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African swine fever virus (ASFV), a complex enveloped DNA virus, expresses two polyprotein precursors,
pp220 and pp62, which after proteolytic processing give rise to several major components of the virus particle.
We have analyzed the structural role of polyprotein pp62, the precursor form of mature products p35 and p15,
in virus morphogenesis. Densitometric analysis of one- and two-dimensional gels of purified virions showed
that proteins p35 and p15, as well as the pp220-derived products, are present in equimolecular amounts in the
virus particle. Immunoelectron microscopy revealed that the pp62-derived products localize at the core shell,
a matrix-like domain placed between the DNA-containing nucleoid and the inner envelope, where the pp220-
derived products are also localized. Pulse-chase experiments indicated that the processing of both polyprotein
precursors is concomitant with virus assembly. Furthermore, using inducible ASFV recombinants, we show
that pp62 processing requires the expression of the pp220 core precursor, whereas the processing of both
precursors pp220 and pp62 is dependent on expression of the major capsid protein p72. Interestingly, when p72
expression is blocked, unprocessed pp220 and pp62 polyproteins assemble into aberrant zipper-like elements
consisting of an elongated membrane-bound protein structure reminiscent of the core shell. Moreover, the two
polyproteins, when coexpressed in COS cells, interact with each other to form zipper-like structures. Together,
these findings indicate that the mature products derived from both polyproteins, which collectively account for
about 30% of the virion protein mass, are the basic components of the core shell and that polyprotein

processing represents a maturational process related to ASFV morphogenesis.

African swine fever virus (ASFV) is a complex enveloped
deoxyvirus of the Asfarviridae family that infects domestic and
wild pigs as well as soft-bodied ticks of the Ornithodoros genus
(16, 17, 29, 37). The viral genome, a double-stranded DNA
molecule of 170 to 190 kbp, encodes more than 150 polypep-
tides, 30 to 50 of which are components of the virus particle
(11, 20, 39). Besides the structural proteins, the ASFV genome
encodes a variety of enzymes involved in DNA replication and
repair, gene transcription, and protein modification and a
number of proteins potentially involved in the modulation of
the virus-host interaction (29, 36, 39).

Extracellular mature particles are composed of several con-
centric domains: a viral core consisting of a central DNA-
containing nucleoid and a surrounding thick protein coat re-
ferred to as core shell, an inner lipid envelope derived from the
endoplasmic reticulum, an icosahedral protein capsid, and an
additional envelope taken from the plasma membrane (4, 5,
12, 28). ASFV particles assemble within cytoplasmic viral fac-
tories from endoplasmic reticulum-derived viral membranes
(4, 5, 26, 28), which become icosahedral particles by the grad-
ual formation of the outer capsid layer (4, 22). Concomitantly,
the core shell is formed underneath the viral envelope, and
subsequently the viral DNA and nucleoproteins are packaged
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and condensed to form the electron-dense nucleoid (4, 8, 10).
Intracellular mature virions made at the assembly sites are
infectious (7). A fraction of them, however, are transported by
microtubule-mediated transport (1, 2) to the plasma mem-
brane, where they are released by budding (9) to give rise to
the infectious extracellular enveloped virions.

ASFV, like other complex DNA viruses, regulates its gene
expression by temporal control of transcription. Thus, ASFV
genes are classified into different classes: early and late genes
are transcribed before and after the onset of DNA replication,
respectively, whereas transcription of intermediate genes oc-
curs during the onset of genome replication and is then rapidly
halted (27). A striking feature of ASFV gene expression is the
synthesis of two polyprotein precursors, named pp220 and
pp62, to produce several major components of the virus par-
ticle. Polyprotein pp220, encoded by the CP2475L gene, is an
N-myristoylated polypeptide that, after proteolytic processing,
gives rise to proteins p150, p37, p34, and pl4 (31). These
proteins are present in equimolecular amounts within the ma-
ture virion and account for about one-fourth of its total protein
mass (4). On the other hand, the major proteins p35 and p15
are processing products of the precursor pp62, encoded by
gene CP530R (32). Both polyproteins are expressed late in
infection and are posttranslationally processed by the viral
cysteine proteinase pS273R (6). Proteolytic processing takes
place through a temporally ordered cascade of cleavage events
occurring after the second glycine of the consensus motif Gly-
Gly-X (25, 31, 32). We have previously shown that the mature
products derived from pp220 precursor, as well as the ASFV
proteinase, reside at the core shell (4, 6). Consistent with the
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matrix-like role of this core domain, we also recently showed
that repression of pp220 synthesis leads to the assembly of
core-deficient icosahedral particles (8).

Here we analyze the structural role of polyprotein pp62 in
virus morphogenesis by using biochemical, genetic, and immu-
nocytochemical approaches. The data indicate that proteins
p35 and pl5 reside at the core shell, as do the polyprotein
pp220 products. Moreover, a core shell-like domain can
be assembled by coexpressing the two polyprotein-encoding
genes. Our data also indicate that polyprotein processing is a
maturational process concomitant with virus assembly.

MATERIALS AND METHODS

Cells and viruses. Vero and COS-7 cells were obtained from the American
Type Culture Collection and grown in Dulbecco’s modified Eagle’s medium
containing 5% fetal calf serum. The serum concentration was lowered to 2%
during infections. The ASFV strain BA71V, adapted to grow in Vero cells, and
the inducible BA71V-derived recombinants vA72 and v220i have already been
described (8, 18, 22). The recombinant vaccinia virus VIF7-3 expressing bacte-
riophage T7 RNA polymerase (21) was kindly provided by Bernard Moss.

Antibodies. The monospecific rabbit polyclonal sera against the polyprotein
pp62-derived structural proteins p35 and pl5, the polyprotein pp220-derived
product p150, and the major capsid protein p72 have been described previously
(6,7, 31, 32).

1-D and 2-D gel electrophoresis of purified ASFV particles. Extracellular virus
particles metabolically labeled with [**S]methionine or '*C-amino acids were
purified by Percoll equilibrium sedimentation as previously described (11). High-
resolution two-dimensional (2-D) gel electrophoresis was performed essentially
as described previously (3). Sodium dodecyl sulfate (SDS)-polyacrylamide gra-
dient slab gels (7 to 20%) were used for both second-dimension gels and one-
dimensional (1-D) SDS-polyacrylamide gel electrophoresis. Isoelectric points
(pI) were estimated with a set of pI markers (Bio-Rad).

Quantification of radiolabeled and Coomassie blue-stained proteins was per-
formed with a Bio-Rad GS710 densitometer and Quantity One software (Bio-
Rad). Measurements were normalized by taking into account the number of
methionine residues of the corresponding [>°S]methionine-labeled proteins or
with respect to the theoretical molecular masses in the case of '*C-amino acid-
labeled and Coomassie blue-stained polypeptides, as follows: p150, 43 methioni-
nes or 181.1 kDa; p37, 10 methionines or 41.5 kDa; p34, 3 methionines or 36.3
kDa; p14, 3 methionines or 17.8 kDa; p35, 6 methionines or 35.1 kDa; pl15, 4
methionines or 17.7 kDa; and p72, 8 methionines or 73.1 kDa.

For immunoblotting with anti-p35 serum, ASFV proteins were separated in
2-D gels and transferred to nitrocellulose membranes (0.2-pm pore size; Ren-
ner). Protein detection was carried out with peroxidase-conjugated antibodies
and the ECL system (Amersham Pharmacia Biotech) according to the manufac-
turer’s instructions. For immunoprecipitation with anti-p15 serum, [**S]methi-
onine-labeled virions were dissociated in immunoprecipitation buffer (0.01 M
Tris-HCI [pH 7.5], 0.15 M NaCl, 1% sodium deoxycholate, 1% IGEPAL CA-630,
0.1% SDS, and protease inhibitors [complete EDTA-free cocktail from Roche])
and incubated with the serum for 2 h at 4°C followed by protein A-Sepharose for
30 min. After extensive washing, immune complexes were solubilized at 37°C in
lysis buffer (9.8 M urea, 2% Nonidet P-40, 2% ampholytes [pH 7 to 9], 0.1 M
dithiothreitol) for 2-D gel electrophoresis.

Pulse-chase labeling and subcellular fractionation. Preconfluent monolayers
of Vero cells were infected with 10 PFU of BA71V per cell. At 12 h postinfection
(hpi), the cells were pulse-labeled for 15 min with 0.5 mCi of [**S]methionine-
[3*S]cysteine (Promix in vitro cell labeling mix; Amersham Pharmacia Biotech)
per ml of methionine- and cysteine-free Dulbecco’s modified Eagle’s medium. At
the end of the labeling period, the medium was removed and the cells were
subjected to subcellular fractionation or were incubated with fresh medium for
different chase periods. The soluble and the membrane-particulate postnuclear
fractions were prepared as described previously (7). The extracellular virus
particles were collected from the medium by centrifugation at 20,000 X g for 15
min and mixed with the membrane-particulate fraction. Samples were dissoci-
ated at 4°C in immunoprecipitation buffer and incubated with the indicated
antibodies immobilized on protein A-Sepharose. Immunoprecipitated proteins
were resolved by SDS-12% polyacrylamide gel electrophoresis and detected by
autoradiography.

Transient expression in COS cells. Transfection assays were carried out with
plasmids pGEM-CP2475L and KS-CP530R, which contain the genes encoding
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polyproteins pp220 and pp62, respectively, under the control of the T7 polymer-
ase promoter (6, 32). COS-7 cells were transfected for 1 h at 37°C with 250 ng of
DNA per 10° cells by using Lipofectamine Plus reagent (Life Technologies, Inc.)
according to the manufacturer’s indications. For cotransfection experiments,
different ratios of the polyprotein gene-containing plasmids, ranging from 1:3 to
3:1, were tested. The transfected cells were then infected for 1 h at 37°C with
recombinant vaccinia virus vIF7-3 expressing T7 RNA polymerase (21) at a
multiplicity of infection of 5 PFU per cell. The cells were incubated with 40 pg
of cytosine arabinoside (Ara C), an inhibitor of vaccinia virus DNA replication
and late protein synthesis, per ml. At 15 hpi, the cells were either subjected to cell
fractionation or processed for electron microscopy.

Electron microscopy. For conventional Epon section analysis, virus-infected
Vero cells and transfected COS-7 cells were fixed at the indicated times with 2%
glutaraldehyde in 200 mM HEPES (pH 7.4) for 1 h at room temperature.
Postfixation, dehydration, and Epon embedding were performed as described
previously (8).

For immunoelectron microscopy, the cells were fixed for 1 h with 4% form-
aldehyde and 0.1% glutaraldehyde in 200 mM HEPES (pH 7.4) on ice. Freeze-
substitution, cryosectioning, and immunogold labeling were performed as previ-
ously described (5).

RESULTS

Relative abundances and stoichiometries of the polyprotein
pp62-derived products p35 and p15 within the virus particle.
Our first goal was to analyze the contribution of the polypro-
tein pp62-derived mature products to the protein content of
the ASFV particles. Proteins p35 and p15 were first quantified
by densitometric analysis of 2-D gels of [**S]methionine-la-
beled virus particles purified by Percoll gradient sedimentation
(11). Figure 1A shows a representative 2-D profile of acidic
and basic ASFV structural polypeptides. Proteins p35 and p15
were mapped in 2-D gels by Western immunoblotting or im-
munoprecipitation, respectively, using monospecific antisera
(32). As shown in Fig. 1B, both polyprotein products were
resolved as double spots, with the more acidic one being
present in a very minor proportion. Protein p35 focused in
acidic gels (isoelectric focusing [IEF]) with an estimated pI of
5.4 to 5.3, whereas protein pl5 was resolved in basic gels
(nonequilibrium pH gradient electrophoresis [NEPHGE])
with an estimated pI of>8.5). These values are in good accor-
dance with the theoretical pls of proteins p35 (pI 5.4) and p15
(pI 8.8). Since proteins p35 and p15 do not migrate at the same
pH range, they were quantified in relation to the polyprotein
pp220-derived product p34, which can be detected in the over-
lapping range of pH 6 to 7 of both IEF and NEPHGE gels
(Fig. 1A). The densitometric data were normalized by the
number of methionine residues of each protein. As summa-
rized in Fig. 1D [**S(2-D) column], the pp62-derived products
p35 and pl5, as well as the internal reference p34, were found
to be present in the virus particle in similar molar proportions.
Since the same stoichiometry has been reported for protein
p34 and the other pp220-derived products p150, p37, and p14
(4), these results indicate that equimolecular amounts of all of
the polyprotein products compose the ASFV particle.

To obtain further evidence for this particular stoichiometry
and to determine the contribution of the polyprotein products
to the virion mass, we took advantage of the fact that most of
them (p150, p37, p35, and p34) can be unambiguously quan-
tified in conventional 1-D gels of ASFV structural proteins.
Figure 1C shows typical 1-D profiles of virus polypeptides
labeled with [**S]methionine or '*C-amino acids or stained
with Coomassie blue. Densitometric data for the polyprotein
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FIG. 1. Gel mapping, stoichiometry, and relative abundances of ASFV polyprotein products in the virus particle. (A) 2-D gel electrophoresis
of ASFV labeled with [*>S]methionine. Basic proteins were resolved by NEPHGE, while acidic proteins were separated by IEF. The positions of
the major capsid protein p72; the polyprotein pp220-derived products p150, p37, p34, and p14; and the polyprotein pp62-derived products p35 and
p15 are indicated. The migrations of molecular weight (MW) markers (in thousands) and of pI markers are indicated at the right and at the bottom
of the 2-D gels, respectively. (B) 2-D mapping of proteins p35 and p15. Protein p15 was mapped in NEPHGE gels by immunoprecipitation, whereas
p35 was identified in IEF gels by immunoblotting. (C) 1-D gel electrophoresis of ASFV particles labeled with [**S]methionine or *C-amino acids
or stained with Coomassie blue (C.B.). The positions of several structural proteins are indicated. (D) Quantitative analysis of the polyprotein prod-
ucts. Polyprotein products and, as a reference, capsid protein p72 were quantified by densitometry analysis of 2-D gels of [**S]methionine-labeled
proteins (two experiments) or of 1-D gels of ASFV proteins labeled with [>>SJmethionine (three experiments) or '*C-amino acids (two experiments) or
stained with Coomassie blue (three experiments). Stoichiometry data were normalized by the number of methionine residues of each protein (for
%S-labeled proteins) or by its molecular weight (for '*C-labeled or Coomassie blue-stained proteins) and referred to protein p34. Relative
abundances (percentages) were estimated from 1-D gels of '*C-labeled or Coomassie blue-stained proteins. Standard deviations of the means were
less than 25% of the means. Proteins p150 and p72 were not quantified in 2-D gels due to deficient focusing, while proteins p15 and p14 were not
estimated in 1-D gels because of heterogeneity of the bands. The relative abundances of proteins p15 and p14 are values extrapolated by assuming

an equimolar stoichiometry. Stoichiometry data for p37 and p14 [marked with asterisks in the **S(2-D) column] are from reference 4.

products were normalized by the number of methionine resi-
dues [Fig. 1D, **S(1-D) column] or by the theoretical molec-
ular mass of each protein [**C(1-D) and CB(1-D) columns].
Quantification of proteins p15 and p14 was not possible due to
the band complexity observed in the low range of molecular
masses (Fig. 1C). The three measurement methods confirmed
the equimolecular stoichiometry between the polyprotein
products. The only exception was protein p150, which is un-
derestimated in Coomassie blue-stained gels (4). Also, densi-
tometric analysis of 1-D protein patterns indicated that about
32% of the total protein content of the ASFV particle [data
from the '*C(1-D) column] corresponds to the mature prod-
ucts derived from pp220 (about 27%) and pp62 (about 5%). As
a reference, the major capsid protein p72 accounts for about
34% of the viral content, and its molar proportion is fivefold
higher than that of each polyprotein product.

Proteins p35 and p15 reside at the core shell. Next we
analyzed the localization of polyprotein pp62 and its derived
mature proteins in ASFV-infected cells. Previous results based
on immunofluorescence microscopy showed that both anti-p35
and anti-pl5 antibodies detect the viral factories as well as
single virus particles spreading throughout the cytoplasm (32).
To study in more detail the distribution of proteins p35 and
pl5 at the assembly sites, we performed immunogold labeling
on thawed cryosections of ASFV-infected cells processed at
20 h postinfection. Figure 2 shows details of virus factories
labeled with anti-p35 (Fig. 2A) and anti-p15 (Fig. 2B) antibod-
ies followed by protein A-gold (10-nm diameter). No qualita-
tive difference was found between the labeling patterns with
the two antibodies. Significant labeling was detected in close
proximity to membranous viral structures, the precursor ele-
ments of ASFV particles. However, most of the labeling was
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FIG. 2. Proteins p35 and p15 reside at the core shell. Thawed cryosections of BA71V-infected cells fixed at 20 hpi were incubated with anti-p35
(A) or anti-p15 (B) antibodies followed by protein A-gold (10-nm diameter). Within the virus factory, the pp62 labeling can be observed close to
precursor viral membranes (arrows), at the immature core region of assembling virions (small arrowheads), and at the core shell (large arrowheads)
surrounding the electron-dense nucleoid of mature particles. The core shell appears delimited in a virus particle in panel B. Bars, 100 nm.

associated with both immature and mature virions. Within the
assembling particles (without nucleoid), gold particles were
detected at the core structure emerging beneath the inner
envelope. Within the mature icosahedral virions, gold particles
were found predominantly at the core shell surrounding the
DNA-containing nucleoid. The same localization has been re-
ported for the polyprotein pp220-derived mature products (4)
as well as for ASFV proteinase pS273R (6). Therefore, these
results indicate that both ASFV polyproteins are involved in
the assembly of the matrix virus domain.

Polyprotein processing is concomitant with virus assembly.
The colocalization of the polyprotein products and the pro-
teinase at the same core domain strongly suggests that proteo-
lytic processing of the ASFV precursors is concomitant with
core assembly. To test this hypothesis, we first analyzed the
subcellular distribution of the polyproteins in pulse-chase ex-
periments. ASFV-infected cells were pulse-labeled at 12 h
postinfection with [**S]methionine-[*>S]cysteine for 15 min
and then chased for different periods in the presence of cold
methionine-cysteine. After each pulse and chase period, the
cells were homogenized and the postnuclear supernatants were
fractionated into a cytosolic fraction and a membrane-partic-
ulate fraction. The fractions were finally immunoprecipitated
with anti-pp220/p150 and anti-pp62/p15 antibodies, which de-
tect the first mature products arisen from each polyprotein,
and analyzed by SDS-PAGE. As a reference, the major capsid
protein p72, a peripheral membrane protein (14), was also
monitored. As shown in Fig. 3, protein p72 was initially ex-
pressed at the cytosol and rapidly associated (after 1-h chase)
with the membrane-particulate fraction, which can be inter-
preted as being incorporated into assembling virions. Similarly,
polyproteins pp220 and pp62 were detected mostly in the sol-
uble fraction after the pulse-labeling and were detected in-
creasingly in the cytoplasmic sediments after the different
chase periods. Interestingly, while significant amounts of un-
processed precursors pp220 and pp62 were detected in the
membrane-particulate fraction after the 1-h chase, no proteo-
lytic processing was evident until the 3-h chase. Moreover, the
polyprotein products p150 and p15 were associated exclusively
with the membrane-particulate fraction. These results suggest

that polyprotein processing occurs after the incorporation of
the core precursors into the assembling virions.

Proteolytic processing of precursor pp62 depends on poly-
protein pp220 expression. To further explore the relationship
between virus assembly and proteolytic processing, an ASFV
recombinant, v220i, that inducibly expresses polyprotein pp220
(8) was analyzed. Under nonpermissive conditions, icosahedral
particles virtually devoid of the core structure are assembled in
the virus factories. These defective particles lack, besides the
pp220 products, the p35 and pl5 proteins as well as nucleoid
components, including the viral genome (8). To investigate

P15 C15° Cih C3h C6h Ci12h
S PSPSPSPSUP SP

pp220
-, = p150
- e - o — - | <-— p72
o — e —— - — v | <— pp62

FIG. 3. Processing of ASFV polyproteins occurs after their incor-
poration into the membrane-particulate fraction. Infected Vero cells
were pulse-labeled with [**S]methionine-[**S]cysteine for 15 min (P15’
lanes) at 12 hpi and either immediately processed or subsequently
chased for 15 min, 1 h, 3 h, 6 h, and 12 h (C15’, C1 h, C3 h, C6 h, and
C12 h lanes, respectively). The postnuclear supernatants were frac-
tionated into membrane-particulate (lanes P) and soluble (lanes S)
fractions and immunoprecipitated with anti-pp220/p150, anti-pp62/
pl5, and anti-p72 antibodies. The proteins detected in the pulse and
chases after SDS-polyacrylamide gel electrophoresis are indicated.
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FIG. 4. Polyprotein pp62 processing depends on polyprotein pp220
expression. Vero cells were mock infected (lane M) or infected with
parental BA71V (lane WT) or recombinant v220i virus in the presence
(lane +) or absence (lane —) of IPTG (isopropyl-B-D-thiogalactopy-
ranoside). At 20 hpi, the cells were lysed and analyzed, together with
purified ASFV particles (lane V), by Western immunoblotting with
anti-pp220/p150 and anti-pp62/p35 antibodies. The positions of poly-
protein pp220 and its derived protein p150 (upper panel) and of
polyprotein pp62, the intermediate processing precursor pp46, and the
mature product p35 (lower panel), are indicated.

whether precursor pp62 is properly processed when pp220
expression is blocked, extracts of v220i-infected cells main-
tained under permissive or restrictive conditions were analyzed
by Western immunoblotting with anti-pp220/p150 and anti-
pp62/p35 antibodies. As a control, uninfected cells or cells
infected with parental BA71V virus were also analyzed. As
shown in Fig. 4, under permissive conditions the proteolytic
processing of pp62 precursor occurred to a similar extent as in
control infections. In contrast, under restrictive conditions the
processing of pp62 was strongly inhibited. This finding indi-
cates that the expression of polyprotein pp220 is required for
the processing of pp62 precursor into the mature products p35
and pl5, probably because pp220 is also necessary for the
incorporation of pp62 precursor into assembling virions (8).

Expression of the capsid protein p72 is required for pro-
cessing of polyproteins pp220 and pp62. The assembly of the
core shell underneath the inner lipid envelope seems to be
concomitant with the formation of the outer capsid and ap-
pears to occur independently of nucleoid maturation (Fig. SA
to E) (4, 8). As illustrated in Fig. 5A, the emerging core shell
is evident when the developing capsid is still open. Before and
during the formation of the internal DNA-containing nucleoid
(Fig. 5B to D), the surrounding core shell appears like a thick
domain (33 = 3 nm) that is subdivided by a thin electron-dense
layer of hexagonal outline. This thin layer, however, is less
evident in intracellular (Fig. 5SE) and extracellular (not shown)
mature virions, which suggests a late structural maturation of
this core domain.

When capsid formation is inhibited by means of an inducible
recombinant for protein p72, the core assembly does not take
place (22). Instead, zipper-like viral structures accumulate at
the assembly sites (Fig. SF). These aberrant elements consist of
an elongated thick (32- = 2-nm) protein layer resembling the
core shell, which is limited by adjacent lipid envelopes (Fig.
5G). The analogy between the core shell and the protein in-
termediate domain of the zipper-like structures becomes even
more evident when p72 expression is induced after the previ-
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ous accumulation of the aberrant zippers under restrictive con-
ditions (22). As illustrated in Fig. SH and I, p72 expression
leads to the assembly of the capsid layer on one face of the
zipper-like structures, which become polyhedral particles.
These aberrant virions usually appear empty, as they lack an
electron-dense nucleoid; however, they contain an additional
innermost envelope (Fig. 5J). The structure of the core shell in
these double-enveloped particles is very similar to that found
in developing normal virions (compare Fig. 5B and I). In order
to explore the composition of the zipper-like viral structures,
we performed immunoelectron microscopy with anti-pp220
and anti-pp62 antibodies on sections of vA72-infected cells
maintained under restrictive conditions for 24 h. As illustrated
in Fig. 5K and L, the labeling of pp220 and pp62 was essentially
associated with the zipper-like structures at the virus factories.

Next we analyzed whether the core precursors are properly
cleaved when p72 expression is repressed. Cells infected with
recombinant vA72 under permissive and restrictive conditions,
as well as control mock- and BA71V-infected cells, were pro-
cessed at 24 hpi. Cell extracts and purified virions were then
analyzed by Western immunoblotting with antibodies against
the core precursors pp220 and pp62 and against capsid protein
p72 as a reference. As shown in Fig. 6, under permissive con-
ditions the proteolytic processing of both precursors occurred
to a similar extent as in control cells infected with parental
virus. In contrast, under restrictive conditions the proteolytic
processing of pp220 and pp62 precursors into their respective
mature products p150 and p35 was drastically inhibited. These
results indicate that the expression of capsid protein p72 is
needed for the proper assembly of the core and for polyprotein
processing.

Polyproteins pp220 and pp62 coassemble into a core shell-
like structure. The colocalization of unprocessed polyproteins
pp220 and pp62 in the zipper-like structures led us to investi-
gate whether the two precursors were able to interact with each
other. To this purpose, we took advantage of a previous result
showing that polyprotein pp220, when expressed alone in
COS-7 cells, assembles into dense, thick protein coats bound to
cell membranes through its myristic moiety (8). As a first ap-
proach, the polyprotein pp220- and pp62-encoding genes, un-
der the control of the T7 promoter, were independently trans-
fected or cotransfected into COS-7 cells. After transfection,
the cells were infected with recombinant vaccinia virus vIF7-3,
expressing the T7 RNA polymerase (21), in the presence of
Ara C, an inhibitor of vaccinia virus DNA replication and late
gene expression. At 7 hpi the cells were fractionated into a
low-speed (500 X g) sediment and a postnuclear supernatant.
Finally, the fractions were assayed for polyprotein expression
by Western immunoblotting. As shown in Fig. 7, pp220, when
expressed alone, was found exclusively in the low-speed sedi-
ment, as a consequence of its assembly in the dense mem-
brane-bound coats (8). On the other hand, when precursor
pp62 was expressed alone, most of the protein was detected in
the postnuclear supernatant, although a significant fraction
was also found in the low-speed pellet. Interestingly, when the
polyproteins were coexpressed, both of them appeared almost
exclusively in the sediment, thus indicating that the pp220
precursor influences the subcellular distribution of pp62 pre-
cursor.

To analyze in more detail a possible interaction between the
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FIG. 5. The core shell and the aberrant zipper-like structures are structurally and biochemically related. Cells infected with parental BA71V
(A, B, C, D, and E) and recombinant vA72 (F, G, H, and I) were processed by conventional Epon embedding at 16 to 24 hpi. (A to E) Different
stages of the assembly of an intracellular mature particle. Note that the assembly of the core shell (indicated by three parallel lines) beneath the
inner envelope is concomitant with the formation of the outer capsid (A) and precedes the maturation of the DNA-containing nucleoid (B to D).
Note also that the fine electron-dense layer that subdivides the core shell is less evident in intracellular mature virions (E). (F and G) Aberrant
zipper-like structures assembled at vA72 virus factories at 16 hpi under restrictive conditions. Zipper-like elements consist of a core shell-like
structure limited by two inner envelopes (G). (H and I) Icosahedral aberrant viruses formed in vA72-infected cells maintained for 16 h under
restrictive conditions and then treated with inducer for an additional 8-h period. Note that the zipper elements become icosahedral, double-
enveloped particles after capsid assembly (arrowhead in panel H) on one of the two flanking envelopes. Note also that the core shell of these
particles (I) is nearly identical to that of normal assembling virions (B to D). (J) A diagram illustrates the similarities and differences between a
normal (right half) and an aberrant (left half) particle. Note that the aberrant particle contains an additional innermost lipid envelope but lacks
the nucleoid. (K and L) Immunogold labeling of vA72-infected cells maintained under restrictive conditions for 24 h. Lowicryl sections were
labeled with anti-pp62 (K) or anti-pp220 (L) antibodies followed by protein A-gold (10-nm diameter). ¢, capsid; ie, inner envelope; cs, core shell;
n, nucleoid. Bars, 100 nm.
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FIG. 6. Proteolytic processing of core polyproteins pp220 and pp62
requires the expression of the major capsid protein p72. Vero cells
were mock infected (lane M) or infected for 20 h with parental BA71V
(lane WT) or recombinant vA72 virus in the presence (lane +) or
absence (lane —) of IPTG. Cell extracts were analyzed, together with
purified ASFV particles (lane V), by immunoblotting with antibodies
against capsid protein p72, polyprotein pp220 and mature product
p150, or polyprotein pp62 and mature product p35. The positions of
the detected proteins are indicated.

two polyproteins, we performed electron microscopy on the
cotransfected COS-7 cells (Fig. 8). As previously described (8),
dense, membrane-bound, thick coats were observed when poly-
protein pp220 was expressed alone (see below). In contrast, no
identifiable pp62-induced structure could be detected after
expression of the pp62 precursor (not shown) despite the find-
ing that a significant amount of the pp62 pool sedimented at
low speed in the fractionation experiments. However, when
both genes were cotransfected, we observed, besides the char-
acteristic pp220-induced coats (Fig. 8D), a novel type of mem-
brane-bound structure (Fig. 8A). As shown in detail in Fig. 8B
and C, these pp220- and pp62-induced structures consist of
an elongated trilaminar domain of symmetrical appearance
bound to two adjacent lipid membranes. The central domain of
these structures is very similar to that of the aberrant zipper-
like structures assembled in ASFV infections (5, 22) (Fig. 5G
and H) and, therefore, to the core shell of ASFV particles (4)
(Fig. 5A to E). In fact, it is composed of two similar layers
separated by a thinner electron-dense layer. With regard to the
limiting membranes, the pp220- and pp62-induced structures
were mainly associated with the plasma membrane and intra-
cellular endosomal-lysosomal vesicles, as in the case of the
pp220-induced coats (8). A comparison between the pp220-
and pp62-induced zippers (Fig. 8B) and the pp220-induced
coats (Fig. 8D) revealed clear differences: the pp220-contain-
ing coats were significantly thinner than the zippers (24 = 4 nm
versus 32 = 3 nm), lacked the symmetrical trilaminar organi-
zation of the zipper-like elements, and were bound to only one
membrane. The abundance of pp220 coats was always higher
than that of pp220- and pp62-induced zippers, in a broad
spectrum of tested pp220-to-pp62 DNA ratios (from 1:3 to
3:1). This might be due to an inefficient expression of complete
pp220 copies, which are 2,475 amino acids long, in the COS
cell expression system, which would affect the interaction with
pp62. Alternatively, the formation of pp220 coats might be
kinetically favored with respect to the assembly of pp220- and
pp62-induced zipper elements. To confirm that the zipper-like

ROLE OF ASFV POLYPROTEINS pp62 AND pp220 12479

structures induced in COS-7 cells were made of both polypro-
teins, Lowicryl sections of freeze-substituted cotransfected
cells were incubated with anti-pp220 and anti-pp62 antibodies
followed by protein A-gold. As shown in Fig. 8E and F, both
pp220 and pp62 labeling was associated with the zipper-like
structures. Together, these results show that the two polypro-
tein precursors interact with each other to form a core shell-
like viral domain.

DISCUSSION

A striking feature of ASFV is that it expresses several major
structural proteins as polyprotein precursors (31, 32). Previous
work showed that the polyprotein pp220 products p150, p37,
p34, and pl4 are major components of the viral matrix-like
domain referred to as the core shell, which is placed between
the inner envelope and the DNA-containing nucleoid (4, 8). In
the present study, we have examined the structural role of the
other polyprotein, pp62, and its mature products p35 and p15
and have further characterized the significance of polyprotein
processing in ASFV assembly.

We have provided evidence that polyprotein pp62 is also
involved in the construction of the core shell. Thus, the data
indicate that the mature proteins p35 and pl5 reside at the
core shell and that the two unprocessed polyproteins pp220
and pp62 are able to interact with each other to form a core
shell-like structure. The products of the two polyproteins ac-
count for nearly one-third of the total virus mass (another
one-third corresponds to the capsid protein p72) and are
present in similar molar proportions. This equimolecular stoi-
chiometry does not appear to be an obvious consequence of
their initial expression as polyprotein precursors. Thus, the
temporal regulation of polyprotein processing, the cleavage
efficiencies of the different Gly-Gly-X signals, or the relative
stabilities of the resulting products could cause certain prod-
ucts to accumulate faster and to a greater extent than others.
Indeed, the appearance of the latest pp220 products, p37 and
pl4, is delayed for several hours with respect to that of the
earliest protein, p150, as judged by pulse-chase experiments
(31). Rather, our data indicate that the equimolecular stoichi-

pp220

2 +

pp220 pp6 pp62

P S P S P S
— -— ~=— pp220
—— | — ~=— pp62

FIG. 7. Coexpression of polyproteins pp220 and pp62 in COS-7
cells. COS-7 cells were transfected with plasmids bearing the pp220- or
pp62-encoding genes or cotransfected with both plasmids and infected
with vaccinia virus vT'F7-3 in the presence of Ara C. At 7 hpi, the cells
were fractionated into a low-speed sediment (lanes P) and a post-
nuclear supernatant (lanes S) and the fractions were analyzed by West-
ern immunoblotting with anti-pp220 or anti-pp62 serum.
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FIG. 8. Polyproteins pp220 and pp62 assemble into zipper-like structures. COS-7 cells were cotransfected with plasmids bearing the pp220- and
pp62-encoding genes and infected with vaccinia virus vI'F7-3 in the presence of Ara C. At 12 hpi, the cells were processed for conventional Epon
embedding (B, C, and D) or freeze-substitution and Lowicryl embedding (A, E, and F). (A) A cotransfected cell containing pp220- and
pp62-induced zipper-like structures in different areas of the cell surface (arrows). (B and C) At a higher magnification, the zipper-like structures
reveal a symmetrical organization consisting of a trilaminar cytosolic domain of about 32 nm limited by lipid membranes (arrows). Two thick layers
separated by a thin electron-dense layer (line in panel C) compose the protein domain. (D) For comparison, a pp220-induced coat, which is bound
to only one membrane and is approximately 24 nm thick, is shown. (E and F) The Lowicryl sections of cotransfected cells were incubated with
anti-pp220 (E) or anti-pp62 (F) serum followed by protein A-gold (10-nm diameter). Note that both antibodies label zipper-like structures
associated with the plasma membrane (PM) and intracellular cisternae. Bars, 100 nm (A) and 200 nm (B to F).

ometry is the consequence of a certain ordered arrangement of
the polyproteins in the assembling virions, as occurs, for ex-
ample, with the processing products of picornavirus structural
polyproteins (24).

On the basis of the transient-expression experiments with
pp220 and pp62 in COS cells, it is tempting to speculate that
both precursors self-assemble to form the protein scaffold of
the core shell. We have previously shown that polyprotein
pp220, when expressed alone, binds to a variety of cellular
membranes through its N-terminal myristic moiety to form
long (tens of micrometers) and thick (24-nm) coats (8). In the
present paper we show that both polyproteins pp220 and pp62
form a thicker (about 32-nm) distinct structure that binds to
one lipid membrane at each side. The symmetrical appearance
of these zipper-like structures suggests that the central domain
resembling the core shell is composed of two membrane-bound
equivalent sheets separated by a thinner electron-dense layer.

Among other possibilities, one simple model to explain this
particular architecture would consist of two pp220-containing
opposite layers interconnected by precursor pp62. A similar
organization might also occur at the developing core shell of
normal ASFV particles. However, unlike the zipper-like struc-
ture, the bona fide core shell is an asymmetrical domain lim-
ited by a lipid envelope and an inner DNA-containing nucle-
oid. This major difference could be due to other events
occurring during the virus assembly where core maturation is
concomitant with capsid formation (4). In relation to this, we
have shown by using a conditional lethal mutant affected in the
major capsid protein p72 that the core assembly depends on
p72 expression (22). When p72 expression and capsid forma-
tion are eliminated, both polyprotein precursors remain un-
processed and assemble into aberrant zipper-like structures
(reference 22 and this report) similar to those observed in the
transient-expression experiments with pp220 and pp62 precur-
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sors. Under these restrictive conditions, no DNA-containing
nucleoids are formed at the virus factories. From these results
it seems probable that the construction of the capsid on the
inner envelope determines in some way the assembly of an
asymmetrical core shell beneath this envelope. For example,
the progressive bending of the assembling capsid could prevent
interaction of the enclosed membrane-attached core shell with
a second adjacent envelope, which would lead to the formation
of aberrant double-enveloped particles such as those obtained
from zipper-like structures upon p72 expression (Fig. 5SH and
I). Another possibility is that capsid formation triggers poly-
protein processing in such a way that it enables the inner face
of the assembling core shell to interact with the nucleoid com-
ponents. In line with this idea, a maturational role has also
been proposed for the proteolytic processing of the core pre-
cursor proteins of poxviruses, which use cleavage motifs (Ala-
Gly-X) similar to those of ASFV (Gly-Gly-X). In the case of
vaccinia virus, conditional lethal mutations of several genes
have been shown to affect both the proteolytic cleavage of the
precursor proteins and the assembly of the core, including the
DNA uptake (13, 19, 23).

The specific role of polyprotein processing in ASFV mor-
phogenesis is not fully understood at present. The available
data strongly suggest that polyprotein processing is a matura-
tional process concomitant with the core assembly. First,
ASFV proteinase has been detected in the assembling core of
immature virions and in the core shell of mature particles (6).
On the other hand, proteolytic processing probably takes place
upon the incorporation and assembly of the major capsid pro-
tein p72 and the core precursors pp220 and pp62 into the
developing particles, as deduced from pulse-chase experiments
(reference 15 and this report). In support of this view is the
finding that proteolytic processing is inhibited when p72 ex-
pression is repressed. Furthermore, the analysis of recombi-
nant v220i revealed that when pp220 expression is blocked, the
precursor pp62 remains virtually uncleaved. This suggests that
only after its interaction with polyprotein pp220 inside the
developing particle would the precursor pp62 be properly pro-
cessed.

ASFV is structurally related to the iridoviruses and to other
large icosahedral DNA viruses such as the phycodnaviruses (4,
12, 33, 34). Despite this, no significant sequence similarity has
been reported at present for the genes encoding structural
proteins, with the sole exception of the major capsid protein
p72 (30). Also, there is no evidence for polyprotein expression
in these related DNA viruses. Interestingly, however, the oc-
currence of aberrant virus forms very similar to the ASFV
zipper-like structures has been reported for HincV-1, a brown
algal DNA virus (38), and FV3, the prototype of iridoviruses
(35). Regarding FV3, such aberrant forms arise at the virus
factories at very late times of infection (Don B. Stoltz, personal
communication) or when the infected cells are treated with
metabolic inhibitors such as actinomycin D (35). In the case of
ASFV, zipper-like elements are frequently found at very late
times in normal infections (our unpublished observations) or
when the expression of the capsid proteins p72 and pE120R is
eliminated by using conditional lethal mutants (7, 22). In our
view, the existence of these aberrant forms reinforces the struc-
tural resemblance between ASFYV, the iridoviruses and related
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viruses and suggests that all of these viruses share equivalent
structural motifs in their core proteins.
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