein par-
ticle in a process that will ultimately lead to budding of
viral particles.

Materials and methods

Data collection and processing

Expression, purification and crystallization of VP40(31-326) and
selenomethionine-derivatized VP40(31-326) (Ebola virus strain Zaire)
were reported elsewhere (Dessen et al., 2000). At the stage of model
building, we detected a His269Leu mutation through a new round of
DNA sequencing. His269 is solvent-exposed on o-helix 7 and does
not affect membrane association. Crystals were grown with unit cell
dimensions @ = 64.64 A, b = 91.09 A, ¢ = 49.23 A, f = 97.3° and
are in space group C2, with one molecule per asymmetric unit.
MAD data were collected to 2.0 A at the beamline BM14 of the
European Synchrotron Radiation Facility (ESRF, Grenoble, France),
using a MAR CCD detector. MAD data, at three wavelengths, were
measured from a single flash-cooled selenomethionyl crystal. The
wavelengths, near the K-shell edge of selenium, were chosen from
an X-ray fluorescence spectrum taken from the crystal. A total of
160° were collected at each wavelength to optimize completeness
and Bijvoet pair accumulation. Integration, scaling and merging of
data were performed with the programs Denzo and Scalepack
(Otwinowski and Minor, 1997).

Phase determination, model building, refinement and
analysis

Six selenium sites were identified with the program SOLVE (Terwillinger
et al., 1987) and further refinement was carried out with the program
SHARP (de la Fortelle and Bricogne, 1997). Density modification was
performed by SOLOMON (CCP4, 1994), as implemented in SHARP,
considering a solvent content of 32%. The final phases were employed by
WARP (Perrakis et al., 1999) in the tracing of a polyalanine chain with
210 residues (out of a total of 296). Two additional experimental maps,
including one produced by WARP and a third one generated after density
modification of phases calculated from the SOLVE procedure with DM

4234

(Cowtan and Main, 1996), were employed in order to resolve ambiguity
in positioning of four solvent-exposed loop regions in the C-terminal
domain. Sequence assignment and further model building, which
included the identification of 50 more residues, were performed manually
with the program O (Jones and Kjeldgaard, 1997). The selenium sites
provided markers for the methionine side chains and facilitated the
assignment of the amino acid sequence. Atomic refinement of Ebola
VP40 was performed with CNS (Briinger et al., 1998) employing all
measured reflections of the data set (Table I) using positional and B-factor
refinement interspersed with rounds of manual rebuilding. Statistics for
data collection, phasing and refinement are included in Table I. The final
structure includes residues 44-194, 201-221, 227-273 and 281-321, and
121 water molecules, and has an R-factor of 22.0% for all reflections. An
Riree 0f 25.0% was obtained from a subset of 10% of the data which were
excluded from the refinement. The model has good stereochemistry and
structural quality, with an average bond length and bond angle deviation
of 0.006 A and 1.47°, respectively. A total of 98.6% of all residues are in
most favourable and additionally allowed regions of a Ramachandran
plot. The structure factors of the Al data set (Remote) and the atomic
coordinates have been deposited in the RCSB Protein Data Bank under
accession No. 1ES6.

Superposition of the N- and C-terminal domains

The fitted regions comprise ~33% of all residues. B1 residues 69-80 were
overlaid with B7 residues 203-209, 2 96-98 with B8 216-218, a2 108—
117 with a6 236-246, B3 120-126 with 9 247-253, 4 131-138 with
B10 257-264, B5 154-158 with 11 284-288, and B6 residues 175-183
were superimposed with B12 residues 301-309.

Preparation of figures

Figures were generated with the programs O (Figure 1; Jones and
Kjeldgaard, 1997), Molscript (Figures 2A and 4A; Kraulis, 1991) and
Grasp (Figures 4B and C and 5; Nicholls et al., 1991).
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