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High-resolution Crystal Structure of Dimeric
VP40 From Sudan ebolavirus
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Ebolaviruses cause severe hemorrhagic fever. Central to the Ebola life cycle is the matrix protein VP40, which
oligomerizes and drives viral budding. Here we present the crystal structure of the Sudan virus (SUDV) matrix
protein. This structure is higher resolution (1.6 A) than previously achievable. Despite differences in the protein
purification, we find that it still forms a stable dimer in solution, as was noted for other Ebola VP40s. Although
the N-terminal domain interface by which VP40 dimerizes is conserved between Ebola virus and SUDV, the C-
terminal domain interface by which VP40 dimers may further assemble is significantly smaller in this SUDV

assembly.
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Ebolaviruses cause hemorrhagic fever in humans with up
to 90% case fatality [1]. There are 5 species in the genus
of Ebolavirus, including Zaire ebolavirus (Ebola virus;
EBOV) and Sudan ebolavirus (Sudan virus; SUDV).
EBOV is the causative agent of the largest and ongoing
outbreak of Ebola hemorrhagic fever, in West Africa in
2014 and 2015. SUDV shares approximately 70% amino
acid sequence identity with EBOV and has caused 5 out-
breaks, including the second largest, which infected 425
individuals in Uganda between 2000 and 2001 [2].

Ebola virions are filamentous in shape and contain a
single strand of negative-sense RNA. The viral matrix
protein VP40 is responsible for binding to the host
membrane and budding new virions from infected
cells [3,4]. Indeed, VP40 alone is capable of assembling
and budding filamentous virus-like particles from cells,
in the absence of any other viral machinery [5-7].In ad-
dition, VP40 has been shown to regulate viral replica-
tion and transcription [8].
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VP40 exists in multiple structural states, including a
dimer, an RNA-binding octameric ring, and a rear-
ranged hexamer [9, 10]. Rearrangement of VP40 into
one structure or the other is thought to confer multi-
functionality, because each structure may drive a sepa-
rate and essential biological function [9-11]. Of these
structures, the VP40 dimer could be the precursor for
both other structures: the RNA-bound ring and the ma-
trix forming filamentous assemblies [10]. Better under-
standing of the dimer structure could lead to improved
templates for drug design, against the dimer itself, or
against sites in it that are required for the structural re-
arrangement. A previous structure of the SUDV dimer
is available at 1.83 A resolution [10], but in that struc-
ture, several regions of the C-terminal domain (CTD)
are disordered. Here we report a higher-resolution
(1.6 A) crystal structure of the SUDV VP40 dimer in
which additional regions of VP40 are now visualized.

METHODS

Cloning and Protein Expression

The expression construct for SUDV VP40 has been de-
scribed elsewhere [10]. Briefly, VP40 from the Boniface
strain of SUDV was truncated with a deletion of the
N-terminal 43 residues to enhance crystal formation and
produce higher-resolution diffraction. pET-46 Ek/LIC
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vector (Novagen) was used as the expression vector. This con-
struct will be referred to as VP40AN (Seattle Structural Geno-
mics Center for Infectious Disease ID EbsuA.17247.a.AJ21).
VP40AN was expressed in BL21 (DE3) Rosetta Escherichia
coli cells in 2 L of Terrific Broth (Teknova) at 37°C containing
ampicillin. Cells were grown to an optical density of 0.4 at 600
nm, at which point protein expression was induced by adding
0.5 mmol/L isopropyl-B-D-thiogalactopyranoside (VWR) and
the cultures were grown at 25°C for 16 hours. Cells were har-
vested by centrifugation, and pellets were stored at —80°C.

Purification

Cells were resuspended for 30 minutes at 4°C in 100 mL
of 50 mmol/L monosodium phosphate (NaH,PO,4; pH 8.0),
300 mmol/L sodium chloride (NaCl), 10 mmol/L imidazole,
500 U of benzonase (Novagen), 1 mg/mL lysozyme (Sigma Al-
drich), and 1 cOmplete protease inhibitor tablet (Roche). Cells
were subsequently lysed by means of sonication and clarified by
means of centrifugation. The lysate was filtered and applied to
two 5 mL nickel ion (Ni“)—charged HiTrap Chelating HP (GE
Healthcare) columns. The protein was eluted with a 20 column-
volume gradient of 50 mmol/L NaH,PO, (pH 8.0), 300 mmol/
L NaCl, and 500 mmol/L imidazole. The fractions of interest
were pooled and dialyzed into 40 mmol/L NaH,PO, (pH 8.0)
and 50 mmol/L NaCl containing 50 U of benzonase. The pro-
tein was further purified using size exclusion chromatography
over a Sephacryl S-100 16/60 column in 10 mmol/L Tris-hydro-
chloride (HCI) (pH 8.0) and 300 mmol/L NaCl. Because the
molecular weight of the eluted protein was observed to be larger
than anticipated, another size exclusion chromatographic anal-
ysis was performed using a Superdex S200 30/100 GL column
(GE Healthcare). The fractions containing VP40AN were
pooled, syringe filtered (0.45 um; Pall), and concentrated to
11.04 mg/mL for crystallography.

Dynamic Light Scattering and High-Performance Liquid
Chromatography

Dynamic light scattering experiments were performed using a
Zetasizer Nano S ZEN1600 Instrument (Malvern) at 20°C.
Samples were tested in triplicate and analyzed for dispersity and
mass distribution. High-performance liquid chromatographic
experiments were carried out at using an Agilent 1100 liquid
chromatography system (Agilent Technologies) outfitted with
a multiwavelength detector and a refrigerated 4°C thermostatted
autosampler. The VP40AN sample and standards were tested
over a Superdex 200 10/300 GL column (GE Healthcare).
All chromatograms were evaluated with ChemStation software
version A.01.04 (Agilent Technologies). Triplicate 200 pg injec-
tions of purified VP40AN were performed at room temperature
using 10 mmol/L Tris-HCI (pH 8.0) and 300 mmol/L NaCl as
the mobile phase. Gel filtration standards (Bio-Rad) were ap-
plied in duplicate as part of the assay, and protein molecular

weights were determined based on linear regression analysis
of those standards.

Dynamic Scanning Fluorimetry

For buffer optimization, the protein was diluted to 2 mg/mL in
10 mmol/L Tris-HCI (pH 8.0) and 300 mmol/L NaCl and test-
ed against the pHat Buffer Screen (Rigaku) consisting of 11
buffers, ranging in pH from 3.4 to 11.6. Individual wells includ-
ed 2 pL of SYPRO dye (1:200 dilution in water), 2 UL of protein
at 2 mg/mL, and 25 uL of buffer from the specified screen (Sup-
plementary Table 1A). Salt screens were carried out in individ-
ual wells containing 2 uL of SYPRO dye, 2 pL of protein at 2
mg/mL, 12.5 pL of 100 mmol/L HEPES (pH 7.0), and 12.5 pL
of salt buffer (Supplementary Table 1B). Melting temperatures
were measured by fluorescence intensity as the temperature was
increased from 20°C to 90°C over 60 minutes using the DNA
Engine Opticon 2 System (BioRad). Analysis was completed
using Opticon Monitor 3 software, showing normalized fluores-
cence intensity only.

Crystallization

VP40AN was crystallized at 11 mg/mL by vapor diffusion in 10%
polyethylene glycol 4000, 20% glycerol, and 0.1 mol/L 2-(N-mor-
pholino)ethanesulfonic acid (MES) (pH 6.5) in 2 weeks using
0.4 uL of protein and 0.4 uL of reservoir solution at 16°C. Crystals
were directly flash-frozen in liquid nitrogen. Data were collected
at the Advanced Photon Source beamline 23-ID-D. The structure
was determined by molecular replacement using the EBOV VP40
(Protein Data Bank [PDB] ID 1ES6) structure as a model.

RESULTS

Size Exclusion Chromatography and Dynamic Light Scattering
It was thought that VP40 was primarily monomeric [12], until
VP40 produced in bacterial cells was shown to be primarily di-
meric by size exclusion chromatography coupled to multiangle
light scattering [10]. In this work, SUDV VP40 was purified
using sonication instead of microfluidization. Size exclusion
chromatography indicates that this SUDV VP40AN is also a
dimer, with an elution volume of 29.1 mL on a Superdex 200
10/300 GL column (Figure 1A and Supplementary Figure 1).
In addition, dynamic light scattering confirms that VP40 is a
dimer in solution with a mass of 72.0 + 1.6 kDa (99.7% of
total mass), compared with a calculated 65.1 kDa for the
dimer (Figure 1B). The remaining 0.3% of the sample consists
of a large aggregate with a molecular weight of 5.97 x 10° Da.
No monomers or discrete oligomers larger than dimer were
observed.

Dynamic Scanning Fluorimetry
VP40AN is fairly thermostable, with melting temperatures rang-
ing from 32°C to 55°C in a variety of buffers (Supplementary
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Figure 1.

A, B, High-performance liquid chromatography analysis (A), performed in triplicate, and dynamic light scattering (B) confirm that Sudan ebo-

lavirus VPAOAN forms a dimer in solution. C, Structure of the VP40AN protomer at 1.6 A, with secondary structure elements and residue numbers labeled.
The N-terminal domain (blue) is generally well ordered, forming an antiparallel B-sandwich, whereas the C-terminal domain (orange) has multiple disor-

dered regions (dashed lines), as seen in similar VP40 structures.

Table 1). The highest melting temperatures were achieved in
sodium/potassium phosphate, and bicine buffers with a pH
between 7 and 8. In general, the addition of salt has very little
effect on the melting temperature of this protein, although higher
concentrations of salt slightly destabilize it.

Structural Analysis

We solved the crystal structure of dimeric SUDV VP40 at 1.6 A
(PDB 3TCQ). The data collection and refinement statistics are
given in Supplementary Table 2. There is a single copy of VP40
in the asymmetric unit with potential oligomerization interfaces
observed in the crystal packing (Figure 1C). The SUDV matrix
protein comprises 2 domains separated by a disordered linker.
The N-terminal domain (NTD; residues 44-193) adopts a 7-
stranded B-sandwich. The CTD (residues 194-308) forms a
smaller stack between 2 highly bent B-sheets. The CTD is
more disordered than the NTD, resulting in only short stretches
of sequence (203-222, 232-294, and 300-308) that can be mod-
eled into the electron density. The higher resolution of this
structure (1.6 A) compared with another structure of SUDV
VP40, 4LD8 (1.83 A) [10] allowed for the assignment of resi-
dues 276-278, which form part of a long loop connecting a6
to B12, and residues 232-234, which are involved in the
CTD-to-CTD interface seen in the crystal packing. It should
also be noted that L203 and K221 were not built in this
model but are present in the 4LD8 model.

DISCUSSION

SUDV VP40 forms a stable dimer in solution, as was reported
by Bornholdt et al [10] (Figure 2A). Analysis of the dimer by
dynamic light scattering did not detect any monomers or larger,
nonaggregated, oligomers (Figure 1B). There is only one VP40
in the asymmetric unit of this crystal structure. An analysis of
the protein-protein interfaces in this structure by the program
PISA (Proteins, Interfaces, Structures and Assemblies) [13] sim-
ilarly identifies the interface between the NTDs in this crystal
packing as the basis for the dimer (Figure 2A, Supplementary
Figure 24, and Supplementary Table 3). This interface buries
1670 A? of surface area and has a positive free energy of disso-
ciation (0.3 kcal/mol), indicating that it is stable in solution.
This interface has a limited hydrogen-bond network but is pri-
marily stabilized by hydrophobic interactions. Hydrogen bond-
ing does occur between R52 and the carboxyl groups of 159 and
D56, and also between S110 and D109. The larger hydrophobic
network involves residues P53, V54, A55, 159, H61, T62, F108,
T112, A113, A114, M116, L117, and L181. This interface is
highly conserved across Ebolaviruses, with 88% sequence iden-
tity for residues involved in this interface between SUDV and
EBOV, compared with 75% for the entire protein.

Several structures of VP40 from EBOV have been previously
determined [9, 10, 12]. Structural alignments between this
SUDV dimer and EBOV dimers show a high degree of structural
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Figure 2. A, Alignment of VP40 dimers from Sudan virus (SUDV) and Ebola virus (EBOV). SUDV (Protein Data Bank [PDB] 3TCQ) is shown in green, and
two EBOV structures in blue (PDB 1ES6) and cyan (PDB 4LDB). VP40 dimers are thought to further oligomerize via the conserved C-terminal domain (CTD)-to-
CTD interface. B, CTD-to-CTD interface between two SUDV VP40 dimers is shown in two orientations. C, Residues 232—234 were not visible in a lower-
resolution structure of SUDV VP40 (PDB 4LD8), but they are clearly visible in this crystal structure. They contribute to the CTD-to-CTD interface and are

shown in magenta. D, Same interface in EBOV is shown for comparison.

conservation (Figure 2A) (root-mean-square deviations of 0.49-
0.69 A based on all common Co. for the entire dimer). It should
be noted that in all alignments of these crystal structures, the po-
sition of the larger 3-stranded B-sheet in the CTD remains cons-
tant relative to the NTD. Taken together, this suggests strong
selective pressures for maintaining this domain organization
and the dimer interface in Ebola matrix proteins.

Newly formed Ebola virions bud out of infected cells owing to
VP40 oligomerization at the plasma membrane [3, 4]. Bornholdt
et al [10] identified a conserved CTD-to-CTD interface that is es-
sential for budding virus-like particles (Figure 2B and Supple-
mentary Figure 1B). This interface links VP40 dimers into
filaments (Supplementary Figure 3) and is primarily hydropho-
bic. In the VP40AN structure, residues T232, P234, 1237, M305,
V306, and 1307 form this interface with a buried surface area
of 622 A” (Supplementary Figure 1B). The higher resolution of
this structure allowed for the assignment of residues 232-234,
which are disordered in another SUDV structure (PDB 4LD8)
(Figure 2C). These residues contribute substantially to the

CTD-to-CTD interface, closely resembling the same interface in
EBOV VP40 (Figure 2D). It should be noted that VP40 dimers are
not predicted to oligomerize through this interface in solution,
which is consistent with our dynamic light scattering data. In-
stead, polymerization via this interaction likely requires a biolog-
ical trigger or other stabilizing factors to form, such as interactions
with the membrane and/or other viral or cellular proteins.

The same CTD-to-CTD interface is found in EBOV VP40
(Figure 2D and Supplementary Figure 2B, 3B and 3D) [10,
12]. However, the EBOV interface is significantly larger than
that of SUDV, with EBOV burying 1190 A?, almost twice the
surface area. This larger interaction surface is partially account-
ed for by the presence of a larger methionine residue at position
241 instead of a valine, and a difference in the number of CTD
residues (especially L203) that are ordered and could be built
into the electron density map (even though SUDV crystals over-
all diffract to higher resolution than EBOV).

Here we present a higher-resolution structure of an Ebola
matrix protein than previously available. This structure highlights
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the conserved domain architecture and oligomerization inter-
faces found in Ebola VP40 proteins and provides an improved
platform for structure-based drug design efforts targeted against
VP40. VP40 is the most abundantly expressed Ebola protein
and is essential for both formation of virions and regulation
of RNA replication, making it an attractive target for anti-
filovirus drug design [14].
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