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Abstract A specific interaction of ASFV p54 protein with 8
kDa light chain cytoplasmic dynein (DLC8) has been previously
characterized and this interaction is critical during virus
internalization and transport to factory sites. During early
phases of infection, the virus induces the initiation of apoptosis
triggering activation of caspase-9 and -3. To analyze the role of
the structural protein p54 in apoptosis, transient expression
experiments of p54 in Vero cells were carried out which resulted
in effector caspase-3 activation and apoptosis. Interestingly, p54
mutants, lacking the 13 aa dynein-binding motif lose caspase
activation ability and pro-death function of p54. This is the first
reported ASFV protein which induces apoptosis.
� 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Apoptosis; Virus–cell interaction; African swine
fever virus; Dynein light chain; Bim
1. Introduction

African swine fever virus (ASFV) is a double stranded large

DNA virus, the only member of the family Asfarviridae [2],

that induces an acute disease of swine characterized by severe

immune cell depletion and apoptosis induction in target and

immune defense cells [3]. ASFV encodes for apoptosis inhibi-

tor homologs [2], the bcl-2 [4,5], and IAP homologs and an

homolog of the apoptosis inhibitor ICP34.5 of herpes simplex

[2], but the mechanism by which the virus induces apoptosis is

still unclear.

ASFV induction of apoptosis in target cells is triggered in

the absence of virus replication and after virus uncoating by an

unknown mechanism [6]. Some structural proteins of different

virus models have been found to trigger apoptosis in early

steps of the infective cycle upon their interactions with the

target cell [7–10]. Structural ASFV protein #54 (p54) interac-

tion with light chain cytoplasmic dynein of 8 kDa (DLC8) is

required for virus transport upon entry [1]. Previously, we
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described that p54 interacts with one of the light chains of

cytoplasmic dynein, a microtubular-based motor, enabling

virus transport along the cytosol [1]. DLC8 or PIN interacts

with other molecules of the microtubular complex, links mi-

crotubules to other cytoskeletal components and binds to

specific cargoes [11,12]. A 13 amino acid (aa) domain of ASFV

protein p54 was sufficient for binding to DLC8; a SQT motif

within this domain being critical for this binding [1]. Dynein

light chain DLC8 has been recently recognized as a frequently

used target for a number of polypeptides encoded by different

virus models [13].

The aa residues required for the viral p54–DLC8 interaction

differ from those present in other DLC8 binding proteins

[11,14], but it is similar to the binding domain of the proa-

poptotic BH3-only protein Bim [1,15]. BH3-only proteins have

been recognized as essential initiators of apoptosis [16].

ASFV p54 is a major infection protein, essential for viral

replication [17] and has been characterized as a viral attach-

ment protein [18,19]. In this work, we analyzed the role of p54

in caspase activation and viral-induced apoptosis.
2. Materials and methods

2.1. Transfections and caspase activity assays
Viral genes encoding for proteins p30, p54 and p72 were individually

inserted into XhoI and EcoRI sites in mammalian expression vector
pEGFP-N1 (Clontech, Palo Alto, CA). pEGFP-N1 and pCMV
(Clontech) vectors were used as transfection controls. Vero cells were
grown to 40–50% confluence and then transfected with 2 lg DNA/106

cells using FUGENE6 (ratio 1:6, Roche, Indianapolis, IN).
Caspase-3 and -9 activities were detected in ASFV infected cells at 0,

6, 12, 24 and 48 h postinfection or 24 h posttransfection in transfected
cells. Caspase activities were determined by using Caspase-3 Fluori-
metric Assay Kit (Sigma, St Louis, MO) and ApoAlert Caspase-9/6
Fluorescent Assay Kit (Clontech, Palo Alto, CA), respectively, ac-
cording to the manufacturer’s directions. Data obtained were nor-
malized to GFP expression found in each plate at excitation and
emission wavelengths of 485 and 535 nm in order to refer results ob-
tained with their respective transfection efficiency. To detect specific
caspase-3 activity Ac-DEVD-CHO was used as an inhibitor, at a
concentration of 2 lM. For caspase-9, LEHD-CHO was used as an
inhibitor, at a concentration of 10 lM.

2.2. Generation of a p54 mutant
A mutant, with a 39-bp deletion in p54 from aa 149 to 161, was

created by overlap extension (SOE) PCR procedure. The N-terminal
part of p54 (aa 1–148, nucleotides 1–444) was amplified by PCR using
blished by Elsevier B.V. All rights reserved.
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primers 50GCGCTCGAGATGGATTCTGAATTTTTTCA30 and
50AGCCGACATAGGCTCAGTCGGATGAGC30. The C-terminal
part of p54 (aa 162–183, nucleotides 486–549) was amplified by PCR
using primers 50ACTGAGCCTATGTCGGCTATTGAAAAT30 and
50CGCGAATTCGCAAGGAGTTTTCTAGGTC30. The resulting
products were combined by SOE-PCR. The resulting cDNA construct
was digested with XhoI and EcoRI and inserted into pEGFP-NI
vector.
2.3. Virus infections and immunofluorescence
Vero cells were grown in chamber slides containing approximately

1.5� 104 cells /chamber (Lab-Tek; Nunc, Roskilde, Denmark), and
were mock infected or infected with ASF virus strain BA71V at a
multiplicity of infection (MOI) of 1, at time points from 4 to 48 hpi and
fixed with acetone:methanol 1:1.
An affinity-purified rabbit antibody against DLC8 (R4058) was

supplied by Dr. S. King [11] and was used at a 1:200 dilution. Other
antibodies used were mouse monoclonal antibodies, anti-Bim (Cal-
biochem, La Jolla, CA), anti-GFP (JL-8, Clontech) and anti-b tubulin
from Sigma. Monoclonal antibodies against viral p30, p72 and
monospecific antiserum against viral protein p54 raised in pigs using
Escherichia coli expressed protein as immunogen were used. Secondary
antibodies used were Alexa 488, Alexa 647, Texas Red and Cy3 con-
jugated sheep anti-rabbit or goat anti-mouse antibodies (Sigma) or
protein A Alexa 488 (Molecular Probes, Eugene, CA). DNA was
stained with bisbenzimide Hoechst No. 33342 (Sigma).
Caspase-9 activation was detected using a monoclonal antibody

(Santa Cruz Biotechnology, Santa Cruz, CA) that recognizes procas-
pase and activated caspase-9 after proteolysis and a rabbit antibody
anti-activated caspase-3 and anti-rabbit antibody Texas Red (Sigma)
were used to detect caspase-3 activation. Apoptosis inducing factor
(AIF) was detected with a monoclonal antibody also from Santa Cruz.
Mitochondria were labelled with 100 nM chloromethyl-rosamine
(CMXRos, MitoTracker, Molecular Probes) for 15 min at 37 �C and
then fixed with 3.7% paraformaldehyde. For subsequent staining with
other antibodies, cells were permeabilized with ice-cold acetone.
Specificity of labelling and absence of signal crossover were established
by examination of single labelled control samples. Percentages of
colocalization were analyzed in at least 10 high power microscopic
fields. Conventional microscopy was carried out in a Leica photomi-
croscope with a digital camera and digitized images were obtained with
Qwin program (Leica Microsystems, Heidelberg, Germany). Confocal
microscopy was carried out on a Radiance 2100 MRC1024 system
(BioRad, Hercules, CA) mounted on a Nikon Eclipse TE2000 micro-
Fig. 1. Caspase activation and nuclear fragmentation after ASFV infection. (
antibody revealed with Alexa 488 (a, d, f), DNA dye Hoechst (c, e, g), and
(original magnification 100·). (A e, g) Detail of nuclear fragmentation (origin
by fluorimetric analysis in cell extracts infected with ASFV. Solid and open
specific caspase inhibitor, respectively, 2 lM Ac-DEVD-CHO was used as c
hibitor. Data obtained were normalized to their respective GFP expression a
shows the mean activities values from three independent experiments�S.E
monoclonal antibody recognizing pro- and active forms of this protein.
scope. Statistical analysis of colocalization was performed using
Laserpix Lasersharp Processing 3.2 program (BioRad).

2.4. Subcellular fractionation
For velocity sedimentation experiments, Vero cells were mock in-

fected or infected with ASF virus strain BA71V at a MOI of 1. At 4, 6,
12, and 24 hpi cells were washed with PBS, scraped and harvested by
centrifugation. The pellets were resuspended in 1 ml of buffer A (30
mM Tris, 20 mMMes, pH 7.0, 100 mMNaCl, and 0.1% Triton X-100)
supplemented with protease inhibitors on ice. Lysis was performed by
three cycles of sonication (30 s each) at mid-potency. Final volumes of
5.5 ml were prepared of both 5% and 20% sucrose solution in buffer A
and a linear gradient was formed. The lysed cells were loaded on top of
the preformed 5–20% sucrose linear gradient in buffer A equilibrated at
4 �C and centrifuged in a SW40 Beckman rotor for 16 h at 4 �C. After
centrifugation, 1 ml samples were collected from the bottom of the
gradient. Protein precipitation from samples was performed with ice-
cold acetone at )20 �C overnight. The samples were then centrifuged
and the protein pellets resuspended in 200 ll loading buffer. Equal
volumes of each sample were subjected to SDS–PAGE and then an-
alyzed by immunoblot with specific antibodies. Expression of DLC8,
Bim and b-tubulin during infection was tested by using cell lysates in
RIPA buffer (150 mM NaCl, 1% NP-40, 0.1% SDS and 50 mM Tris,
pH 8.0) of uninfected and ASFV infected Vero cells harvested at 2, 4,
6, 8, 12, 24 and 48 hpi. These cell lysates were subjected to SDS–
PAGE, blotted and probed with specific antibodies.
3. Results

3.1. Activation of the mitochondrial apoptosis pathway in ASFV

infected cells

ASFV infected cells expressing high levels of p54 (Fig. 1A a,

d and f) expressed the active form of caspase-3 (Fig. 1A b) and

presented the characteristic nuclear morphology of apoptosis,

i.e., chromatin condensation, nuclear fragmentation and ap-

optotic body formation with DNA dyes (Fig. 1A c, e and g).

High levels of caspase-3 and -9 activity were found at different

postinfection times (Figs. 1B and C), which returned to the

basal levels in the presence of their specific caspase inhibitor.

Activation of apoptosis cascade results in the cleavage of
A, a–g) ASFV infected Vero cells at 24 hpi stained with anti-ASFVp54
anti-activated caspase-3 and Texas red (b). (A, a–c) Viral lysis plaque
al magnification, d 400·). (B, C) Caspase-3 and -9 activation detected
bars represent caspase activity in the absence and the presence of a

aspase-3 inhibitor and 10 lM LEHD-CHO was used as caspase-9 in-
t excitation and emission wavelengths of 485 and 535 nm. The figure
. (D) Initiator caspase-9 activation was detected since 12 hpi with a
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pro-caspases to an active form. Activated caspase-9 was de-

tected, as the processed 32 kDa form (Fig. 1D), indicating

activation of the intrinsic or mitochondrial apoptosis pathway.

3.2. ASFV p54 is able to induce apoptosis in infected cells

To elucidate a specific role of p54 in these changes, viral

protein p54 was transiently expressed as GFP fusion protein

under mammalian promoter CMV. Other viral proteins ex-

pressed as GFP fusion proteins, GFP alone and empty plas-

mid, were used as controls. Plasmids were transfected and

yielded high transfection efficiency. P54 transiently expressed

in Vero cells, acting without other viral proteins, caused acti-

vated caspase-3 expression (Fig. 2A d and e) and nuclear

fragmentation (Fig. 2A f), indicating a downstream execution

of the apoptotic cell death program. Transient expression of

p54 mutant lacking the 13 aa dynein-binding motif did not

induce caspase-3 activation or nuclear fragmentation (Fig. 2A

g, h and i). Overexpression of other viral proteins p30, p72 (not
Fig. 2. Caspase-3 activation and apoptosis in p54 transfected cells. (A
a, d, g) Green fluorescence protein expression in Vero cells transfected
with pCMV-GFP (a–c), pCMVp54-GFP (d–f) and pCMV-mutantp54-
GFP (g–i). (b, e, h) Effector caspase-3 expression in the same cells
detected with an antibody anti-activated caspase-3 revealed with Texas
Red. (c, f, i) Nuclear staining with a DNA intercalating dye by fluo-
rescence microscopy. Original magnification 400·. (B) GFP expression
in Vero cells transfected with the different plasmids and detected by
Western blot with an anti-GFP antibody. (C) Fluorimetric analysis of
caspase activity in Vero cells transfected with pCMV-p54-GFP and
pCMV-p54mut-GFP compared with control cells or cells transfected
with the control plasmid. Solid bars and open bars show caspase-3
activity in the absence and the presence of the specific caspase inhib-
itors, respectively, at the same concentrations as in Fig. 1. Data ob-
tained were normalized to the GFP expression found in each plate at
excitation and emission wavelengths of 485 and 535 nm.

Fig. 3. Bim redistribution to mitochondria in infected cells. Confocal
microscopy analysis of Vero cells stained with anti-Bim antibody re-
vealed with Alexa 647 (a, e; depicted in blue) and mitotracker CMX-
Ros (b, f in red) and merged images (c, g) (A) Mock infected Vero cells
(B) ASFV infected Vero cells at 24 hpi show Bim colocalization to the
clustered mitochondria. (d, h) Dot plot of colocalization probability
between Bim and CMXRos. (C) Detail of ASFV infected Vero cells at
18 hpi showing Bim colocalization to mitochondria at higher magni-
fication (bar): (i) Merged image. Bim is shown in green and CMXRos
in red. (j) Selection of colocalization areas depicted in yellow.
shown) or GFP alone did not produce apoptosis or caspase

activation (Fig. 2A a–c).

Expression of GFP was detected with a monoclonal anti-

body anti-GFP by Western blot as a control of transfection

efficiency (over 80% of cells, Fig. 2B). Also, data obtained by

fluorimetry were normalized to their respective GFP expres-

sion levels at excitation and emission wavelengths of 485 and

535 nm.
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Fluorimetric measurement of caspase activity (Fig. 2C)

yielded high levels of caspase-3 activity in those cells expressing

p54 when compared to controls. Transfection of a plasmid

expressing a mutant p54, lacking the 13 aa region including the

dynein-binding site, did not produce caspase activation

(Fig. 2C) pointing out a role for this region of the protein in

ASFV-induced apoptosis.

3.3. Alterations in subcellular localization of proapoptotic

protein Bim during ASFV infection

Structural virus protein p54 interacts with dynein by a

similar binding sequence than Bim. We investigated Bim sub-

cellular localization after ASFV infection by confocal mi-

croscopy analysis. Bim redistribution to mitochondria after

infection was detected using an anti-Bim monoclonal antibody

and a potential-sensitive dye specific for mitochondria (Fig. 3).

In uninfected Vero cells, mitochondria were observed as an

almost continuous succession of organelles extending

throughout the cytoplasm and Bim showed no colocalization

with mitochondria (<2% mean probability) (Fig. 3A). Never-

theless, after ASFV infection, Bim showed colocalization to

the clustered mitochondria in discrete spots. From a total of

74% to 82% of infected cells, colocalization was found at 12

hpi over 43% probability, and 89–92% at 24 hpi (Figs. 3B and

C). It was accompanied by severe changes in mitochondrial

organization during infection of Vero cells (Fig. 3B). Irregular

distribution and swelling of mitochondria was visible since 8 h

after infection, while at later time points (24 hpi) mitochondria

aggregated around the paranuclear location of virus factories
Fig. 4. Release of Bim from its sequestration site linked to microtu-
bules after ASFV infection of Vero cells. (A) Bim translocation to
soluble fractions determined by zonal sedimentation in a sucrose
gradient at different hpi. Fractions were analyzed by Western blot
probed with specific monoclonal antibodies to b-tubulin, Bim and
AIF, rabbit antibodies against dynein (DLC8) and viral p54. (B)
Western blot analysis with specific antisera against b-tubulin, viral p54,
Bim and DLC8 in whole cell extracts.
close to the microtubular organizing center (MTOC, not

shown).

To confirm changes in subcellular localization of Bim during

ASFV infection, gel filtration assays were performed. The

sedimentation of Bim on sucrose gradients changed, from the

heavier fractions, in which microtubule components (b-tubu-
lin) and the associated dynein (DLC8) co-migrated, to upper

low density fractions after infection (Fig. 4A). Viral protein

p54 was detected in the same fractions. Relocation of Bim

occurred within early postinfection times, from 8 to 12 hpi.

Bim was found in lower density fractions at 12 hpi. This

translocation was accompanied by initiation of downstream

apoptotic events and mitochondrial AIF was also detected in

lighter fractions of the sucrose gradients at 24 hpi (Fig. 4A) as

it exits from the mitochondria. Also caspase-9 and -3 activa-

tion (Figs. 1B and C) and alteration of nuclear and mito-

chondrial morphology were found since 12 hpi (Fig. 1).

To determine if alterations in Bim or DLC8 synthesis oc-

curred along ASFV infection of Vero cells, protein expression

was analyzed at different postinfection times (2, 4, 6, 8, 12, 24

and 48 h). Equal amount of protein from different infected cell

extracts were electrophoresed and then transferred to nitro-

cellulose membranes and probed with antibodies against b-
tubulin, viral p54, Bim and DLC8. No significant changes in

Bim or DLC8 expression were found during infection

(Fig. 4B).
4. Discussion

Apoptosis is known to play a central role in ASF patho-

genesis as the virus induces cell death both in the target cell

and immune defense cells [3]. ASFV infection causes caspase-9

and -3 activation followed by nuclear fragmentation charac-

teristic of apoptosis in infected cells. Transiently expressed p54

viral protein of ASFV is able to induce apoptosis, while a

mutant protein lacking the 13 aa region including the dynein-

binding site did not produce activation of caspases or

apoptosis. The conclusion is that p54 plays a pivotal role in

ASFV-induced apoptosis.

Several structural viral proteins have been reported to in-

duce apoptosis by interaction with the target cell in an early

step of the infective cycle and in the absence of virus replica-

tion [7–10,20–22], but the mechanism underlying this induction

in these viral models is to our knowledge still unknown. The

apoptotic signal in ASFV is triggered without virus replication

and before early protein synthesis in a postbinding step [6]. It

was ruled out that the induction of apoptosis is due to the

interaction of virus components with a cellular protein in the

plasma membrane, as it occurs with Env protein of avian

leucosis virus [21] or bovine herpes virus1 infection [22] be-

cause UV-inactivated ASFV does not induce caspase activa-

tion or apoptosis [6]. P54 plays a role in the attachment of the

virion to the host cell but in neutralization experiments with

monospecific and polyclonal antibodies, a remaining non-

neutralized virus fraction is frequently detected [23], explaining

the fact that ASFV preincubated with anti-p54 serum is still

able to induce caspase-3 activation. Also, using lysosomo-

tropic drugs it was shown that proper uncoating of ASFV

particles is necessary to induce the apoptotic signal in infected

cells [6]. Therefore, previous reports have shown that apoptosis
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initiation could be triggered in an early infection step after

receptor binding and uncoating, and these results are consis-

tent with a role for the early intracellular transport of the virus

mediated by p54.

ASFV p54 dynein-binding motif is similar to the DLC8-

binding motif of Bim [1], so we investigated Bim status in

ASFV infected cells. Subcellular localization of BH3 only

proteins plays a critical role in cell death control, enabling the

cell to react rapidly and efficiently to death signals. Bim and

Bmf are held inactive by their localization to distinct cyto-

skeletal structures [24,25], specifically Bim is linked to the

microtubular complex through DLC8 binding [24]. Single aa

substitutions in BimL, that disrupt its interaction with DLC8,

increased its killing potency to that of BimS [24,26], and this

molecule has been considered a physiological regulator of Bim

proapoptotic activity.

ASFV infection produced Bim translocation from microtu-

bules to mitochondria. This translocation event was accom-

panied by initiation of downstream apoptotic events, including

caspase-9 and -3 activation and alteration of nuclear and mi-

tochondrial morphology. Further studies to address p54–dy-

nein interaction could suggest possible links between

microtubular motors and signalling pathways involved in ap-

optosis regulation by viruses.

In this study, we provide evidence for apoptosis induction by

the mitochondrial pathway following ASFV infection and we

show that ASFV p54 protein is specifically involved in this

induction, although several aspects of ASFV-induced apop-

tosis remain unclear and further studies will be needed to gain

insights into the pathways involved.
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