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Crystal structure of the African swine fever
virus structural protein p35 reveals its role

for core shell assembly

Dear Editor,

The African swine fever (ASF) is a highly contagious hem-
orrhagic and lethal disease in domestic pigs. The ASF out-
breaks of in many Asia countries, including China, Vietnam,
Mongolia, and South Korea, have posed a huge threat to the
pig industry. In the attempt to stop ASF from spreading fur-
ther in Mainland China, more than 10 million pigs have been
culled since August 2018. The causative agent for ASF is a
DNA virus, African swine fever virus (ASFV). Although this
deadly disease has been reported in Kenya nearly one
hundred years ago, there has been no vaccine for protection
from ASFV infection or effective treatments to cure ASF until
now.

ASFV, the only species of Asfarviridae, is a large,
enveloped virus with a regular structure. The DNA genome
of ASFV vary in length from approximately 170 to 193 kbp
and encodes 151 to 167 proteins depending on the differ-
ent viral isolates (Dixon et al., 2013). The ASFV virion
comprises more than 50 polypeptides and possesses a
multilayers structure: the external envelop, the icosahedral
protein capsid, the inner membrane, the core shell, and the
genome-containing nucleoid (Andrés et al., 1997). Since
the progeny virus proliferates in the eukaryotic cytoplasm,
the ASFV is categorized into the nucleocytoplasmic large
DNA viruses (NCLDVs) family. The external lipids envelop
of the ASFV virus is finally obtained during the virus
assembly process, which is originated from the host cell
plasma membrane. Beneath the external lipids envelop is
the icosahedral protein capsid. This layer contains many
components, including the trimer major capsid protein p72
and other minor capsid proteins (M1249L, p17, p49, and
H240R, etc.) (Wang et al., 2019). The structure features of
ASFV p72 are very similar to some NCLDVs MCP (major
capsid protein), mainly displaying a double jelly-roll fold.
The inner membrane layer, locating between the icosahe-
dral protein capsid and core shell, is derived from the
endoplasmic reticulum. The core shell is a thick protein
layer, with approximately 30 nm in thickness. Research has
shown that the mature proteins, p150, p37, p34, p14, and
p5 derived from polyprotein pp220 and p35, p15, and p8

derived from polyprotein pp62, are the major components
of the core shell (Andres et al., 2002).

The recent researches on ASFV virion by Cryo-EM
method depict the architecture of the icosahedral protein
capsid which contains the major capsid protein p72 and
some other minor capsid proteins (M1249L, p17, p49, and
H240R) (Liu et al., 2019b; Wang et al., 2019; Andres et al.,
2020). However, the core shell is only reconstructed to 9 A,
containing 1,806-blade propeller-like capsomers with a
central channel and 12 starfish-like pentons surrounded by
10 antennae, and yielding a T = 19 icosahedral lattice (Wang
et al., 2019). Previous work has also proved that both the
extracellular and intracellular ASFV particles are infectious,
which indicates that the external membrane is not strictly
necessary for infectivity (Andrés et al., 2002). The structural
and functional information for core shell remains elusive in
NCLDVs family, atomic-resolution structure of the whole core
shell and the individual component will greatly aid the
understanding of ASFV assembly mechanism.

Herein, we present the crystal structure of ASFV struc-
tural protein p35 (304 amino acid residues) and explore its
potential role in core shell assembly. The polyprotein pp62
produces three mature structural proteins by the cleavage of
viral protease pS273R, give rise to mature product p15, p35
and p8 (Fig. 1A). The full-length p35 was expressed in
Drosophila S2 cells with a hexahistidine tag at its C terminus,
and purified by immobilized metal ion affinity chromatogra-
phy (IMAC) and size exclusion chromatography (SEC). The
SEC result shows that ASFV p35 may exist multiple forms in
solution, with the monomer as predominant peak (Fig. 1B).
To further confirm the p35 oligomers’ existence, the AUC
(analytical ultracentrifugation) experiment was performed
under physiological neutral pH or acidic conditions. The AUC
results under neutral pH condition (7.0) indicate that the
recombinant p35 predominantly exist as the monomer, with
very little dimers or higher oligomers in solution (Fig. 1C).
Previous works on virus matrix protein in orthomyxovirus
have shown that solution pH affects the intermolecular
interaction for virus matrix protein, with dimers observed at
low pH (Sha and Luo, 1997) and monomers at neutral pH
condition (Arzt et al., 2001). The native gel result from
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Figure 1. The overall structure of ASFV p35 protein.
(A) Schematic representation of polyprotein pp62 catalyzed
into mature structural proteins: p8, p35, and p15. The precursor
pp62 and intermediate precursor pp46 are coloured in grey; the
mature proteins p15, p35, and p8 are coloured in green, blue,
and purple, respectively. The cleavage sites “GGG” and “GGN”
are labelled on the top. (B) Purification of ASFV p35. The
protein is purified over a superdex75 16/60 size-exclusion
column. The black line indicates the absorbance at UV280 nm.
Three peaks are corresponding to monomer, dimer and higher
oligomer. (C) The calculated molecular weights corresponding
to each peak in AUC are labelled above the curve. Sed stands
for sedimentation. (D) SDS-PAGE gel of ASFV p35 from the
fraction in the monomer peak (left), and the native gel in
different solution pH (right). (E) The crystal structure of ASFV
p35 is shown in cartoon. The secondary structure elements are
numbered consecutively with the N terminus and C terminus
labelled. The size of the ASFV p35 protein is labelled.
(F) Structures of ASFV p35 protein and IASV Matrix are shown
in cartoon. The topology of two structure are also presented;
secondary structure elements are numbered consecutively.

different pH gradient indicates a similar transition for ASFV
p35 (Fig. 1D), which implies the possibility of conformation
change of p35 protein during the virus entry and uncoating
process in ASFV infectious cycle.

Two different shapes of crystal are obtained by the
vapour-diffusion method. The rode-like crystals appear in the
condition containing 0.2 mol/L ammonium acetate,
0.01 mol/L magnesium acetate tetrahydrate, 0.05 mol/L
sodium cacodylate trihydrate pH 6.5, 30% PEG 8000, which
is subject to heavy atom screening and soaking. While the
high-resolution data were collected by the cube-like crystal
grows in 0.1 mol/L BIS-TRIS pH 5.0, 25% w/v PEG 3350.
Due to the lack of a predicated homology model, the crystal
structure of p35 is finally determined using single-wave-
length anomalous diffraction (SAD) by a mercury (ll)
derivative and refined to 2.1 A with a Riactor and Riree Of
20.3% and 23.0% (Table S1). The rod-like crystal grows in
relative higher pH solution belongs to space group P24 with
one p35 molecule in one asymmetric unit, in contrast to the
cube-like crystals with larger unit cell and containing two p35
molecules in one asymmetric unit. In the final model, resi-
dues D1-Y11, D128-D138, G265-1273 and E299-N304 of
Molecular A and B are not visible due to the lack of inter-
pretable electron density data, suggesting their high struc-
tural flexibility.

The ASFV p35 is a compact structure composed of ele-
ven a-helices and four 340-helices (Fig. 1E). Homology
search by the DALI server gives no structural homology with
any identified proteins, indicating ASFV p35 as a completely
novel fold structure. The structure of p35 can be described
as two lobes of helix bundles, termed as a larger “head

602

domain” and a relatively smaller “tail domain”, respectively
(Fig. 1F). The head domain is a helix bundle with the central
a4 surrounded by a1, a2, a3, a9 and a10, mainly stabilized
by hydrophobic force, and further packed by a5, a8, and n1.
The tail domain is a helix bundle composed by a6, a7, a11
and n4 (Fig. 1E and 1F). This helix bundle-like structure is
very common for RNA virus matrix protein, for instance, in
the orthomyxovirus family. We compare the fold pattern of
p35 with the ISAV (infectious salmon anemia virus) matrix
protein, which is the only virus that the full-length matrix
structure has ever been reported in orthomyxovirus to date.
The polymerized matrix proteins M1 of ISAV are underneath
the viral envelope to enforce the shape and structural
integrity (Zhang et al., 2017). Similarly, ISAV matrix M1 is
composed of a helix bundle consisting of twelve a-helices,
and can be divided into two separate domains: termed as “N-
domain” and “C-domain”. The “N-domain” connects with the
“C-domain” of the ISAV matrix by one flexible loop, which
located between a8-helix and a9-helix (Fig. 1F). In contrast,
for ASFV p35, the two lobes are linked by three loops, ren-
dering it as a much more compact structure (Fig. 1F).
Since different oligomerization states have been observed
during the purification process, and the crystals grow in neutral
oracidic conditions also resultin two types of crystal forms with
different molecule packing mode, we next investigate the
molecule contacting interface via PISA (protein interfaces,
structures and assemblies) analysis software. The result
shows that the accessible surface area buried in the interface
is 4852 A2 only 4% of the overall surface, mainly via
hydrophobic force and some electrostatic interactions, con-
tributed by N180, V176, N173, F205, W206, 1253, N251, and
N254 from Molecule A, P98, T99, L1086, F50, L53, N54, H55,
and P56 from Molecule B (Fig. 2A). The PISA result strongly
suggests that the interaction within two molecules is highly
possible due to crystal packing, but not reflecting the authentic
oligomerization state during ASFV infectious cycle. Future
work on ASFV core shell conformation change during virus
assembly and budding will elucidate this question.
Numerous studies on virus matrix protein have indicated
its critical role for membrane association primarily mediated
by a positively charged patch from the protein surface (Rao
et al., 1995; Ruigrok et al., 2000; Zhang et al., 2017). For
ASFV p35, there are two charged patches in p35 protein
surface: a continuous positive charged bulge composed of
residues R16, R244, R278, and K168; and a negatively
charged patch, which contains the residues D145, E147,
E298, D227, and E232 (Fig. 2B). To test the lipid membrane
binding ability of p35, we perform the liposome floatation
experiments, following a previously described protocol with
some modification (Ruigrok et al., 2000). The result shows
the p35 proteins cannot be detected in top fractions without
liposome but can be detected in top fractions after incubation
with liposome in different lipid compositions (Fig. 2C).
Moreover, p35 shows strong preference for PS (phos-
phatidylserine, 1, 2-dioleyl-sn-glycero-3-phospho-L-serine)
over PC (phosphatidylcholine, 1-palmitoyl-2-oleyl-sn-
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Figure 2. The characteristics of
ASFV p35 protein for membrane-
association and DNA binding.
(A) Surface diagram of ASFV p35
protein. Molecule A with Molecule B
forms a dimer through hydrophobic
force and some electrostatic interac-
tions, the residues on the interface are
labelled. The regions within the dimer
interface are coloured salmon, and the
interface on the other side of the Dimer interface
molecule A is coloured green. (B) Elec-
trostatic properties of ASFV p35 and

ISAV matrix (two orientations, rotated B
by 180°). The positive and negative
charges are coloured from blue to red 180°
with limits +5 kT/e. The key basic
residues and acidic residues are —
labelled on the p35 protein surface. E
The continuous positive charges bulge O
on the p35 surface are indicated by a ASFV p35 o
blue dotted line. (C) ASFV p35 mem- -
brane association by liposome flota- - —
tion. ASFV p35 protein and mutant are 180° ,9,
incubated overnight with liposomes (o]
under different conditions and floated ;.D E
on an Accudenz discontinuous gradi-
ent. Top, Middle, and Bottom fractions
of the discontinuous gradient were ISAV Matrix
analyzed by SDS-PAGE and stained
with  Rapid Silver Staining Kit. c
(D) EMSA assay of ASFV p35 binding PS:PC:ChRatio Top Middle Bottom
to dsDNA derived from ASFV genome. 0:0:0 r -

150 mmol/L NaCl

150 mmol/L NaCl

500 mmol/L NaCl Y :

+ R244A + R278A)
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glycero-3-phosphocholine), when the ratio of PS to PC is
increased from 10:40 to 25:25, the p35 protein in the top
fraction also increasing significantly. Meanwhile, the high
ionic strength (500 mmol/L NaCl) prevents the lipid-binding,
indicating that the ASFV p35 binding to lipids is largely
mediated by electrostatic interactions (Fig. 2C). The mutants
of ASFV p35 (R16A + K168A + R244A + R278A) completely
abolish the lipid-binding activity (Fig. 2C), further confirm the
importance of the positively charged patch for facilitating
core shell binding with the inner membrane. This phe-
nomenon is also observed for ISAV matrix protein (Zhang
et al., 2017). Phosphatidylserine is universally present in the
inner leaflet of the plasma membrane in all multicellular
organisms ranging from mammals to nematodes (Kloditz
et al., 2017; Zhang et al., 2017). It is highly possible that the
interaction between ASFV p35 and phosphatidylserine may
facilitate the recruitment of p35 and other core shell com-
ponents to the plasma membrane. Besides, electrophoretic
mobility shift assay (EMSA) was carried out to test the
possibility of ASFV p35 proteins binding with dsDNA (25
base pairs in length, derives from the ASFV genome). No
shift for DNA probes has been observed even at a high
concentration of ASFV p35 proteins (Fig. 2D). This result
indicates that recombinant ASFV p35 in this work does not
possess DNA binding activity.

Recent studies investigate the extracellular ASFV multi-
layers complex structure by Cryo-EM (Liu et al.,, 2019b;
Wang et al., 2019; Andres et al., 2020). The structure of
major capsid protein p72 and the architecture of outer reg-
ular icosahedron capsid have been studied clearly (Liu et al.,
2019a; Liu et al., 2019b; Wang et al., 2019; Andres et al.,
2020). However, the core shell architecture or components’
structure remains elusive. The thick core shell layer account
for about one-third mass of the ASFV virus, and is composed
of several mature proteins derived from polyprotein pp220
and pp62 (Andrés et al., 2002). In our study, we present the
crystal structure of p35, which is the cleavage product pro-
tein derived from the polyprotein pp62. The recombinant p35
adopts a novel fold structure, shares no homology with any
reported structure, and also gives rise to an interesting
question about the origin and evolution pattern of ASFV.
Moreover, we confirmed the positively charged patch plays
an important role in lipid binding activity. It is worth men-
tioning that the role of the negatively charged patch on the
other side of the positively charged patch remains elusive.
One possible answer for this is, the negatively charged patch
together with other regions may serve as an interface to
facilitate the interaction with multiple structural proteins.
Membrane-associated proteins such as p35 may serve as a
docking scaffold for the recruitment of host membrane and
other components in the core shell during the virus assembly
process and further stabilize the mature virion. We anticipate
more work to illustrate the assembly and working mecha-

nism of ASFV core shell.
This work was supported by grants from the National Key R&D

Program of China (Grant Nos. 2017YFC840300 and

604

2018YFA0507203), National Science Foundation of China (Grant
Nos. 31670731, 31870733 and 31941011). Projects of International
Cooperation and Exchanges NSFC (Grant No. 81520108019),
Young Elite Scientist Sponsorship Program by CAST, and Science
and Technology Innovation Achievements and Team Building
Foundation of Nankai University (Grant No. ZB19500403).

We thank the staffs in BL17U1 and BL19U1 beamline, Shanghai
Synchrotron Radiation Facility for their generous help on data collection.

Y.G and Z.R conceived the project. G.L, L.C, D.F and G.Z per-
formed gene construction, protein expression and purification, and
crystal screening and optimization. G.L, G.Z L.C and C.C performed
the collection of X-ray diffraction data and structure determination. Y.
W, M.L, X.G, D.S and P.J performed the liposome floatation exper-
iments, EMSA assays, AUC assays and structure analysis. G.L and
Y.G wrote the manuscript.

All the authors declare no conflict of interest. This article does not
contain any studies with human or animal subjects performed by any
of the authors.

Guobang Li' @, Dan Fu' @, Guangshun Zhang' @®,
Dongming Zhao? @, Mingyu Li', Xue Geng’,

Dongdong Sun', Yuhui Wang', Cheng Chen?®, Peng Jiao’,
Lin Cao"™ @®, Yu Guo"™ @, Zihe Rao'

! State Key Laboratory of Medicinal Chemical Biology and College
of Pharmacy, Nankai University, Tianjin 300350, China

2 State Key Laboratory of Veterinary Biotechnology, Harbin Veteri-
nary Research Institute, Chinese Academy of Agricultural
Sciences, Harbin 150001, China

3 School of Life Sciences, Tianjin University, Tianjin 300071, China

DX Correspondence: caolinzz@mail.nankai.edu.cn (L. Cao),

guoyu@nankai.edu.cn (Y. Guo)

OPEN ACCESS

This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, dis-
tribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your inten-
ded use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

REFERENCES

Andrés G, Simon-Mateo C, Vifiuela E (1997) Assembly of African
swine fever virus: role of polyprotein pp220. J Virol 71:10

Andrés G, Alejo A, Salas J, Salas ML (2002) African Swine fever
virus polyproteins pp220 and pp62 assemble into the core shell.
J Virol 76:12473

© The Author(s) 2020


http://orcid.org/0000-0003-4342-878X
http://orcid.org/0000-0002-1678-1900
http://orcid.org/0000-0002-0522-1596
http://orcid.org/0000-0001-7161-6214
http://orcid.org/0000-0002-4760-6785
http://orcid.org/0000-0002-8109-7515
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Crystal structure of ASFV p35 protein

LETTER

Andres G, Alejo A, Salas J, Salas ML (2002) African swine fever
virus polyproteins pp220 and pp62 assemble into the core shell.
J Virol 76:12473-12482

Andres G, Charro D, Matamoros T, Dillard RS, Abrescia NGA (2020)
The cryo-EM structure of African swine fever virus unravels a
unique architecture comprising two icosahedral protein capsids
and two lipoprotein membranes. J Biol Chem 295:1-12

Arzt S, Baudin F, Barge A, Timmins P, Burmeister WP, Ruigrok RW
(2001) Combined results from solution studies on intact influenza
virus M1 protein and from a new crystal form of its N-terminal
domain show that M1 is an elongated monomer. Virology
279:439-446

Dixon LK, Chapman DA, Netherton CL, Upton C (2013) African
swine fever virus replication and genomics. Virus Res 173:3-14

Kloditz K, Chen YZ, Xue D, Fadeel B (2017) Programmed cell
clearance: From nematodes to humans. Biochem Biophys Res
Commun 482:491-497

Liu Q, Ma B, Qian N, Zhang F, Tan X, Lei J, Xiang Y (2019a)
Structure of the African swine fever virus major capsid protein
p72. Cell Res 29:953-955

Guobang Li, Dan Fu, and Guangshun Zhang have contributed
equally to this paper.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s13238-020-00730-w) contains sup-
plementary material, which is available to authorized users.

© The Author(s) 2020

Liu S, Luo Y, Wang Y, Li S, Zhao Z, Bi Y, Sun J, Peng R, Song H, Zhu
D et al (2019b) Cryo-EM structure of the african swine fever virus.
Cell Host Microbe 26(836-843):€833

Rao Z, Belyaev AS, Fry E, Roy P, Jones IM, Stuart DI (1995) Crystal
structure of SIV matrix antigen and implications for virus
assembly. Nature 378:743-747

Ruigrok RW, Barge A, Durrer P, Brunner J, Ma K, Whittaker GR
(2000) Membrane interaction of influenza virus M1 protein.
Virology 267:289-298

Sha B, Luo M (1997) Structure of a bifunctional membrane-RNA
binding protein, influenza virus matrix protein M1. Nat Struct Biol
4:239-244

Wang N, Zhao D, Wang J, Zhang Y, Wang M, Gao Y, Li F, Wang J,
Bu Z, Rao Z et al (2019) Architecture of African swine fever virus
and implications for viral assembly. Science 366:640-644

Zhang W, Zheng W, Toh Y, Betancourt-Solis MA, Tu J, Fan Y,
Vakharia VN, Liu J, McNew JA, Jin M et al (2017) Crystal
structure of an orthomyxovirus matrix protein reveals mecha-
nisms for self-polymerization and membrane association. Proc
Natl Acad Sci USA 114:8550-8555

605

©
&)
o3
=
(]
e
(o]
|
o



https://doi.org/10.1007/s13238-020-00730-w

	Crystal structure of&#146;the&#146;African swine fever virus structural protein p35 reveals its role for&#146;core shell assembly
	Open Access
	References




