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The purified recombinant African swine fever virus polyprotein processing protease cleaves the two GG-X
sites in polyprotein pp62 with the same efficiency. Cleavage at the site that is first recognized in vivo is not a
requisite for cleavage at the second site, suggesting the existence of mechanisms that control the ordered

processing of the polyprotein during infection.

African swine fever virus (ASFV) is the causative agent of a
severe hemorrhagic disease of domestic swine. It is a large
double-stranded DNA icosahedral virus that infects macro-
phages/monocytes of swine as well as ticks of the Ornithodoros
genus. Its genome is about 170 to 190 kbp, depending on the
strain, and it contains more than 150 potential genes (12).
ASFYV replicates mainly in the cytoplasm of the infected cell,
where large viral factories containing assembling particles are
formed. The viral particle contains more than 30 polypeptides
that are organized into several concentric domains, which are,
from the inside to the outside of the virion, the DNA-contain-
ing nucleoid, the core shell, the endoplasmic reticulum-derived
inner envelope, the capsid, and the outer envelope, which is
acquired from the plasma membrane during virus budding.
ASFV has been shown to encode two polyproteins named
pp220 and pp62 that are sequentially processed during infec-
tion to produce six different structural proteins (13, 14). These
are located at the core shell, the domain that bridges the
nucleoid to the inner envelope. Altogether the processing
products of both polyproteins account for more than 30% of
the total virion protein mass, being present at an equimolecu-
lar stoichiometry (1, 3). Processing of polyproteins pp220 and
pp62 takes place after the second glycine in the consensus
motif GGX (9) and is catalyzed by the recently identified
ASFV protease, protein pS273R, that belongs to the family of
SUMO-1-processing cysteine proteinases (2). This family in-
cludes an increasing number of cellular cysteine proteases,
along with the adenovirus protease and the vaccinia virus pro-
tein encoded by gene 17 (8). All of them are characterized by
the presence of a conserved domain of about 90 amino acids
that includes the catalytic triad formed, in the case of the
ASFV protease, by H168, N187, and C232.

Previous work had shown that extracts containing the ASFV
pS273R protein were able to correctly process polyproteins
pp220 and pp62 in vitro (2). In this study we have expressed
and purified the recombinant ASFV protease in order to char-
acterize its activity in greater detail. Briefly, we have cloned the
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S273R gene encoding the ASFV protease into the pGEX2T
vector (Amersham-Pharmacia Biotech). The recombinant glu-
tathione S-transferase fusion protein was expressed in Esche-
richia coli with a yield of approximately 60 mg/liter of culture,
more than 70% of which being found in a soluble form. A
soluble extract of transformed bacteria was bound to glutathi-
one S-transferase beads, and after extensive washing with
phosphate-buffered saline the bound protein was processed in
batch with bovine plasma thrombin. The processed recombi-
nant protein pS273R was purified away from thrombin by using
p-aminobenzamidine beads. A recombinant single-residue mu-
tant designated protein pC232S that corresponds to a catalyt-
ically inactive form of the protease (2) was obtained in a
similar way. The purity of the final protease preparations was
analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) followed by Coomassie blue staining
(Fig. 1A) and was found to be greater than 80% for pC232S
and 90% for pS273R.

In order to analyze the activity of the recombinant ASFV
protease, we used in vitro-translated proteins that correspond
to pp62- and pp220-derived constructs as substrates (Fig. 1C).
Polyprotein pp62 contains two processing sites, which are se-
quentially cleaved during infection (14). Thus, the site located
closer to the N terminus is cleaved first, releasing the final
product pl5 along with an intermediate precursor termed
pp46. The latter is then cleaved at the second site to produce
p35 and an 8-kDa polypeptide that has not been detected in
infected cells. An alternative pathway could use the sites in a
reverse order, releasing in the first place the p8 product and a
precursor of 52 kDa that would finally be cleaved into p35 and
pl5. This second pathway has only been observed in in vitro
reactions with extracts of transfected cells (2), and its relevance
during infection has not been established. Both pathways are
summarized in Fig. 1B.

We first analyzed the in vitro processing of four different
constructs corresponding to the complete polyprotein pp62 or
mutated forms thereof (Fig. 1C). Thus, a complete, wild-type
pp62, a pp62 with G158 and G159 (at the first cleavage site)
mutated to alanine, a pp62 with G462 and G463 (at the second
cleavage site) mutated to alanine, and a pp62 containing all
four mutations were translated in vitro in the presence of
[*°S]-Met, Cys and were incubated with 0.65 g of pS273R or
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FIG. 1. (A) Analysis by PAGE of purified ASFV recombinant protease. The indicated amounts of the purified ASFV protease pS273R and the
catalytic mutant pC232S were analyzed by SDS-12% PAGE and were stained with Coomassie blue. MWM, molecular size markers. (B) Repre-
sentation of the processing pathway of ASFV polyprotein pp62. The upper scheme depicts the favored pathway during ASFV infection, where the
first site to be cleaved is the one located closer to the N terminus of the precursor polyprotein, giving rise to protein p15 and the intermediate
precursor pp46. The latter is subsequently cleaved, producing p35 and a polypeptide of about 8 kDa. The lower scheme represents a secondary
pathway where the site located closer to the C terminus is first processed, releasing the p8 polypeptide along with the pp52 precursor. The pp52
protein would then be processed to produce p35 and p15. (C) Representation of the different pp62- and pp220-derived constructs used in the in
vitro processing experiments. The mutations introduced at the processing sites are indicated for each case. The N-terminal fragment of pp62 spans
residues M1 to L385, and the C-terminal fragment spans residues M286 to E530. The pp220-derived fragment contains the first cleavage site of
pp220 used during infection and spans residues A820 to E1044 of the complete precursor.

pC232S/ml for different time periods at 30°C in 50 mM Tris-
HCI, pH 7.5. The samples were analyzed on 20 to 10% gradient
polyacrylamide gels followed by fluorography, and the autora-
diograms were scanned by using a GS-710 Bio-Rad densitom-
eter. As shown in Fig. 2A, the recombinant ASFV pS273R was
able to correctly process the translated full-length pp62, as
judged by the appearance of the final products p35 and pl5,
while the mutant protease was inactive. These results confirm
that the ASFV pS273R protein is the polyprotein processing
protease and show that in vitro the protease is active in the
absence of any additional viral factor. After a 30-min incuba-
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tion considerably more p15 than p35 is detected, as expected
from the cleavage at the first site. However, the detection of
the pp52 intermediate at this time indicates that the alternate
pathway is also used under these conditions.

Under the same reaction conditions, mutation of the first
processing site (Fig. 2A, pp62mut5’ panel) completely abro-
gated its cleavage, while the second site could still be efficiently
used, as judged by the appearance of the pp52 intermediate.
Thus, at 30 min, 70% of the precursor had been processed.
This result indicates that, under these conditions, processing of
the first cleavage site of polyprotein pp62 is not a necessary

125
T O peezie
Rl 100 —O— ppo2Ct
] —A pp220trag
3
8 75
-—pl15 a
2
£ 50
[}
<«—pp62 S 25
-a—pp52 *
0

FIG. 2. (A) In vitro processing of wild-type or mutated polyprotein pp62 forms by the ASFV protease. As a control, the translated products
were incubated in the absence of protease (C—) or in the presence of the catalytically inactive protease (pC232S) for 1 h. In incubations for up
to 24 h with the mutant protease, no processing of the polyprotein was observed (data not shown). The reactions were carried out for the indicated
times at 30°C. The intermediate and final processing products are indicated. (B) Representation of the percentage of unprocessed precursor at the
time points indicated. The pp62- and pp220-derived fragments containing only one cleavage site were compared to the full-length polyprotein pp62.
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requisite for recognition of the second one. Similarly, mutation
of the second site (Fig. 2A, pp62mut3’ panel) completely pre-
vented its processing while the first site was still used, as the
appearance of pl5 and pp46 demonstrates. A densitometric
analysis showed that, at 30 min, 80% of the precursor was
already processed. These results confirm that in vitro the pro-
tease cleaves both sites in polyprotein pp62 with a similar
efficiency, in contrast to the preferential use of the first site
during the infection, which may suggest the existence in vivo
of mechanisms that control the ordered processing of the
polyprotein. However, the possibility that an altered folding of
the polyprotein substrate produced in the in vitro translation
system might affect cleavage site utilization by the protease
cannot be completely ruled out.

Surprisingly, when the double mutant pp62 was assayed, a
certain degree of processing into pp52 was detected. After 3 h,
30% of the precursor had been processed, a percentage that
increased to 51% at 24 h. No further processing into the final
products p35 and pl5 was detected. Thus, the GG-X motif
proposed as a recognition site for ASFV protease is not an
absolute requisite for processing, at least under in vitro con-
ditions. In relation to this, it should be noted that the substrate
specificity of adenovirus protease has been defined as (M,L,I)
XGG-X and (M,L,I)XGX-G (18) and that proteolytic process-
ing of vaccinia virus core precursors takes place at AG-X
motifs (17). Further studies will be needed to determine the
precise sequence requirements for ASFV protease-mediated
processing.

As described above, the mutated second processing site is to
some extent accessible to cleavage when present on an intact
pp62 polyprotein, while when exposed to the protease on the
intermediate pp46 protein it is not cleaved. This result may be
interpreted as the consequence of a conformational switch
after cleavage at the first site in polyprotein pp62. If such a
conformational switch also occurs during the proteolytic pro-
cessing in infected cells, the mature products might have a
conformation different from that of the corresponding regions
in the precursor, which could be important for their subse-
quent interaction with additional proteins during virus assem-
bly.

In order to study the activity of pS273R in greater detail, we
decided to use as substrate smaller constructs derived from
both polyproteins (see Fig. 1C). Thus, an N-terminal fragment
of polyprotein pp62 containing the first cleavage site, a C-
terminal fragment of pp62 containing the second cleavage site
and a pp220-derived fragment containing the first cleavage site
used in this polyprotein (13), as well as the complete polypro-
tein pp62 were translated in vitro and incubated as before with
pS273R (Fig. 2B). The percentage of remaining precursor af-
ter the indicated reaction times was determined as a measure
of the activity of the ASFV protease on the different substrates.
The two pp62 fragments were processed more efficiently than
the full-length pp62, which might be due to a greater confor-
mational flexibility of the smaller proteins. On the other hand,
the pp220 fragment, with more than 50% processed after the
5-min incubation, was the most efficiently cleaved substrate. At
the same time point, about 25% of the C-terminal pp62 frag-
ment was processed, while the N-terminal pp62 fragment and
the full-length precursor remained essentially intact. There-

J. VIROL.

fore, the C-terminal and the pp220-derived fragments were
selected as substrates for subsequent analyses.

First we determined the pH, temperature, ionic strength,
and divalent cation dependence of the ASFV protease activity.
As shown in Fig. 3A, the ASFV protease was active over the
pH 6.0 to 9.5 range, with the highest activities obtained around
pH 8.5. The activity of the ASFV protease increased with
increasing temperature over the range from 4 to 42°C, the
highest activities being obtained around 37°C. The presence of
NaCl in the reaction mixture was found to strongly inhibit
pS273R activity at concentrations of 100 mM and higher. A
similar inhibitory effect was obtained with KCI (data not
shown). The divalent cations Mg>*, Mn?*, and Ca** inhibited
the protease at all concentrations tested, 50% inhibition being
obtained at 5 mM concentration (Fig. 3A). A greater effect was
found in the case of Zn**, which completely inhibited the
protease activity at a concentration of 1 mM (data not shown).
Additionally, we performed an inhibitor profiling with inhibi-
tors of different protease classes. N-ethylmaleimide, a typical
cysteine reactive compound; the LVG diazomethane, a cys-
teine protease inhibitor; and Na-p-tosyl-L-lysine chloromethyl
ketone, an inhibitor of trypsin-like serine proteases that also
inhibits some cysteine proteases efficiently blocked pS273R-
mediated proteolysis. The other inhibitors assayed did not af-
fect protease activity, in accordance with previous results ob-
tained by using extracts of cells expressing the protease (2).
Surprisingly, the typical cysteine protease inhibitor E-64 was
not able to block ASFV protease activity, as has also been
described for the adenovirus protease (15, 16). This might re-
flect a common structural feature of this new family of SUMO-
1-processing proteases. It remains to be addressed whether
other members of this group are susceptible or not to E-64
action. We also found that the decapeptide MILGGADELE,
which corresponds to the sequence encompassing the first pro-
cessing site of polyprotein pp220, was able to inhibit the pro-
cessing of the pp220 fragment by 52% at a 1 mM concentra-
tion. This effect was specific, since a control peptide with the
same amino acid composition but with a randomized sequence
had no effect on the protease at 1 mM concentration. This
result raises the possibility of using small peptide derivatives as
inhibitors of the protease activity in vitro and in vivo.

Finally, we asked the question of whether the ASFV pro-
tease would be able to recognize SUMO-1, the target for other
proteases of this family. We assayed protein pRan-GAP, a
90-kDa protein present at the cytosolic face of the nuclear
pores that is sumoylated during in vitro translation reactions
(11). The ASFV protease was not able to desumoylate this
substrate under the assayed conditions (data not shown). It
remains to be addressed whether the ASFV protease would be
able to process the SUMO-1 precursor or even possess a deu-
biquitinizing activity, as recently shown for the adenovirus pro-
teinase (4).

As shown here, the recombinant ASFV protease is able to
correctly and efficiently process polyprotein pp62 in vitro to the
mature products p35 and pl5. While this processing is ob-
served after short incubation times, the pp62 processing prod-
ucts can only be detected after 3-h chase periods during infec-
tion (14). Furthermore, we have recently found that during
ASFV infection polyprotein pp220 and pp62 processing occurs
only on assembling particles (3), suggesting a tight regulation
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FIG. 3. (A) pH, temperature, ionic strength, and divalent cation dependence of ASFV protease activity. To study pH dependence, the following
buffers were used: 50 mM sodium acetate at pH 5.0, 5.5, and 6.0; 50 mM PIPES at pH 6.2 and 6.8; 50 mM Tris-HCI at pH 7.5, 8.0, and 8.5; 50
mM glycine-NaOH at pH 9.0, 9.5, 10.0, 10.5, and 11.0. The results for the pp62Ct (circles) and pp220frag (triangles) constructs are shown. The
following divalent cations were tested with the pp220frag substrate: MgCl, (triangles), MnCl, (circles), and CaCl, (squares). Controls in the
presence of pC232S were included for all the conditions assayed. (B) Effect of protease inhibitors on ASFV protease activity. The inhibitors were
freshly prepared and added at the following concentrations: pepstatin, 10 wM; phenanthroline, 1 mM; phenylmethylsulfonyl fluoride (PMSF),
1 mM; E-64, 100 pM; Na-p-tosyl-L-lysine chloromethyl ketone (TLCK), 100 uM; Z-LVG-CHN,, 100 wM; N-ethylmaleimide (NEM), 2.5 mM.
They were assayed on full-length pp62 and the pp220 fragment. Activity of 100% corresponded to the processing obtained in the absence of
inhibitors for each construct. The data presented are the means of two independent experiments performed on both substrates.

of proteolytic activity in the infected cells. At the present time,
the specific molecular mechanisms mediating this regulation
are unknown. In this connection, a remarkable feature de-
scribed for the adenovirus L3 protease is its activation both by
a viral peptide and DNA, which ensures that only genome-
containing particles are matured into infectious virions (6, 10).
With regard to the third viral member of the family of SUMO-
1-processing proteases, the vaccinia virus I7 protein recently
characterized as the core protein protease (5), it has been
described that a thermosensitive mutant for this protein fails to
process the core precursors P4a, P4b, and VPS8, accumulating
immature viral particles at a morphogenetic stage between the
immature virion and intracellular mature virus forms (7).

Further studies on the ASFV protease and its relationship to
other viral or nonviral members of the SUMO-1-specific pro-
tease family will help to establish its role during infection and
the mechanisms of its regulation.
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