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This report examines the role of African swine fever virus (ASFV) structural protein pE120R in virus
replication. Immunoelectron microscopy revealed that protein pE120R localizes at the surface of the intra-
cellular virions. Consistent with this, coimmunoprecipitation assays showed that protein pE120R binds to the
major capsid protein p72. Moreover, it was found that, in cells infected with an ASFV recombinant that
inducibly expresses protein p72, the incorporation of pE120R into the virus particle is dependent on p72
expression. Protein pE120R was also studied using an ASFV recombinant in which E120R gene expression is
regulated by the Escherichia coli lac repressor-operator system. In the absence of inducer, pE120R expression
was reduced about 100-fold compared to that obtained with the parental virus or the recombinant virus grown
under permissive conditions. One-step virus growth curves showed that, under conditions that repress pE120R
expression, the titer of intracellular progeny was similar to the total virus yield obtained under permissive
conditions, whereas the extracellular virus yield was about 100-fold lower than in control infections. Immu-
nofluorescence and electron microscopy demonstrated that, under restrictive conditions, intracellular mature
virions are properly assembled but remain confined to the replication areas. Altogether, these results indicate
that pE120R is necessary for virus dissemination but not for virus infectivity. The data also suggest that
protein pE120R might be involved in the microtubule-mediated transport of ASFV particles from the viral
factories to the plasma membrane.

African swine fever virus (ASFV), the only member of the
new family Asfarviridae, is a complex enveloped deoxyvirus
responsible for a severe disease of domestic pigs (19, 23, 39,
49). ASFV infects soft ticks of the Ornithodoros genus and
different species of suids, being the only known arbovirus that
contains DNA, ASFV is unique among DNA viruses in that it
resembles the poxviruses in its genome structure and gene
expression strategy but morphologically is similar to the iri-
doviruses (39). The viral genome is a double-stranded DNA
molecule of 170 to 190 kbp with terminal inverted repetitions
and terminal cross-links (29, 47). The genome of the ASFV
strain BA71V encodes more than 150 polypeptides, including
structural proteins; a variety of enzymes involved in DNA
replication and repair, gene transcription, and protein modifi-
cation, and proteins potentially involved in the modulation of
the virus-host interaction (39, 50).

The virus particle possesses a complex structure composed
by several concentric domains with an overall icosahedral
shape and an average diameter of 200 nm (4, 5, 14). The viral
core consists of a DNA-containing nucleoid covered by a thick
protein coat, the core shell. The core is surrounded by an inner
lipid envelope and an icosahedral protein capsid. Extracellular

particles possess an additional envelope derived from the
plasma membrane (9). ASFV particles assemble within cyto-
plasmic viral factories (4, 9, 10, 31) from precursor membra-
nous structures that probably represent collapsed cisternae
derived from the endoplasmic reticulum (5, 18, 38). These
membranes give rise to the inner viral envelope, which be-
comes an icosahedral structure by the progressive assembly of
the capsid layer (5, 27). Envelopment and capsid formation
depend on calcium gradients and ATP (18). The core is formed
beneath the inner envelope through the consecutive assembly
of the core shell domain and the electron-dense DNA-contain-
ing nucleoid (4, 11). The intracellular particles associate with
microtubules to reach the plasma membrane (3, 16) and are
finally released from the cell by budding (9).

The mature virion contains about 50 proteins (25), some of
which are produced by the proteolytic processing of two viral
polyproteins by the viral cysteine proteinase pS273R (6). The
core shell proteins p150, p37, p34, and p14, which represent
about 25% of the total protein mass of the virus particle, are
derived from polyprotein pp220 (4, 43). Similarly, the struc-
tural proteins p35 and p15 are derived from polyprotein pp62
(44). At least three major structural proteins have DNA-bind-
ing properties (8, 30, 32); one of them (protein 5AR) has been
located within the nucleoid and is similar to bacterial histone-
like proteins (8). Among the 26 putative membrane proteins
encoded by the ASFV genome (36), the structural proteins p12
and pE183L have been involved in the virus attachment to the
host cell (1, 13, 28, 34). The icosahedral capsid is mainly com-
posed by protein p72, which represents about one-third of the
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virus protein mass and probably forms the hexagonal capsom-
ers (4, 27).

Despite the emerging information about the ASFV struc-
tural components, little is known on their particular role in
virus morphogenesis. To facilitate this study, our laboratory
recently adapted to ASFV an inducible expression system
based on the Escherichia coli lac operon (27). By using an
ASFV recombinant with an inducible copy of protein p72 gene,
the role of the major capsid protein in virus assembly and also
the origin of the inner viral envelope were analyzed (5, 27). In
this report, we have employed the same strategy to investigate
the role of protein pE120R in ASFV replication. Protein
pE120R, also called p14.5, has been previously characterized
as a structural protein expressed as different molecular weight
forms late after infection (30). In vitro assays revealed that
protein pE120R has DNA-binding properties and that it inter-
acts with a late virus-induced protein of 72 kDa.

Data presented here show that protein pE120R is a capsid
component which associates with the major capsid protein p72.
Furthermore, protein pE120R was found to be essential for
virus dissemination but not for infectivity.

MATERIALS AND METHODS

Cells and viruses. Vero cells (ATCC CCL81) were grown in Dulbecco mod-
ified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS),
which was reduced to 2% during viral infection. The ASFV strain BA71V,
adapted to grow in Vero cells, and the recombinant viruses vGUSREP and vA72
have been already described (24, 27). Highly purified extracellular BA71V was
obtained by Percoll equilibrium centrifugation (12).

Antibodies. The monospecific rabbit polyclonal serum against protein pE120R
and the mouse monoclonal antibody (MAb) 17L.D3 against the major capsid
protein p72 have been described previously (27, 30, 41). The rabbit polyclonal
serum against protein p72 was raised by immunization with protein p72 obtained
from polyacrylamide gels after electrophoresis of highly purified ASFV.

Plasmid construction. (i) pIND1 and pIND2. The transfer vectors pIND1
and pIND2 for inducible ASFV gene expression were constructed as follows.
A 3.4-kb DNA fragment, containing the lacZ gene under the control of the
strong late ASFV promoter p72, was purified from SmaI/SalI-digested plasmid
p72GAL10T (26). After treatment with Klenow enzyme, the fragment was
cloned into the SmaI-digested plasmid p72.I, immediately upstream of a viral
inducible promoter (p72.I) consisting of the strong late promoter p72.4 separated
by 6 bp from the core sequence of the E. coli lac operator O1 (27). The resulting
plasmids were called p72.I.GAL(r) and p72.I.GAL(l). A NotI restriction site was
added to plasmid pUC119 by inserting the self-hybridized oligonucleotide 59-A
ATTGCGGCCGC into the unique EcoRI site. The resulting plasmid was called
pUC119-NotI. Finally, pIND1 and pIND2 plasmids were obtained by inserting
the 3.5-kb KpnI/HindIII fragments from p72.I.GAL(r) and p72.I.GAL(l) into
pUC119-NotI-linearized with KpnI and HindIII. These vectors are designed to
allow the inducible expression of a target gene after homologous recombination
with the virus vGUSREP, which constitutively expresses the lacI repressor (27).
They contain a cassette formed by the viral inducible promoter p72.I and the lacZ
gene under the control of the strong late promoter p72 (27) that allows the color
identification of the recombinant viruses. This cassette is flanked by a multiple
cloning site formed by XbaI, SalI, PstI, and HindIII sites, immediately down-
stream of the inducible promoter to allow the cloning of the target gene and
the necessary downstream-flanking sequences. A second multiple cloning site
formed by SmaI, KpnI, and NotI sites is located upstream of the lacZ gene to
allow the cloning of the upstream-flanking sequences. The transfer vectors
pIND1 and pIND2 differ in the direction of transcription of the lacZ gene with
respect to the inducible promoter.

(ii) pIND1.E120R and pIND2.E120R. A synthetic DNA fragment of 1,456 bp,
which contains the nucleotide sequence from positions 21417 to 119 relative
to the translation initiation codon of the ASFV E120R gene, was obtained by
PCR, using the primers 59-CCTGCGGCCGCAGCTCGGAAATCGAAGGG
and 59-ACTGGTACCGAGAATTAAAATCTGCCATC, which contain NotI
and KpnI restriction sites (underlined) at their respective 59 ends. Plasmids
pIND1.E120R.Fl and pIND2.E120R.Fl were generated by inserting the KpnI/
NotI-digested PCR fragment into KpnI/NotI-digested pIND1 and pIND2, re-

spectively. These plasmids contained the upstream flanking sequences of the
E120R gene. The oligonucleotides 59-GCGCCCGGGGATCCTCTAGAGTCG
ACATGGCAGATTTTAATTCTCC and 59-TAACTGCAGGACATTCGCTA
AAACTCATCC were used to obtain a 1,341-bp PCR DNA fragment containing
the complete E120R open reading frame sequence (the primers include, respec-
tively, SmaI and PstI restriction sites at their 59 ends). The PCR fragment was
digested with SmaI and PstI and inserted into the plasmids pIND1.E120R.Fl and
pIND2.E120R.Fl, previously linearized with XbaI, treated with mung bean nu-
clease and digested with PstI, producing the final transfer plasmids pIND1
.E120R and pIND2.E120R, respectively.

Generation of recombinant virus vE120Ri. Recombinant viruses were gener-
ated essentially as previously described (35) with minor modifications. Briefly,
Vero cells were infected with virus vGUSREP (27) and transfected with plasmids
pIND1.E120R or pIND2.E120R in the presence of 1 mM IPTG. At 48 h postin-
fection (hpi), the cells were harvested and the recombinant viruses were isolated
by sequential rounds of plaque purification in the presence of 1 mM IPTG
(isopropyl-b-D-thiogalactopyranoside). Similar results were obtained with the
two plasmids used and, after three rounds, one virus clone coming from the
pIND1.E120R-transfected cells was selected for further characterization. The
structure of this recombinant virus, named vE120Ri, was confirmed by DNA
hybridization analysis.

Plaque assays. Preconfluent monolayers of Vero cells seeded in six-well plates
were infected with 600 PFU of recombinat vE120Ri or parental BA71V. After
1 h, the inoculum was removed and the cells were overlaid with DMEM con-
taining 0.6% Noble agar and 2% FCS in the presence or absence of 1 mM IPTG.
Five days later, the medium was removed and the monolayers were stained with
1% crystal violet.

One-step virus growth curves. Preconfluent monolayers of Vero cells were
infected with recombinant vE120Ri or parental BA71V at a multiplicity of
infection of 5 PFU per cell. After 1 h, the inoculum was removed and the cells
were washed with fresh DMEM and overlaid with DMEM supplemented with
2% FCS. IPTG (1 mM) was added immediately after the adsorption period or at
12, 16, or 20 hpi. Infected cells with their culture supernatants were harvested at
different times postinfection and centrifuged at 1,000 3 g for 5 min. The cell
sediment was resuspended in DMEM supplemented with 2% FCS. Both the
cellular fraction and the culture supernatant were sonicated and separately
titrated by plaque assay on monolayers of Vero cells in the presence of 1 mM
IPTG.

Metabolic labeling, immunoprecipitation, and Western immunoblotting. Pre-
confluent monolayers of mock- and BA71V-infected Vero cells were pulse-
labeled from 16 to 18 hpi with 500 mCi of [35S]methionine-[35S]cysteine (Promix
In Vitro Cell Labeling Mix; Amersham Pharmacia Biotech) per ml. The cells
were lysed at 4°C with immunoprecipitation buffer (0.01 M Tris-HCl, pH 7.5;
0.15 M NaCl; 1% sodium deoxycholate; 1% IGEPAL CA-630; 0.1% sodium
dodecyl sulfate [SDS]) supplemented with protease inhibitors (Complete EDTA-
free Cocktail; Roche). Extracts were immunoprecipitated with anti-pE120R an-
tibodies immobilized on protein A-Sepharose (Sigma). Proteins were resolved by
SDS–12% polyacrylamide gel electrophoresis and detected by autoradiography.

For the pulse-chase experiment, preconfluent monolayers of Vero cells, cul-
tured in 60-mm plates, were infected with ASFV at 20 PFU/cell. At 11 hpi, cells
were pulse-labeled for 1 h with 1 mCi of [35S]methionine-[35S]cysteine in me-
thionine- and cysteine-free DMEM per ml. Before the pulse, the medium was
replaced with methionine- and cysteine-free DMEM for 15 min to remove any
residual methionine and cysteine. At the end of the labeling period, the medium
was removed and the cells were incubated with fresh DMEM for different chase
periods. The soluble cytoplasm and the membrane-particulate fractions were
obtained as described below. The extracellular virus fraction was collected from
the medium by centrifugation in a Beckman Airfuge at 133,000 3 g for 20 min.
Equivalent amounts of the different fractions were immunoprecitated with anti-
pE120R antibodies.

For immunoblotting, samples were electrophoresed in SDS–12% polyacryl-
amide gels and transferred to nitrocellulose as described elsewhere (4). Protein
detection was carried out with peroxidase-conjugated antibodies and the ECL
System (Amersham Pharmacia Biotech) according to the manufacturer’s indica-
tions. Quantitation of protein bands was performed with a Bio-Rad GS710
densitometer and Quantity One software (Bio-Rad).

Subcellular fractionation. Vero cells were mock infected or were infected with
5 PFU of the BA71V strain per ml or with the recombinant virus vA72 in the
presence or absence of 1.25 mM IPTG. At 24 hpi, cells were resuspended at 107

cells/ml in homogenization buffer containing 20 mM Tris-HCl (pH 7.5)–0.25 M
sucrose–1 mM EDTA and passed through a 25-gauge syringe 20 times. Cell
breakage was monitored by phase-contrast microscopy. The homogenate was
centrifuged at 500 3 g for 5 min to sediment the nuclei and unbroken cells, and
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the supernatant was subsequently centrifuged at 100,000 3 g for 15 min to
separate the soluble cytoplasm from the membrane-particulate fraction. Analysis
of equivalent amounts of both fractions was performed by Western immunoblot-
ting.

Immunofluorescence microscopy. Preconfluent Vero cells grown on coverslips
were infected with recombinant vE120Ri at 1 PFU per cell in the presence or
absence of 1 mM IPTG. At 18 hpi, infected cells were fixed with methanol at
220°C for 5 min. After being washed with phosphate-buffered saline (PBS), cells
were blocked for 30 min with 1% cold fish skin gelatin in PBS. Cells were then
incubated for 1 h with rabbit serum anti-pE120R and mouse MAb (17LD3)
anti-p72 diluted 1/200 and 1/20, respectively, in blocking solution. After an
extensive washing with PBS, cells were incubated for 1 h with Alexa 488 goat
anti-rabbit immunoglobulin G (IgG) and Alexa 594 goat anti-mouse IgG (Mo-
lecular Probes) diluted 1/1,000 in blocking solution. Finally, coverslips were
washed with PBS and mounted with Mowiol/Dabco on glass slides. Preparations
were examined with a Bio-Rad Radiance 2000 confocal laser scanning micro-
scope. Images were processed using Adobe Photoshop software.

Electron microscopy. For conventional Epon section analysis, Vero cells were
infected with 10 PFU per cell and fixed at the indicated times with 2% glutar-
aldehyde in 200 mM cacodylate buffer (pH 7.4) for 1 h at room temperature.
Postfixation was carried out with 1% OsO4 and 1.5% K3Fe(CN)6 in cacodylate
buffer at 4°C for 30 min. After an extensive washing with distilled water, the
samples were dehydrated and embedded in Epon.

For freeze substitution, the infected cells were fixed for 1 h with 4% formal-
dehyde and 0.1% glutaraldehyde in 200 mM HEPES (pH 7.2) on ice and
cryoprotected with 30% glycerol for 30 min. Specimens were rapidly frozen in
liquid propane (2180°C) and stored in liquid nitrogen until use. Freeze substi-
tution was carried out as described earlier (5).

For pre-embedding immunolabeling, ASFV-infected Vero cells were perme-
abilized at 24 hpi essentially as described previously (45). Permeabilization of the
plasma membrane was carried out with 20 U of streptolysin O (Sigma) per ml in
SLO buffer (0.25 M sucrose, 50 mM potassium acetate, 5 mM magnesium
acetate, 1 mM dithiothreitol, 25 mM HEPES; pH 7.4). After 15 min at 4°C, the
cells were incubated in SLO buffer for 15 min at 37°C, extensively washed with
0.2 M HEPES (pH 7.2), and lightly fixed with 4% paraformaldehyde in the same
buffer for 10 min at 4°C. Subsequently, the cells were washed with ice-cold PBS,
blocked with 0.5% cold fish skin gelatin in PBS for 1 h, and labeled with a 1/25
dilution of anti-pE120R antibody in PBS with 1% egg albumin. After being
washed for 2 h with PBS, the cells were incubated with protein A-gold (10 nm)
for 1 h, washed again for 2 h with PBS, fixed with 2% glutaraldehyde for 1 h, and
processed for conventional Epon embedding.

Postembedding labeling of ultrathin Lowicryl K4M sections was performed as
described elsewhere (4). The rabbit polyclonal antibodies against pE120R and
p72 were used at a 1/25 and 1/100 dilutions, respectively, in PBS with 1% egg
albumin.

Specimens were examined at 80 kV in a Jeol 1010 electron microscope and
photographed with a Bioscan 792 charge-coupled device camera (1,024 3 1,024
pixels; Gatan). Digital images were processed with DigitalMicrograph (Gatan)
and Adobe Photoshop software (Adobe).

RESULTS

Protein pE120R localizes at the surface of the intracellular
virions. We first analyzed the localization of protein pE120R in
ASFV-infected cells by immunoelectron microscopy. Ultrathin
Lowicryl sections of infected cells processed at 24 hpi by freeze
substitution were incubated with a monospecific rabbit anti-
pE120R antibody (30) prior to incubation with protein A-gold
complexes. The signal was essentially localized in the virus
factories (Fig. 1A), as well as on virus particles spreading
throughout the cytoplasm (not shown) or budding at the
plasma membrane (Fig. 1B). Within the assembly sites, gold
particles were found mainly associated with both immature
and mature icosahedral virus particles (Fig. 1A). In contrast,
nonpolyhedral membranous structures, which are thought to
be precursor forms of the ASFV particles (4), were poorly
labeled. No significant pE120R labeling was associated with
the endoplasmic reticulum or other cellular membranes (not
shown). Within the virus particles, most of the labeling was

associated with the periphery of the virions, which was partic-
ularly evident when individual cross-sectioned budding parti-
cles were visualized (Fig. 1B).

The localization of protein pE120R in the virus particle was
also examined by pre-embedding immunolabeling on perme-
abilized ASFV-infected cells. At 24 hpi, infected cells were
permeabilized with streptolysin O and, after a brief fixation,
were incubated with anti-pE120R antibodies followed by pro-
tein A-gold. As shown in Fig. 1C, gold particles decorated the
external layer, i.e., the capsid, of the icosahedral particles
present at the assembly sites. Altogether, immunoelectron mi-
croscopy studies indicate that protein pE120R is a capsid com-
ponent exposed on the surface of the intracellular virions.

Protein pE120R interacts with the major capsid protein p72.
Based on in vitro binding assays with purified pE120R protein
and on coimmunoprecipitation experiments with anti-pE120R
antibodies, Martı́nez-Pomares et al. (30) found that protein
pE120R binds to a late virus-induced polypeptide of 72 kDa.
To ascertain whether this polypeptide is the major capsid pro-
tein p72, uninfected and ASFV-infected cells were labeled with
[35S]methionine-[35S]cysteine from 16 to 18 hpi and then im-
munoprecipitated with anti-pE120R antibody. As previously
described (30) and as shown in Fig. 2A (upper panel), the
anti-pE120R antibodies immunoprecipitated several low-mo-
lecular-mass proteins ranging from 14.5 to 22 kDa, which cor-
respond to the different pE120R forms, as well as an additional
72-kDa polypeptide that was not detected in uninfected cells.
The identity of this protein was ascertained by Western immu-
noblotting with MAb 17L.D3 against p72 (27, 41) of the ma-
terial previously immunoprecipitated with anti-pE120R anti-
body. As shown in Fig. 2A (lower panel), a 72-kDa protein
band comigrating with the major capsid protein from highly
purified virus was detected.

Incorporation of protein pE120R into the virus particle de-
pends on expression of the major capsid protein p72. To fur-
ther explore the relationship between the capsid proteins
pE120R and p72, we analyzed their intracellular distribution.
Mock- and BA71V-infected cells were fractionated at 24 hpi
into a soluble and a membrane-particulate cytoplasmic frac-
tion as described in Materials and Methods. A Western blot
analysis showed that protein p72, a peripheral membrane pro-
tein (17), was essentially present in the membrane-particulate
fraction (Fig. 2B, upper panel). In contrast, protein pE120R
was predominantly cytosolic, although a significant proportion
was also detected in the membrane-particulate cytoplasm (Fig.
2B, lower panel). Interestingly, some pE120R forms, ranging
from 14.5 to 22 kDa, were mainly found in the cytosol, while
others, ranging from 12 to 25 kDa, were present almost exclu-
sively in the cytoplasmic sediment. Moreover, the analysis of
protein pE120R in highly purified extracellular ASFV revealed
a multiple band profile resembling that observed in the mem-
brane-particulate cell fraction, although with some significant
differences. As shown in Fig. 2B (lower panel), the main dif-
ference was the detection of a prominent 12-kDa structural
form which was almost undetectable in the cytoplasmic sedi-
ment. This striking mass heterogeneity of protein pE120R sug-
gests that the protein undergoes posttranslational modifica-
tions before and during its incorporation to the intracellular
virus particle, as well as during or after virus release. To eval-
uate whether the species found in the membrane-particulate
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and extracellular virus fractions are derived from the cytosolic
pE120R forms, we analyzed the subcellular distribution of
pE120R in a pulse-chase experiment. ASFV-infected cells
were labeled with [35S]methionine-[35S]cysteine from 11 to 12
hpi and then chased in the presence of cold methionine-cys-
teine for different periods. After the pulse and chase periods,
the infected cells were fractionated into a soluble and a mem-
brane-particulate fraction and the extracellular medium was
centrifuged to collect extracellular released virions. Equivalent
amounts of the fractions were then analyzed by immunopre-
cipitation with anti-pE120R antibodies. As shown in Fig. 2C,
protein pE120R (as 14.5- to 22-kDa isoforms) and coprecipi-
tated protein p72 were essentially detected in the soluble cy-
toplasmic fraction after the 1-h pulse-labeling. Following a 3-h
chase, pE120R and p72 levels slightly decreased in the cytosol
and, concomitantly, slightly increased in the cytoplasmic sedi-
ment. Finally, after a 24-h chase, proteins pE120R (as 12- to
25-kDa isoforms) and p72 were mostly detected in the mem-
brane-particulate and extracellular virus fractions. These re-
sults indicate that protein pE120R is initially expressed in the
cytosol and subsequently, a fraction of it is slowly incorporated
into the assembling virus particles, with the appearance of
some new species. On the other hand, since anti-pE120R an-

tibodies coimmunoprecipitated both proteins pE120R and p72
from the pulse-labeled cytosolic extract, it seems that pE120R
associates with cytosolic p72 before its incorporation into the
assembling virions.

We next investigated if the intracellular distribution of pro-
tein pE120R is dependent on p72 expression using an ASFV
recombinant (vA72) which inducibly expresses the major cap-
sid protein (27). Vero cells were infected for 24 h with recom-
binant vA72 in the presence or absence of IPTG and subse-
quently fractionated as described above. As shown in Fig. 2D,
under permissive conditions both protein p72 and pE120R
fractionated as in control BA71V infections. In contrast, when
p72 expression was abrogated, protein pE120R was detected
almost exclusively in the soluble cytoplasmic fraction. The vir-
tual absence of protein pE120R in the membrane-particulate
sediment indicates that p72 expression influences the intracel-
lular distribution of pE120R.

To further investigate this effect, immunoelectron micros-
copy with the anti-pE120R and anti-p72 antibodies was per-
formed on sections of vA72-infected cells maintained for 16 h
in the absence of IPTG (Fig. 3A and C) or treated with the
inducer at 16 hpi during an additional 8-h period (Fig. 3B and
D). As previously reported, the effect of p72 repression was the

FIG. 1. Immunoelectron microscopy of protein pE120R in BA71V-infected cells. (A and B) Ultrathin Lowicryl K4M sections of infected Vero
cells fixed at 24 hpi and processed by freeze substitution were incubated with anti-pE120R antibodies followed by protein A-gold (10 nm). (A)
Within the virus factory, the labeling was mainly associated with mature particles and icosahedral immature virions lacking an electrondense
nucleoid. In contrast, the precursor membranous structures surrounding the virus particles were weakly labeled. (B) A strong and peripheral
labeling was also detected on ASFV particles budding through the plasma membrane. (C) Infected Vero cells were permeabilized with streptolysin
O at 24 hpi and labeled with anti-pE120R antibody and protein A-gold (10 nm) before conventional Epon embedding. Gold particles (arrowheads)
decorated the surface of ASFV particles within the virus factories. Bars, 200 nm.
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accumulation of aberrant virus forms, called zipper-like struc-
tures, at the virus factories (5, 27). These structures consist of
an extended central domain, which is reminiscent of the core
shell, flanked by inner viral envelopes. As shown in Fig. 3A,
these zipper-like structures were poorly labeled with the anti-
pE120R, which is consistent with the cytosolic distribution of
protein pE120R observed under these conditions (Fig. 2C). As
a negative control, the anti-p72 labeling was practically absent
(Fig. 3C). After addition of the inducer, p72 expression led to
the capsid assembly on the previously accumulated zipper-like
structures, as well as to the de novo formation of normal
virions (27). In these conditions, both anti-pE120R (Fig. 3B)
and anti-p72 (Fig. 3D) antibodies strongly labeled the nascent
icosahedral particles, as well as the zipper-like structures, es-
pecially in the areas where assembling capsids were evident.

In summary, these results indicate that the incorporation of
protein pE120R to the virus particle is dependent on expres-
sion of the major capsid protein p72 and probably concomitant
to capsid assembly.

Inducible expression of protein pE120R by recombinant vi-
rus vE120Ri. To further analyze the role of protein pE120R

in virus replication, we constructed an ASFV recombinant
(vE120Ri), derived from the parental BA71V strain, enabling
the inducible expression of gene E120R (Fig. 4A). In this
recombinant virus, the endogenous gene E120R was replaced
by a copy under the transcriptional control of the inducible late
promoter p72.1 consisting of the strong late promoter p72.4
(27) and the operator sequence O1 from the E. coli lac operon
(Fig. 4A). Expression of gene E120R is regulated by the E. coli
lac repressor encoded by gene lacI, which was inserted within
the nonessential tk locus under the control of the early pro-
moter pU104 (2).

To test the inducer dependence of recombinant vE120Ri, a
plaque assay was performed at different concentrations of
IPTG ranging from 0 to 2 mM (not shown). The plaque num-
ber was maximal at 1 mM IPTG. Figure 4B shows the plaque
phenotype of parental BA71V and recombinant vE120Ri vi-
ruses in the presence or in the absence of 1 mM IPTG. In the
presence of the inducer, both the number and the size of the
plaques of recombinant vE120Ri were similar to those ob-
served for the control virus. In contrast, in the absence of IPTG

FIG. 2. Protein pE120R interacts with the major capsid protein p72. (A) Uninfected (U) Vero cells or cells infected with BA71V virus (I) were
pulse-labeled with [35S]methionine-[35S]cysteine from 16 to 18 hpi. The cell extracts were immunoprecipitated with anti-pE120R serum and
analyzed by SDS-polyacrylamide gel electrophoresis and autoradiography (upper panel). The immunoprecipitated material from infected cell
extracts was further analyzed, together with highly purified extracellular ASFV (V), by Western immunoblotting with anti-p72 MAb 17L.D3 (lower
panel). (B) Western immunoblotting with MAb anti-p72 (upper panel) and anti-pE120R (lower panel) antibodies of cytosolic (C) and membrane-
particulate (M) fractions from uninfected cells (U) or cells infected with parental BA71V (I). Analysis of highly purified extracellular virions (V)
is also shown. The asterisk indicates the position of the major structural pE120R form of 12 kDa. (C) Infected Vero cells were pulse-labeled with
[35S]methionine-[35S]cysteine from 11 to 12 hpi (P1), chased for 3 h (C3) and 24 h (C24), and then fractionated into soluble cytosolic (C),
membrane-particulate (M), and extracellular virus (V) fractions. Equivalent amounts of the fractions were immunoprecipitated with anti-pE120R
antibodies and analyzed by SDS-polyacrylamide gel electrophoresis. The asterisk indicates the position of the major structural pE120R form of 12
kDa. (D) Immunoblotting with anti-p72 (upper panel) and anti-pE120R (lower panel) antibodies of cytosolic (C) and membrane-particulate (M)
fractions from extracts of vA72-infected cells grown in the presence (vA721) or in the absence (vA722) of IPTG. The migration position of
molecular mass markers is indicated on the left. The bands corresponding to protein p72 and the different forms of protein pE120R are indicated
on the right.
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the plaque number of recombinant vE120Ri was reduced by
about 2.5 orders of magnitude.

To verify that the plaque phenotype of vE120Ri virus correlates
with the IPTG-dependent expression of protein pE120R, a
Western blot analysis was performed with extracts of BA71V-
and vE120Ri-infected cells maintained in the presence or in
the absence of 1 mM IPTG for 24 hpi. As shown in Fig. 4C,
under restrictive conditions the expression levels of protein
pE120R were dramatically reduced with regard to those ob-
served under permissive conditions or in BA71V infections. A
densitometric quantitation showed that, in the absence of
IPTG, expression of pE120R was 1 and 0.5% of that observed
under permissive conditions and in control BA71V infections,
respectively. These results indicate that plaque formation by
recombinant vE120Ri is related to pE120R expression.

Protein pE120R is required for virus dissemination but not
for infectivity. To study the effect of pE120R shutoff on viral
replication, one-step growth curves were performed. Cells in-
fected with recombinant vE120Ri in the presence or in the
absence of inducer were harvested in their culture medium at
different times postinfection and titrated by plaque assay under
permissive conditions. Surprisingly, no significant difference
was observed in the virus yield of recombinant vE120Ri grown

under restrictive or permissive conditions, a yield which was,
on the other hand, similar to that obtained for the control
BA71V virus (not shown). To clarify the apparent contradic-
tion between the plaque assays and the one-step growth curves,
infected cells and culture supernatants were titrated separately
after sonication. Figure 5 shows the titration curves of the
extracellular (panel A) and intracellular (panel B) viruses, as
well as the total virus yield (panel C) deduced from those
curves. Under restrictive conditions, the titer of extracellular
vE120Ri was, from 24 to 48 hpi, ca 2 log units lower than that
obtained under permissive conditions or with the parental vi-
rus (Fig. 5A). In contrast, the yield of cell-associated recom-
binant virus grown under restrictive conditions (Fig. 5B) was
similar to the total yield of the recombinant grown under
permissive conditions or the parental virus (Fig. 5C). These
results show, on the one hand, that mutant vE120Ri particles
are infectious and, on the other, that protein pE120R is re-
quired for virus dissemination.

In the same experiment, it was also tested the ability of
vE120R-infected cells maintained for different times under
nonpermissive conditions to produce extracellular infectious
virus upon IPTG addition. As shown in Fig. 5D, the extracel-
lular virus yield increased significantly when IPTG was added

FIG. 3. Immunoelectron microscopy of protein pE120R on vA72-infected cells. Lowicryl sections of vA72-infected cells maintained 16 h in the
absence of IPTG (A and C) or treated with the inducer at 16 hpi during an 8-h period (B and D) were incubated with anti-pE120R antibody (A
and B) or anti-p72 antibody (C and D), followed by protein A-gold (10 nm). In the absence of IPTG the aberrant zipper-like structures were poorly
labeled by both sera while, in the presence of the inducer, anti-pE120R and anti-p72 antibodies strongly labeled (arrowheads) icosahedral particles
as well as polyhedral forms derived from previously assembled zipper-like structures. The arrows indicate icosahedral forms emerging from
zipper-like structures. Bars, 200 nm.
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at 12 hpi, an early time for the virus assembly in normal
infections (4, 10, 31). However, when pE120R expression was
induced from 16 or 20 hpi onward, the extracellular virus titers
did not increase significantly compared to a vE120Ri infection
in the absence of IPTG. Since the intracellular virus yield is
considerable at these late times of infection (see Fig. 5B), these
results strongly suggest that the inhibitory effect of pE120R
repression on virus egress is not reversible (see below).

Protein pE120R is required for the transport of virions
from the assembly sites to the plasma membrane. To charac-

FIG. 4. (A) Genomic structure of the recombinant ASFV virus
vE120Ri. Recombinant virus vE120Ri was obtained from recombinant
vGUSREP, which contains the lacI gene encoding the lac repressor
inserted into the nonessential tk locus. In vE120Ri virus, the gene
E120R is under the transcriptional control of an inducible promoter
p72.1, which is composed by the strong late promoter p72.4 and the lac
operator sequence (F). The reporter genes lacZ and gusA, used for
selection and purification of the recombinants, are also represented.
(B) Plaque phenotype of vE120Ri. Monolayers of Vero cells were
infected in the absence or presence of 1 mM IPTG with parental
BA71V or recombinant vE120Ri virus. Plaques were visualized with
1% crystal violet 5 days after infection. (C) Inducible expression of
protein pE120R. Vero cells were infected with BA71V or recombinant
vE120Ri in the presence (1) or absence (2) of 1 mM IPTG. At 24 hpi,
samples were electrophoresed and analyzed by Western immunoblot-
ting with a serum anti-pE120R. The electrophoretic mobility of mo-
lecular weight markers is indicated on the left.

FIG. 5. One-step growth curves of vE120Ri. Vero cells were in-
fected with 10 PFU of BA71V or vE120Ri virus per cell in the presence
or absence of 1 mM IPTG. Virus from the culture supernatants (A)
and the infected cells (B) were collected at the indicated times of
infection and titrated separately by plaque assay on fresh Vero cells in
the presence of the inducer. (C) Curves of total virus yield were
deduced from the intracellular and extracellular virus yields shown in
panels A and B. (D) In the same experiment, recombinant virus
vE120Ri was grown under nonpermissive conditions for the indicated
times and then induced with IPTG. At different times postinfection,
extracellular virus from the culture supernatant was titrated as de-
scribed above in the presence of inducer. As a control, the extracellular
virus yields of recombinant vE120Ri grown in the absence or presence
of IPTG throughout the infection are shown.
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terize in more detail the effect of repression of pE120R on
virus egress, immunofluorescence experiments were per-
formed on vE120Ri-infected cells maintained for 18 h with or
without 1 mM IPTG. Figure 6 shows a double labeling with the
rabbit polyclonal serum against protein pE120R (panels A and
C) and the mouse MAb against protein p72 (panels B and D).
In the presence of the inducer (Fig. 6A and B), both anti-
pE120R and anti-p72 antibodies strongly labeled the virus fac-
tories, as well as virus particles scattered throughout the cyto-
plasm (see also the inserts in these panels). In the absence of
the inducer, labeling of protein pE120R (Fig. 6C) was drasti-
cally diminished, while an intense signal of p72 (Fig. 6D) was
observed only in the assembly sites. These observations
strongly suggest that, when expression of protein pE120R is
inhibited, intracellular virus particles are retained in the virus
factories and no transport to the cell periphery occurs.

In another approach, electron microscopy (EM) studies
were carried out on sections of vE120Ri-infected cells main-
tained for 18 h in the presence (Fig. 7A) or in the absence of
1 mM IPTG (Fig. 7B to D). When we compared both situa-
tions, it was evident that under restrictive conditions no bud-
ding occurred at the plasma membrane and essentially no virus
particles were detected outside the virus factories (compare
Fig. 7A and B). Within the assembly areas, all stages of virus
morphogenesis, including large amounts of apparently mature
virions, were observed (Fig. 7C). Close inspection of these
mutant vE120Ri full particles (Fig. 7D) did not reveal any
significant ultrastructural difference with normal mature viri-

ons. Interestingly, aberrant structures (Fig. 7D) reminiscent
but more complex than the zipper-like structures found when
p72 expression is abrogated (5, 27; see also Fig. 3), were ob-
served at the assembly sites. As deduced from the one-step
growth curves, the existence of such structures did not interfere
significantly with the production of infectious virus particles.
Finally, we also analyzed vE120Ri-infected cells maintained
under restrictive conditions for 16 h and then induced with
IPTG for 8 h. In agreement with the titration experiment
shown in Fig. 5D, no significant transport or release of previ-
ously assembled mature particles could be detected (not
shown).

In conclusion, EM studies indicate that protein pE120R is
essential for the transport of virus particles from the assembly
sites to the plasma membrane but is not required for the
assembly of morphologically mature intracellular particles.

DISCUSSION

Most of our knowledge on ASFV morphogenesis derives
from the analysis at the electron microscope of the morpho-
logical stages of virus assembly (4, 5, 9, 10, 27, 31) and the
immunolocalization of virus proteins on the virus precursors
and mature virions (4, 6, 8, 15, 27). To facilitate the study of
particular ASFV proteins on virus replication, our laboratory
recently adapted to ASFV an inducible expression system
based on the E. coli lac operon (27). In this report, we have
used this strategy to investigate the role of ASFV protein
pE120R.

Protein pE120R was described by Martı́nez-Pomares et al.
(30) as a structural polypeptide expressed late after infection as
different low-molecular -mass forms that, in our experiments,
range from 12 to 25 kDa. Protein pE120R is 90.8% identical to
its counterpart K3R in the pathogenic Malawi strain (22) and
is expressed in cells infected by a variety of pathogenic and
nonpathogenic virus strains (unpublished results). The protein
lacks significant similarity with other viral and nonviral protein
sequences available in the databases. Interestingly, Martı́nez-
Pomares et al. (30) found that protein pE120R binds to a
late-virus-induced protein of 72 kDa. By using coimmunopre-
cipitation assays, we show here that this polypeptide is the
major capsid protein p72. This interaction is consistent with
the external localization of protein pE120R in the virus parti-
cles. Immunoelectron microscopy showed that protein pE120R
is mainly present in polyhedral virus particles, being exposed
on the capsid of the intracellular mature virion. Using a re-
combinant virus that inducibly expresses protein p72 (27), we
also found that expression of the major capsid protein is re-
quired for the association of protein pE120R with the virus.
Taking into account that capsid protein p72 is a peripheral
membrane protein initially expressed in the cytosol (17; this
report) and that anti-pE120R antibodies coprecipitate p72
from cytosolic extracts (this report), it is likely that pE120R
associates with assembling virions after being bound to cyto-
solic p72. The results also suggest that the incorporation of
protein pE120R into nascent virus particles is concomitant
with capsid formation.

Analysis of recombinant vE120Ri led to two important con-
clusions: (i) the protein pE120R is required for virus egress,
and (ii) it is not essential for virus infectivity. Repression of

FIG. 6. Immunofluorescence microscopy of vE120Ri-infected cells.
Vero cells infected with recombinant vE120Ri virus in the presence (A
and B) or absence (C and D) of IPTG were fixed at 18 hpi and
double-labeled with rabbit serum anti-pE120R (A and C) and mouse
MAb 17L.D3 anti-p72 (B and D). Labeling was revealed with Alexa
488 goat anti-rabbit rabbit IgG and with Alexa 594 goat anti-mouse
IgG. Insets in panels A and B show enlarged images of the delimited
cytoplasmic areas. Viral factories and virions spread throughout the
cytoplasm are indicated by arrows and arrowheads, respectively.
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pE120R synthesis drastically inhibited virus release from the
host cell, as deduced from plaque assays and one-step virus
growth curves. Immunofluorescence and immunoelectron mi-
croscopy revealed that this effect was a consequence of the
retention of the intracellular mature particles within the viral
factories. Collectively, these data indicate that pE120R expres-
sion is required for the transport of intracellular particles from
the assembly sites to the plasma membrane. Interestingly, the
induction of pE120R expression in vE120Ri-infected cells pre-
viously maintained for long periods under restrictive condi-
tions did not significantly increase virus egress. The apparent
irreversibility of the mutant phenotype suggests that newly

synthesized protein pE120R is not able to associate with pre-
viously assembled mutant particles. This result supports the
view that protein pE120R is recruited during capsid formation
in normal infections, although it is not strictly essential for the
assembly of the capsid layer nor for the production of intra-
cellular infectious particles.

In general, virus movement during entry and exit from the
host cell is dependent on the cytoskeleton (20, 40, 46, 48),
which is commonly reorganized throughout the infection. With
regard to the association of ASFV with the cytoskeleton, pre-
vious work showed a function of microtubules in the organi-
zation of the assembly sites (3, 16), the redistribution of mito-

FIG. 7. Electron microscopy of vE120Ri-infected cells. Ultrathin Epon sections of vE120Ri-infected Vero cells incubated for 18 h in the
presence (A) or in the absence (B, C, and D) of IPTG. While in the presence of inducer (A) ASFV particles move from the virus factories (VF)
to the plasma membrane to be released by budding, in the absence of IPTG (B) virus particles are assembled within the virus factories but neither
transport nor budding occur. Note also that, under restrictive conditions, the factories (panel C) contain all normal virus assembly stages, including
large amounts of intracellular mature particles. Additionally, some aberrant virus structures can be detected. Panel D shows a higher magnification
of the region delimited by the dashed line in panel C, which contains an aberrant structure and two apparently normal intracellular mature
particles. Bars: A and B, 1 mm; C and D, 200 nm.
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chondria around the viral factories (37), and virus release (3,
16). Alves de Matos and Carvalho (3) found that incubation of
ASFV-infected cells with drugs that depolymerize microtu-
bules avoided the fusion of assembly sites into a unique viral
factory that ocurrs in normal infections. Importantly, this treat-
ment also inhibited strongly the migration of nascent virus
particles to the cell surface, an effect that was reverted after
drug removal. On the other hand, in vitro binding assays and
EM studies with taxol-treated cells indicated that virions bind
to microtubules (3). In this aspect, the involvement of micro-
tubules in the transport of ASFV particles is analogous to that
described for the intracellular movement of vaccinia virus.
According to Sanderson et al. (40), the intracellular mature
virus employs microtubules for efficient dispersion from the
viral factories.

Since both protein pE120R and microtubules are required
for the transport of virions to the cell periphery, it is tempting
to speculate that protein pE120R could be involved in the
virus-microtubule interaction. The external location of protein
pE120R in the intracellular virion is compatible with such a
role. On the other hand, the striking observation that protein
pE120R exhibits different and complex band profiles in the
cytosol, the membrane-particulate cytoplasm, and the extracel-
lular virions might reflect a complex maturational process re-
lated to the regulation of the interaction with the microtubules
and the subsequent transport of ASFV particles. The post-
translational modifications involved in the high mass hetero-
geneity of protein pE120R have not been elucidated at
present, although glycosylation and disulfide-linked dimeriza-
tion can be excluded from the sequence data (30). A more
detailed study of protein pE120R will be necessary to deter-
mine the exact function of this protein in virus dissemination
and to identify the basis of its size heterogeneity.

With regard to the infectivity of mutant vE120Ri, the results
of this work support the idea that the intracellular mature form
of ASFV is infectious. Under conditions that abrogate pE120R
expression and virus egress, the intracellular virus yield was
similar to the total yield obtained under permissive conditions
or with parental BA71V virus. Consistent with this, EM studies
showed that under restrictive conditions large amounts of in-
tracellular mature particles, structurally indistinguishable from
normal BA71V virions, are assembled at the virus factories.
Previous work showed that protein pE120R has DNA-binding
properties in vitro (30), which could suggest a potential role in
DNA replication, DNA encapsidation, or proper assembly
of the nucleoprotein core. Nevertheless, the localization of
pE120R in the virus particle and the phenotype of recombinant
vE120Ri do not support any essential function for pE120R
related to its DNA-binding properties. Since protein pE120R
binds to DNA with a low affinity constant (30), it cannot be
excluded that this interaction merely reflects its ability to bind
to negatively charged macromolecules.

The infectivity of intracellular vE120Ri particles is consis-
tent with early work showing that preparations of partially
purified cell-associated ASFV particles are infectious (42), that
the outer viral envelope is not necessary for infectivity (42),
and that antibodies against the capsid protein p72 can neutral-
ize ASFV infection (7, 28). Unlike extracellular virions (12),
intracellular mature particles have not been efficiently purified
so far mainly due to their high contamination with cellular

membranes as well as extracellular particles, which often lose
the outer envelope (42). In relation to this, the recombinant
vE120Ri can be a useful tool to purify intracellular ASFV
mature particles and to establish the differences in composition
and infectivity with the extracellular enveloped particles. Re-
garding this point, the existence of intracellular and extracel-
lular infectious particles, which are structurally and antigeni-
cally distinct, is well established for other complex DNA
viruses such as poxviruses (21, 33). Finally, it will be important
to know if the infectious intracellular form of ASFV plays a
direct role in virus dissemination in vivo. Since ASFV infection
evolves finally toward cytolysis (9), the release of intracellular
virions from lysed cells could constitute an alternative pathway
to the budding at the plasma membrane. In such a case, the
existence of two structurally and antigenically different infec-
tious ASFV particles may have important implications in the
host immune response against ASFV.
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cation and properties of African swine fever virus. J. Virol. 54:337–344.

13. Carrascosa, A. L., I. Sastre, and E. Viñuela. 1991. African swine fever virus
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gene expression from African swine fever virus recombinants: analysis of the
major capsid protein p72. J. Virol. 72:3185–3195.

28. Gomez-Puertas, P., F. Rodrı́guez, J. M. Oviedo, F. Ramiro-Ibañez, F. Ruiz-
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