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ABSTRACT Virus replication depends on a complex interplay between viral and
host proteins. In the case of African swine fever virus (ASFV), a large DNA virus, only
a few virus-host protein-protein interactions have been identified to date. In this
study, we demonstrate that the ASFV protein CP204L interacts with the cellular
homotypic fusion and protein sorting (HOPS) protein VPS39, blocking its association
with the lysosomal HOPS complex, which modulates endolysosomal trafficking and
promotes lysosome clustering. Instead, CP204L and VPS39 are targeted to virus fac-
tories and localized at the periphery of the virus DNA replication sites. Furthermore,
we show that loss of VPS39 reduces the levels of virus proteins synthesized in the
early phase of infection and delays ASFV replication but does not completely inhibit
it. Collectively, these results identify a novel virus-host protein interaction that modu-
lates host membrane rearrangement during infection and provide evidence that
CP204L is a multifunctional protein engaged in distinct steps of the ASFV life cycle.

IMPORTANCE African swine fever virus (ASFV) was first identified over a hundred years
ago. Since then, much effort has been made to understand the pathogenesis of ASFV.
However, the specific roles of many individual ASFV proteins during the infection remain
enigmatic. This study provides evidence that CP204L, one of the most abundant ASFV
proteins, modulates endosomal trafficking during virus infection. Through protein-pro-
tein interaction, CP204L prevents the recruitment of VPS39 to the endosomal and lyso-
somal membranes, resulting in their accumulation. Consequently, CP204L and VPS39
become sequestered in the ASFV replication and assembly site, known as the virus fac-
tory. These results uncover a novel function of viral protein CP204L and extend our
understanding of complex interaction between virus and host.

KEYWORDS African swine fever virus, ASFV, CP204L, VPS39, HOPS complex, virus-host
interaction, lysosomes

African swine fever virus (ASFV) causes a contagious and often lethal disease of
domestic pigs and wild boars. The disease was first reported in Kenya in 1921 (1)

and has remained endemic in Africa. Over the years, sporadic outbreaks were regis-
tered outside Africa, but only in 2019 did African swine fever (ASF) reach a pandemic
level. There has been no evidence so far of cross-species transmission of ASFV to
humans or mammals other than members of the family Suidae. Nevertheless, due to
high case fatality rates approaching 100% in Eurasian suids and the lack of vaccines,
the economic consequences of ASF are very high (2–4).
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ASFV is a large double-stranded DNA virus of the family Asfarviridae that induces
the synthesis of over 100 virus proteins in infected cells (5, 6). About 68 proteins are
incorporated into virions (7). The virus replicates mainly in porcine monocytes and
macrophages, although other cell types can be infected, especially in the later stages
of the disease (8, 9).

ASFV utilizes multiple strategies to enter the host cell, including (i) binding to a hith-
erto-unknown receptor followed by clathrin-mediated endocytosis (10), (ii) macropinocyto-
sis (11), and (iii) phagocytosis (12). Once internalized, viral particles are trafficked along the
endocytic pathway from peripheral early endosomes to late perinuclear endosomes (13).
The acidic environment in late endosomes destabilizes the outer viral capsid and exposes
its inner membrane, allowing the virus to fuse with the endosomal membrane and release
the viral core with the genomic DNA into the cytoplasm (14, 15).

Like several other large DNA viruses, such as poxviruses and iridoviruses, the repli-
cation of ASFV is associated with cytoplasmic foci, referred to as virus factories (VFs).
ASFV-induced VFs appear as complex and dynamic perinuclear structures close to the
microtubule organizing center, surrounded by mitochondria (16) and a vimentin cage
(17). ASFV factories are highly compartmentalized to coordinate different steps of the
viral life cycle, such as virus DNA replication, transcription and translation, and virion
assembly (16, 18). Importantly, VF compartmentalization may protect the virus from
degradation by antiviral defense mechanisms of the host cell. Despite their impor-
tance, the morphology of VFs and the mechanisms that lead to changes in the cellular
organization required to produce complex replication sites are not yet understood.

It is known that ASFV reorganizes endosomal trafficking for its journey toward the peri-
nuclear site, but endosomal membranes are also recruited to early VFs (19). The exact role
of endosomal components in ASFV assembly is unknown. It has been suggested that
endosomal compartments could be required for virus replication by providing a scaffold
and confining the replication process to a specific cytoplasmic location. On the other
hand, endosomal membranes may serve as intermediates for virus assembly. The virus-
host interaction that leads to endosome accumulation in the early VF must occur in the ini-
tial phase of infection (13). Thus, characterizing interactions between host proteins and
ASFV early proteins, synthesized before viral DNA replication, could shed light on the
mechanism of VF assembly and transport of endosomal membranes into the factory.

The CP204L gene is conserved in all ASFV isolates and encodes a highly antigenic viral
protein (20) essential for viral replication (21). The CP204L protein (referred to here as
CP204L), also known as P30 or P32, is one of the most abundant viral proteins synthesized
early during infection (22–24). In infected cells, CP204L is mainly localized in the cytoplasm,
but small amounts have also been detected in the nucleus and at the plasma membrane
(25). The nuclear CP204L has been reported to interact with the heterogeneous nuclear ri-
bonucleoprotein K (hnRNP-K) (26). A recent study by Chen et al. (27) identified seven cellu-
lar proteins interacting with CP204L, which are involved in endocytosis and innate
immune response. However, the molecular mechanisms by which CP204L interacts with
the host and influences virus replication remain unexplored.

This study identified a set of novel cellular and viral protein interactors of ASFV
CP204L. In particular, we focused on host vesicular trafficking proteins, which are the
key factors mediating ASFV infection progression. We demonstrate that CP204L inter-
acts with VPS39, a component of the homotypic fusion and vacuole protein sorting
(HOPS) complex, blocking VPS39 attachment to the HOPS complex and causing lyso-
some clustering. We discovered that CP204L is recruited to VFs at early times during
infection. Moreover, our observations suggest that VPS39 is an important host factor
that regulates the early steps of infection but is not essential for ASFV replication.

RESULTS
Identification of the ASFV CP204L interactome. To gain insight into the host pro-

tein interactome of CP204L in ASFV-infected and noninfected cells, we employed an affin-
ity tag purification-mass spectrometry (AP-MS) approach (Fig. 1A). We included AP-MS
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FIG 1 Identification of the ASFV CP204L interactome. (A) AP-MS experimental workflow for identifying interactions between CP204L and
host proteins. (B) Venn diagrams demonstrating the overlap between protein interaction partners identified under different conditions. Venn
diagrams on the left show GFP background proteins (false-positive hits) (gray) and CP204L-specific proteins identified under two conditions:
mock infection (blue) and ASFV infection (red). GFP background proteins were excluded from the list of interacting proteins. The interactors

(Continued on next page)
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experiments with infected cells to identify interactions of CP204L with other viral proteins
and interactions with host proteins that depend on the presence of other viral proteins or
on other conditions found exclusively in the infected cell. The CP204L of the highly virulent
ASFV Georgia (28) with a C-terminal green fluorescent protein (GFP) tag was used as bait.
The protein was stably expressed in wild boar lung (WSL) cells. GFP-expressing WSL cells
were used as a negative control. Proteins were expressed under the following conditions:
(i) CP204L-GFP without infection (mock), (ii) CP204L-GFP with ASFV infection, (iii) GFP with-
out infection, and (iv) GFP with ASFV infection. Proteins were affinity purified in biological
quadruplicates except for GFP without infection proteins, which was prepared in triplicate.
Next, samples were subjected to analysis by mass spectrometry to identify copurifying
partners. To minimize the false-positive identifications, host proteins bound to GFP in the
absence of bait protein CP204L were excluded from further analysis (Fig. 1B).

Comparing the identified cellular interactors of the CP204L in infected and mock-
infected cells revealed an overlap of 578 interactions. Additionally, 239 copurified pro-
teins were identified exclusively in virus-infected cells and 215 in cells without virus
infection (see all identified proteins in Data Set S1A in the supplemental material).
Among the 578 overlapping proteins, only five showed significant changes in protein
levels after infection (Fig. 1C).

To further functionally characterize the CP204L copurifying proteins, we performed
a Gene Ontology (GO) enrichment analysis via the traditional overrepresentation statis-
tical method (Fig. 1D). The enrichment analysis of proteins identified exclusively in
mock-infected and infected cells revealed their association with mRNA splicing and
regulation of cell polarity, respectively. Nevertheless, most enriched proteins were
found in the overlapping group, and those robust interactions were analyzed further,
as they are more likely to be functionally important. Proteins interacting with the
CP204L in mock-infected and infected cells were enriched for several broad terms,
such as cellular respiration, mitochondrial transport, and vesicle-mediated transport
(Data Set S1B). The latter category included a set of proteins involved in cellular proc-
esses critical for virus entry, immune evasion, and cell-to-cell spread, like endocytosis,
autophagy, or retrograde trafficking. We therefore constructed a protein interaction
subnetwork and looked specifically into interactions between CP204L and host pro-
teins involved in vesicle transport, as well as interactions between CP204L and other
ASFV proteins (Fig. 1E). Among the host-virus interactions, one between ASFV CP204L
and the swine protein VPS39, a subunit of the HOPS complex, was notable in that it
was identified with the highest abundance (log10 iBAQ [(intensity-based absolute
quantitation]) (Data Set S1C). The HOPS complex plays a role in endosomal cargo traf-
ficking by mediating endosomal maturation (29) and fusion of lysosomes with late
endosomes, phagosomes, or autophagosomes (30, 31). Of the protein-protein interac-
tions (PPIs) among viral proteins, the A137R protein was the most enriched ASFV pro-
tein interacting with CP204L (Data Set S1C). Unfortunately, we could not confirm the
interaction between CP204L and A137R by an inverted pulldown (Fig. S1). Therefore,
we focused on characterizing the interaction of CP204L with VPS39.

FIG 1 Legend (Continued)
of CP204L identified in mock-infected and virus-infected WSL cells overlap in the Venn diagram (yellow) on the right. (C) Volcano plot
showing differences in the abundance of CP204L host protein interactors identified in mock-infected and ASFV-infected samples. The x axis
represents fold change (FC; infected versus mock infected) on a log2 scale. Dotted vertical and horizontal lines indicate the chosen cutoffs for
fold changes [jlog2(FC)j . 2] and q values (q , 0.05), respectively. Proteins showing significant differences in abundance between mock-
infected and virus-infected cells are marked by their gene names. The terms “increased” and “decreased” refer to the indicated proteins with
increased or decreased abundances in the mock-infected sample. (D) Selected functional GO terms from overrepresentation analysis are
shown for each data set of CP204L interactors: 215 proteins from noninfected (“mock”) samples, 239 from ASFV-infected cells (“infected”),
and 578 common proteins from noninfected and ASFV-infected cells (“both”). The most enriched terms are related to cell respiration,
mitochondrial transport, autophagy, vesicle transport, and others. The color scale indicates significance, expressed as 2log10 P value, and the
size of the dots reflects the number of input genes associated with the respective GO term. (E) Network illustrating the interactions of
CP204L with other ASFV proteins and host proteins involved in vesicle transport in the cell. Each node represents a protein (circles, host
proteins; diamonds, ASFV proteins). Each edge is colored according to the type of interaction (blue, ASFV-host PPIs; red, ASFV-ASFV PPIs).
Edge thickness is proportional to the log10 iBAQ value. Physical interactions among host proteins and their specific cellular functions were
curated from the literature (Data Set S1C). All CP204L-host interactions shown were identified in mock-infected and virus-infected cells.
CP204L-virus interactions were identified only in infected cells.

ASFV CP204L Binds VPS39 and Causes Lysosome Clustering Journal of Virology

February 2023 Volume 97 Issue 2 10.1128/jvi.01943-22 4

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
10

 M
ar

ch
 2

02
3 

by
 1

93
.2

2.
11

5.
2.

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01943-22


CP204L interacts with the amino acid region from position 271 to 541 of the
VPS39 subunit of the HOPS complex.We performed a coimmunoprecipitation (co-IP)
experiment with anti-GFP agarose beads in the presence of GFP-tagged CP204L or GFP
alone as a control. Endogenous VPS39 coprecipitated with CP204L-GFP in uninfected
and infected cells, whereas no interaction was observed between VPS39 and GFP (Fig.
2A). Reverse co-IP experiments with GFP-tagged VPS39 in infected cells further con-
firmed the interaction between CP204L and VPS39 (Fig. 2B). Finally, we confirmed the
interaction of endogenous VPS39 and CP204L in infected WSL cells (Fig. 2C). The IP
assays were carried out with anti-VPS39 antibody or nonspecific IgG bound to protein
G-conjugated magnetic beads. Beads alone were used as an additional control.

To determine whether the CP204L-VPS39 interaction is mutual, we applied a yeast
two-hybrid (Y2H) assay. For this purpose, VPS39 and CP204L were fused to either
the Gal4 DNA-binding domain (DBD) or the Gal4 activation domain (AD), and fusion
proteins were expressed in yeast as bait or prey, respectively. Physical interaction
between CP204L-AD and VPS39-DBD proteins was confirmed by the Y2H assay (Fig.
2D). Moreover, both proteins showed the ability to form homodimers using the Y2H
system. To further map the region of VPS39 required for the interaction with CP204L,
gap repair cloning was applied. Forward and reverse primers were designed for every
270 nucleotides along the VPS39 sequence (corresponding to 90 amino acids) and
every 60 nucleotides along the CP204L sequence (corresponding to 20 amino acids).
Fragments of VPS39 or CP204L were introduced into the Gal4-DBD vector and coex-
pressed in yeast cells grown on a selective medium with CP204L or VPS39 fused to
Gal4-AD, respectively.

The results of this experiment indicated a 270-residue region encompassing amino
acid positions 271 to 541 of VPS39 protein to be critical for the interaction with CP204L
(Fig. 2E). We could also demonstrate that the middle region of CP204L is required for
interaction with VPS39; however, the minimum interacting domain could not be speci-
fied. According to the InterPro (32) prediction, the CP204L binding region of VPS39
contains a clathrin heavy-chain repeat (CHCR) domain. It also overlaps with a citron
homology (CNH) domain located at the N terminus and with a transforming growth
factor beta receptor-associated domain 1 (Fig. 2F). Furthermore, an intrinsically disor-
dered region is situated within the CP204L binding domain between amino acids 440
and 460 of VPS39, as predicted by IUPred2A (33). Finally, to validate the CP204L bind-
ing domain, glutathione S-transferase (GST)-tagged CP204L protein was coexpressed
with 3�FLAG-tagged VPS39271–541 in HEK-293T cells, and total lysates were purified 48 h
later with glutathione-Sepharose beads. In agreement with data obtained by Y2H, we con-
firmed that the 271–541 fragment of VPS39 is sufficient to bind CP204L (Fig. 2G).

CP204L and VPS39 colocalize and aggregate at the virus factory. We next per-
formed colocalization analyses by confocal immunofluorescence microscopy. To
improve the detection of the host protein, we used WSL cells stably expressing GFP-
tagged VPS39.

Cells were mock or virus infected and stained with anti-CP204L antibody after 24 h.
In the context of ASFV infection, both proteins colocalized in large cytoplasmic aggre-
gates (Fig. 3A), whereas no VPS39 aggregates were detected in the absence of ASFV. A
transfection experiment with a CP204L expression plasmid was performed to exclude
the possibility of other virus proteins or infection-dependent mechanisms mediating
the formation of VPS39-CP204L aggregates. This experiment confirmed that transiently
expressed CP204L alone promotes VPS39 aggregation (Fig. 3B). Interestingly, the
VPS39-CP204L complex formed large aggregates in the perinuclear region with smaller
and more uniformly distributed granules.

This observation led to the question of whether CP204L is targeted to a specific cel-
lular structure in virus-infected cells in the absence of overexpressed VPS39. To address
this question, WSL cells were infected with ASFV, and CP204L was visualized by indirect
immunofluorescence 24 h postinfection. We noticed that CP204L exhibited distinct dis-
tribution patterns in infected cells. In addition to an even distribution in the cytoplasm,
which has been described in previous studies (17, 24), it accumulated at the site of
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FIG 2 Interaction between ASFV CP204L and porcine VPS39. (A) Coimmunoprecipitation of GFP-tagged CP204L with endogenous
VPS39. GFP was immunoprecipitated in lysates from mock-infected and virus-infected cells stably expressing CP204L-GFP or GFP
alone. Representative immunoblots of whole-cell lysates (WCLs) and GFP immunoprecipitates (IPs) are shown. a-Tubulin was used as
a loading control in WCLs. (B) Reverse coimmunoprecipitation of VPS39-GFP with CP204L in virus-infected cells. (C) WSL cells were
infected with ASFV at an MOI of 2 for 24 h. Lysates were prepared and immunoprecipitated with rabbit anti-VPS39 antibody, a
nonspecific rabbit IgG control, or beads only, followed by immunoblotting. (D) Interaction between CP204L and VPS39 was tested in

(Continued on next page)
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virus factories that are enclosed in characteristic vimentin cages (Fig. 3C). Z-stack sec-
tioning and imaging of infected cells showed the accumulation of CP204L around the
sites of virus DNA replication (Fig. 3D). As expected, we could also confirm that VPS39
aggregates together with CP204L at the periphery of the virus DNA replication sites
(Fig. 3E). The localization of CP204L changes during infection, and its accumulations
are significantly larger in early VFs than the late ones (Fig. 4A). VPS39 starts aggregating in
the perinuclear area as early as 4 h postinfection. However, the colocalization with CP204L
in the VF could be observed earliest at 8 h postinfection (Fig. 4B). Whereas VPS39 remains
concentrated in the VF throughout the infection, some CP204L in the late stage of infec-
tion (after 24 h) showed cytoplasmic distribution.

CP204L blocks VPS39 interaction with the HOPS complex and promotes lysoso-
mal clustering. Having established that both CP204L and VPS39 interact and aggregate
at the virus factory, we sought to determine whether this interaction could impair VPS39
function in late endosomal trafficking (34). The WSL cells expressing VPS39-GFP were
transfected with a vector for CP204L expression or infected with ASFV. Cells expressing an
empty vector were used as a control. After 24 h, the colocalization of VPS39 with lyso-
some-associated membrane protein 1 (LAMP1) was examined by immunofluorescence
microscopy. Control cells exhibited the characteristic cytoplasmic and juxtanuclear distri-
bution of lysosomes, and LAMP1 puncta colocalized with VPS39 (Fig. 5A). In the cells
expressing CP204L after transfection or after infection, VPS39 aggregates were largely sep-
arated from LAMP1-marked lysosomes, which concentrated in the area near the nucleus.
When CP204L was present, colocalization between the LAMP1-marked lysosomes and
VPS39 was significantly reduced (Fig. 5B). Similarly, CP204L expression altered the colocali-
zation between VPS39 and Rab7-marked late endosomes (Fig. S2). Moreover, the expres-
sion of CP204L was accompanied by reduced numbers of LAMP1-positive puncta and a
significant increase in the size of accumulated lysosomes, suggesting lysosomal enlarge-
ment through coalescence (Fig. 5C).

Finally, to test if the interaction with CP204L prevents the recruitment of VPS39 to
the HOPS complex, we evaluated the colocalization of VPS39 with the subunit VPS11,
which anchors VPS39 to the HOPS complex (35). Unlike in uninfected cells, no coloc-
alization between VPS39 and VPS11 was observed in virus-infected cells (Fig. 5D).
However, a clear colocalization between viral DNA (Hoechst staining) and VPS11 was
detected, suggesting that VPS11 is targeted to the ASFV replication site independent
of VPS39. Together, these observations indicate that CP204L inhibits the integration
of VPS39 into the HOPS complex, thus interfering with VPS39 function to associate
with endosomal and lysosomal membranes and leading to the clustering of lyso-
somes in the infected cells.

ASFV replication and protein synthesis are delayed in cells lacking VPS39. Next,
we studied the role of the CP204L-VPS39 interaction in establishing the ASFV infection.
CRISPR-Cas9 technology was used to generate a VPS39 knockout (KO) in the WSL cell
line. The VPS39 gene of the selected WSL cell clones exhibited a single nucleotide (A)
insertion inducing a frameshift behind codon 202 (VPS39-KO1) and 101 (VPS39-KO2),
leading to premature termination at positions 224 and 103, respectively. Both cell
clones were homozygous with respect to these mutations and unable to express the

FIG 2 Legend (Continued)
a yeast two-hybrid assay. CP204L and VPS39 were expressed as fusion proteins with the DBD or AD domain of Gal4. The empty
vector is shown as a negative control. (E) Yeast two-hybrid mapping of the CP204L-binding region in VPS39 and the VPS39-binding
region in CP204L. Various combinations of VPS39 truncations and CP204L were cotransformed into the pPC86 vector. The
transformants were spotted on control plates (2Leu 2Trp) and selective plates (2Leu 2Trp 2His 13-AT [5 mM]). Cotransfection
with interacting protein fragments was indicated by growth on the selective medium. Vertical and horizontal axes indicate the first
and the last amino acid residues of each tested fragment, respectively. (F) (Top) Predicted domain organization of porcine VPS39.
CNH, citron homology domain; CHCR, clathrin heavy-chain repeat; TGFB1 and TGFB2, transforming growth factor beta receptor-
associated domains 1 and 2. (Middle) CP204L-binding region between amino acids 271 and 541 of VPS39. (Bottom) Degree of order
predicted by IUPred2A. The cutoff was set to a 0.5 probability score. (G) HEK-293T cells were transfected with expression vectors
encoding GST alone or fused to CP204L and tested for interaction with 3�FLAG-tagged VPS39271–541. WCLs were prepared at 48 h
posttransfection (top), and copurifications of VPS39271–541 were assayed by pulldown using glutathione-Sepharose beads (middle and
bottom).
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CP204L binding domain localized between amino acids 271 and 541 of VPS39. The absence
of VPS39 was confirmed in the VPS39-KO cells by mass spectrometry, where no peptides cor-
responding to the VPS39 protein were detected in VPS39-KO1 and VPS39-KO2 (Fig. 6A; Data
Set S1D). Importantly, VPS39 deficiency in WSL cells did not reduce the cell viability com-
pared to empty vector control cells (CTRL-KO) (Fig. 6B). The moderately reduced viability of
all knockout cells, compared to wild-type cells, could be an unspecific deleterious effect of
Cas9 nuclease, which was also abundantly expressed in the CTRL-KO cells.

FIG 3 During infection, CP204L and VPS39 form aggregates and localize to the virus factory. Colocalization and aggregate formation
between CP204L and VPS39 in WSL-VPS39-GFP cells (A) 24 h after ASFV infection and (B) CP204L plasmid transfection. Empty vector
and mock-infected cells were used as negative controls. (C) Subcellular localization of CP204L in infected WSL cells (12 h after
infection). Indirect immunofluorescence shows localization of CP204L (red) to virus replication sites (arrows) surrounded by a
vimentin cage (green). (D) (Top) Representative image of a WSL cell infected with ASFV (24 h postinfection). The image shows a Z-
stack projection (64 slices across 12.8 mm) of the cell nucleus and virus factories (blue) and the CP204L protein (red). The crosshairs
were positioned to indicate virus DNA. (Bottom) Cross-section through the replication compartment and the CP204L accumulation at
its periphery. (E) Protein VPS39 (green) and CP204L (red) colocalization at the periphery of the virus replication site in infected WSL-
VPS39-GFP cells. Hoechst dye was used to stain cellular and virus DNA (blue). Arrows indicate virus factories. Bars, 10 mm.
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Next, KO cells were infected with ASFV at a multiplicity of infection (MOI) of 1 and
incubated for 8, 24, or 48 h. Progeny virus titers were reduced by 1.5-log10 in VPS39-KO
compared to control cell supernatant 24 h after infection (Fig. 6C). However, final ASFV
titers in VPS39-KO cells at 72 h were not different from those in WT or CTRL-KO cells,
suggesting that ASFV can replicate in the absence of VPS39, but with delayed kinetics.

FIG 4 CP204L and VPS39 accumulate at the virus factory early during infection. (A) Virus factories in WSL cells
infected with ASFV were monitored by immunofluorescence at 8, 12, and 24 h postinfection. Representative images
show the accumulation of CP204L (red) in early VFs and dispersion from late VFs, which are marked by the presence
of late virus protein E183L (P54) (yellow). Virus factories (white arrows) are labeled by DNA staining (blue) and staining
of vimentin cages (green). Bars, 10 mm. (B) Colocalization of CP204L and VPS39 in ASFV-infected WSL-VPS39-GFP cells
was monitored at 4, 8, 12, and 24 h postinfection. The aggregation of VPS39-GFP near the nucleus was observed 4 h
postinfection (red arrow).
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Additionally, the lysates of KO cells infected with ASFV for 8, 24, or 48 h were harvested
for Western blotting to examine the expression of early (CP204L) and late (B646L) virus
proteins. While the expression of capsid protein B646L (P72) was similar in CTRL-KO
and VPS39-KO cells, CP204L expression appeared to be delayed in cells lacking VPS39
(Fig. 6D). This observation raised the question of whether the synthesis of other early
virus proteins expressed before the onset of virus DNA replication is also affected by
the lack of VPS39.

To answer this question, we first analyzed the changes in virus protein levels in
CTRL-KO and VPS39-KO cells 8 h after ASFV infection by quantitative MS. Among 46 vi-
rus proteins identified in all three cell lines, 22 were significantly downregulated in cells
lacking VPS39 (Fig. 7A). In particular, we observed a decrease in levels of virus proteins
implicated in RNA transcription (i.e., ASFV RNA polymerase subunits: D205R, EP1242L,
I243L, and D339L) and DNA replication (i.e., ribonucleotide reductase: F334L, F778R,
and dUTPase E165R) (Fig. 7B). We further analyzed the dynamics of viral protein syn-
thesis in VPS39-KO cells across the indicated time points (Fig. 7C; Data Set S1D). As
expected based on ASFV growth kinetics, the most profound changes were observed
at 8 h after infection, whereas at later stages of infection, the levels of viral proteins in
VPS39-KO cells stabilized and were comparable with those observed in CTRL-KO cells.
These results suggest that although a loss of VPS39 markedly delays the synthesis of

FIG 5 CP204L promotes lysosomal clustering and blocks VPS39 integration into the HOPS complex. (A) WSL cells stably
expressing VPS39-GFP were analyzed by confocal fluorescence microscopy after transfection with a CP204L expression
plasmid or infection with ASFV. Cells were stained for the lysosomal marker anti-LAMP1. (B) Quantification of the
colocalization of VPS39 with lysosomes labeled by LAMP1. Pearson’s coefficient (mean 6 standard error of the mean [SEM])
from 25 cells in each group. (C) Quantification of the number and area of lysosomal and late endosomal aggregates per cell
(n = 25 cells in each group). ****, P , 0.0001. (D) VPS11 staining shows a loss of colocalization between VPS39 and VPS11 in
virus-infected cells. Arrows indicate virus factories. Bars, 10 mm.
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CP204L and other early proteins, VPS39 is not essential, and ASFV replication can pro-
ceed in its absence.

DISCUSSION

Protein interaction networks yield critical insights into the virus-host interrelation-
ships and mechanisms of viral protein function. In this study, the protein interaction
network derived from AP-MS data provided new information about the molecular
hijacking strategies of ASFV and the role of virus protein CP204L. We found it particu-
larly interesting that CP204L establishes a rich network of interactions with host vesicle
trafficking proteins.

Vesicular trafficking is a directed cellular process of transporting cargo to target
locations inside or outside the cell. It is, therefore, not surprising that viruses usurp this
pathway to achieve efficient transport within the host cell. However, the role of host
trafficking vesicles extends beyond virus movement, as the formation of virus-modified
endosomal membranes supports viral replication, reported especially for RNA viruses
(reviewed in reference 36). It has been proposed that the cholesterol-rich endosomes
can provide lipids for ASFV nucleic acid replication and virus assembly, structural scaf-
folding for viral factories, and protection from antiviral host responses (19, 37).
However, the precise contributions of cellular factors and mechanisms underlying
endosomal recruitment and accumulation at the ASFV replication site remain largely

FIG 6 Absence of VPS39 delays ASFV growth and CP204L synthesis. (A) The absence of VPS39 in WSL KO cells was confirmed
by mass spectrometry (Data Set S1D). VPS39 was identified based on four unique peptides in wild-type (WT) WSL cells and
control knockout (CTRL-KO) cells. In VPS39-KO cells, no peptides of VPS39 were detected. The log10 relative abundance is
presented for each peptide identified from three independent experiments. (B) Cell viability of WSL WT, CTRL-KO, and VPS39-
KO cell lines was quantitated with a resazurin-based assay (PrestoBlue). ****, P , 0.0001. (C) Growth curves of ASFV after
infection of VPS39-KO and control cells at an MOI of 1 (n = 3 wells/cell line/time point). The culture medium was collected at
the indicated times, and the yields of the cell-free virus were expressed as TCID50 per milliliter and were plotted as means of
results from three independent replicates and standard deviations. **, P , 0.01. (D) Expression of CP204L and B646L virus
proteins in VPS39-KO and CTRL-KO cells. Mock-infected CTRL-KO cells were used as controls. The a-tubulin-specific
monoclonal antibody was used as a loading control.
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enigmatic. Our study sheds new light on the mechanism of endosomal membrane
redistribution during ASFV infection by identifying novel viral and cellular proteins
involved in this process.

Protein A137R was the most enriched among all viral proteins detected by AP-MS
analysis. However, the reverse pulldown failed to confirm the interaction between
CP204L and A137R (Fig. S1). Sun et al. (38) found that A137R inhibits type I interferon
production by interacting with TANK-binding kinase 1 (TBK1) and promotes its lysoso-
mal degradation by a yet-unknown mechanism. As both proteins, A137R and CP204L,

FIG 7 Loss of VPS39 affects the synthesis of ASFV proteins during the early phase of infection. (A) Overview of identified ASFV proteins 8 h after infection
in CTRL-KO and VPS39-KO cells. The number of proteins exhibiting reduced or increased amounts in VPS39-KO cells was determined. (B) Heat map of viral
proteins identified at 8 h depicts changes in protein expression levels between CTRL-KO and VPS39-KO cells. (C) Line plots showing fold changes in ASFV
proteins expressed in VPS39-KO cells compared to controls. Three clusters with similar profiles of protein were distinguished: downregulated (or
unchanged) at 8 h and increasing over time (blue); upregulated (or unchanged) at 8 h and decreasing over time (red); and continuously downregulated
during infection in VPS39-KO cells (yellow). Selected ASFV protein profiles are depicted with solid black lines. Mass-spectrometric data can be found in
Data Set S1D.
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are involved in the endocytic pathway, they may interact directly or indirectly by shar-
ing interaction partners. The ectopic expression of A137R-GFP fusion protein or struc-
tural changes induced by the protein fusion may interfere with binding to certain
ligands, e.g., CP204L. Further experiments are necessary to characterize the nature of
CP204L and A137R interaction.

The important initial observation of this study was that the CP204L-host interactome
is significantly enriched in proteins associated with vesicle transport and mitochondria
(Fig. 1D). Within these two functional groups, VPS39, a subunit of the vacuolar HOPS teth-
ering complex, and TOMM22, a subunit of the translocase of the outer membrane (TOM)
mitochondrial complex, were the most abundant host interactors of ASFV CP204L (Fig. 1E).
Interestingly, the interaction between the TOM complex and VPS39 was previously
reported to be essential for the formation of membrane contact sites (MCSs) between cel-
lular vesicles (e.g., endosomes and lysosomes) and mitochondria (39, 40). Only recently
have MCSs emerged as important host cell structures that enable viruses to reorganize the
cellular membranes and channel cell lipids to the growing replication centers (41, 42).
Therefore, it is tempting to speculate that the interaction between VPS39, TOMM22, and
CP204L could play a role in establishing MCSs in ASFV-infected cells. However, to focus
specifically on the mechanism by which ASFV exploits the endocytic pathway, this study
solely investigated the interaction between VPS39 and CP204L.

Interestingly, VPS39 was not identified as a CP204L interactor in the Y2H screen per-
formed by Chen et al. (27), and none of the 7 interactors identified in their study
appeared as a specific interactor in our data set. However, it is unclear whether VPS39
was present in the cDNA library derived from porcine alveolar macrophages and used
by Chen et al. (27). Nevertheless, a similar conclusion was reached by Chen et al. and
us, i.e., that CP204L plays a role in vesicle trafficking by interacting with proteins
involved in the endocytic pathway.

The VPS39 subunit was identified as the most confident interactor of CP204L by the
PPI screen (Fig. 1E). Nonetheless, other subunits of the HOPS complex, such as VPS11,
VPS16, and VPS18, but not VPS41 and VPS33, were also detected. For now, we ascribe
this to the indirect binding of those proteins to the complex formed by the bait and to
their oligomerization properties (43) rather than to a specific and direct binding to the
CP204L. Our data show that CP204L individually targets the VPS39 subunit, blocking its
attachment to the HOPS complex via VPS11. However, we cannot exclude the possibil-
ity that CP204L could also sequester other HOPS complex subunits. We showed that
CP204L binds VPS39, and the binding site could be mapped to amino acids 271 and
541 of VPS39 (Fig. 2). We could also confirm the formation of homo-oligomer for both
proteins, CP204L (44) and VPS39 (45). Oligomerized CP204L is present in infected cells
mostly as hexamers, and the existing dimers are suggested to serve as assembly units
for the final oligomerization (44). While oligomerization is a common feature of many
viral proteins, the specific mechanism and role of the CP204L oligomerization are not
clear. In this context, it is interesting that, e.g., Ebola virus VP40 (46), influenza virus ma-
trix protein M1 (47), and Dengue virus NS1 (48) undergo oligomerization when binding
to cellular membranes. The formation of oligomers and the presence of intrinsically
disordered regions in viral proteins enhance diverse interactions with host proteins,
resulting in protein multifunctionality (49).

Previously, Hernaez et al. (26) showed that a small portion of CP204L is present in
the nucleus, interacting with heterogeneous nuclear ribonucleoprotein K (hnRNP-K)
and causing its retention in the nucleus. To date, CP204L has been described as a pre-
dominantly cytoplasmic ASFV protein. In this study, we show that CP204L localizes to
VFs, specific intracellular sites of virus replication (Fig. 3). The localization of CP204L
varies during infection, and its accumulation at the VFs occurs at early times, before
ASFV late protein synthesis (Fig. 4). We suggest that the difference in CP204L protein
sequence between ASFV isolates may modulate its targeting to the VF. Previously,
cytoplasmic localization of CP204L was reported in Vero cells infected with the BA71V
isolate of ASFV. It has been reported that the protein CP204L of BA71V has a 10-amino-
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acid extension at the C terminus (50), which is not present in CP204L of the ASFV iso-
late used in this work. Moreover, the polyclonal antibody used in our study can likely
recognize different epitopes than the monoclonal antibodies used previously. Thus,
different forms of CP204L, such as monomer, dimer, hexamer, etc., could be localized
by our antibody. Furthermore, we also detected a considerable proportion of CP204L
dispersed throughout the cytoplasm during the late phase of infection.

Interestingly, immunofluorescence analysis revealed that CP204L localized within
VFs is clearly separated from viral DNA, suggesting its possible role in viral protein tran-
scription and translation rather than virus replication. Also, the fact that a large number
of ASFV proteins were found to coimmunoprecipitate with CP204L (Fig. 1E) supports
its possible role in the process of viral protein synthesis. On the other hand, it is also
possible that CP204L interacts with proteins of membrane-bound organelles such
as mitochondria, the endoplasmic reticulum, or endosomes/lysosomes, which are all
recruited to the area next to the virus DNA replication site.

Recently, Miao et al. (51) and Zhang et al. (52) reported interaction of SARS-CoV-2
protein ORF3a with the HOPS component VPS39. In this case, late-endosome-localized
ORF3a sequesters VPS39 and, consequently, inhibits autophagy by blocking the fusion
of autophagosomes with lysosomes. Our results indicate that the mechanism by which
ASFV protein CP204L interacts with VPS39 differs from the one used by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). First, CP204L prevents VPS39 from
binding to endosomal/lysosomal membranes (Fig. 5A). Second, CP204L expression
inhibits VPS39 binding to VPS11 and its integration into the HOPS complex (Fig. 5D),
while SARS-CoV-2 ORF3a expression does not affect the formation of the VPS39-con-
taining HOPS complex (51). Third, the expression of CP204L leads to clustering of lyso-
somes (Fig. 5C) and accumulation of CP204L-VPS39 aggregates near ASFV VFs (Fig. 3E).

CP204L interacts with VPS39 within its clathrin heavy-chain repeat (CHCR), which is
required for association with endosomal membranes via binding to Rab7-interacting lyso-
somal protein (RILP), and homooligomerization of VPS39 (53). Rab7 was already shown to
be essential for ASFV replication (13). Therefore, the significant decrease in VPS39-lyso-
some colocalization during ASFV infection can be explained by a simple competition
model wherein highly abundant CP204L competes with host RILP for binding to VPS39 in
the cytosol. The loss of the ability of VPS39 to bind VPS11 and, consequently, to form the
HOPS complex in the presence of CP204L could be explained either by direct competition
of CP204L and VPS11 for the same binding site on VPS39 or by an allosteric effect of the
CP204L-VPS39 interaction on the VPS39 binding site for VPS11.

CP204L is essential for the virus, and the reduction of protein levels results in a strong
suppression of viral replication (21). Although virus replication (Fig. 6) and protein synthe-
sis (Fig. 7) were reduced in VPS39-deficient cells, especially early during infection, this
effect did not correlate with the 4-order-of-magnitude reduction observed with CP204L in-
hibition. This observation suggests that CP204L engages in several distinct functions im-
portant for virus replication, one of which involves the interaction with VPS39.

Nevertheless, we propose that the hijacking of VPS39 by CP204L may have two possi-
ble functions during ASFV infection. First, by inhibiting VPS39 association with endosomes
and lysosomes, CP204L may impair homotypic and heterotypic fusion of vesicles, thus pro-
tecting endocytosed viruses from degradation. Second, by CP204L-induced dissociation of
VPS39 from the HOPS complex and endosomal membranes, VPS39 gains the ability to
engage in membrane contact sites formation (39), playing a role in the biogenesis of ASFV
VFs. In this case, the loss of VPS39 could affect the ASFV membrane synthesis and virus as-
sembly, thus leading to the observed delay in virus replication.

In summary, based on our results and previous studies, we conclude that CP204L is
a multifunctional protein that interacts with the VPS39 subunit of the HOPS complex,
is involved in endosomal trafficking, and orchestrates late endosome and lysosome
clustering. CP204L exists in multiple oligomeric forms, undergoes phosphorylation,
and localizes to the cytoplasm, nucleus, and virus factory. Moreover, we showed that
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VPS39 plays a role in the early phase of ASFV replication and protein synthesis, but it is
not essential for ASFV infection progression in wild boar cells.

MATERIALS ANDMETHODS
Cells and virus. The wild boar lung-derived cells (referred to as WSL cells here) (54), supplied by

Friedrich-Loeffler-Institut Biobank (catalog number CCLV-RIE 0379), were maintained at 37°C with 5% CO2 in
Iscove’s modified Dulbecco’s medium (IMDM) mixed with Ham’s F-12 nutrient mix (1:1 [vol/vol]) supple-
mented with 10% fetal bovine serum (FBS). ASFV (Armenia/07 isolate) was adapted by serial passaging to
more efficient replication in WSL cells. Passage 20 stocks were generated as described previously (21).

ASFV in vitro infection. All experiments with ASFV were performed in a biocontainment facility fulfill-
ing the safety requirements for ASF laboratories and animal facilities (Commission Decision 2003/422/EC,
chapter VIII). For infection experiments, WSL cell monolayers were inoculated with ASFV stock dilutions at an
MOI of 2 PFU/cell, and supernatants collected from uninfected cells were used for the mock-infected con-
trols. After inoculation, cells were centrifuged for 1 h at 600 � g and 37°C. Next, cells were washed three
times with phosphate-buffered saline (PBS), replenished with a medium containing 5% FBS, and incubated
at 37°C with 5% CO2. Supernatants were harvested at appropriate times, and progeny virus titers were deter-
mined as 50% tissue culture infective doses (TCID50) per milliliter (55) on WSL cells.

DNA transfection. WSL cells were transiently transfected with a CP204L, a VPS39, or an empty vec-
tor using K2 multiplier and K2 transfection reagent (Biontex) following the manufacturer’s instructions.
Stable cell lines were generated by transient DNA transfection of WSL cells with plasmids encoding GFP,
CP204L-GFP, or VPS39-GFP. Three days after transfection, cells were trypsinized, seeded into 96-well
plates, and maintained in a medium containing 500 mg/mL G418 (Corning). Single resistant and fluores-
cent cell clones detected after 2 to 3 weeks were further propagated and validated for expression of
GFP fusion protein by immunoblotting.

Plasmids constructs. (i) Control plasmids (GFP and empty vector). pGFP-N1 plasmid (Clontech;
GenBank accession no. U55762) was used for GFP expression. To obtain a matching control plasmid for
transfection experiments, a 741-bp BamHI/NotI fragment containing the open reading frame (ORF) en-
coding the enhanced GFP was deleted from pGFP-N1 (Clontech; GenBank accession no. U55762), result-
ing in pDGFP-N1 after Klenow treatment and ligation.

(ii) CP204L-GFP plasmid. For the generation of CP204L-GFP plasmid, the codon-adapted viral frame
(ORF) CP204L of ASFV Georgia 2007 (GenBank accession no. FR682468) (28) was amplified from plasmid pUC-
BaKJCAG-CP204Lsyn (56) by PCR with primers pCAG-F3 and ASFVp30CDS-R (Table S1) using KOD Xtreme Hot
Start DNA polymerase (Sigma/Merck). After digestion of the PCR product with BamHI and EcoRI, the isolated
617-bp fragment was inserted into the correspondingly digested and dephosphorylated reporter gene
expression vector pGFP-N1 (Clontech; GenBank accession no. U55762). In the resulting plasmid, CP204L-GFP,
the synthetic CP204L ORF was under the control of the human cytomegalovirus (HCMV) immediate early pro-
moter/enhancer complex and 39-terminally fused to the coding sequence of an enhanced GFP.

(iii) VPS39-GFP plasmid. For overexpression of VPS39 and GFP fusion proteins with VPS39 in trans-
fected eukaryotic cells, the predicted gene product of Sus scrofa (isoform X3; GenBank accession no.
XP_013848582) was back-translated in line with porcine codon preferences. The custom-made (GeneArt,
Thermo Fisher Scientific) synthetic ORF was flanked by a 59-terminal Kozak sequence (CCACC) and
restriction sites for convenient recloning. For fusion of VPS39 to the N terminus of GFP, a 2,674-bp
EcoRI/BamHI fragment was inserted into correspondingly digested pGFP-N1. The obtained precursor
plasmid was digested with AhdI, treated with Klenow polymerase, and religated. This treatment caused
a frameshift immediately upstream of the stop codon of VPS39, leading to in-frame fusion with the
downstream GFP ORF in pVPS39porc-GFP.

(iv) A137R-GFP plasmid. A137R of ASFV Georgia 2007 (GenBank accession no. FR682468) (28) was
generated by gene synthesis (Twist Bioscience) and shuttled via Gateway technology (Invitrogen) into
the pcDNA6.2/N-emGFP-DEST plasmid backbone (Invitrogen) to generate A137R-GFP plasmid. All plas-
mid constructs were verified by DNA sequencing.

Affinity purification and mass spectrometry. (i) Affinity purification. A total of 5 � 106 WSL cells
(stably expressing GFP, CP204L-GFP, or VPS39-GFP) were mock infected or infected with cell culture-
adapted ASFV Armenia 2008 at an MOI of 2 PFU/cell. After 24 h, cells were washed three times with PBS
and lysed on ice in 1 mL cold immunoprecipitation (IP) buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl,
and 1 mM MgCl2 supplemented with Benzonase [25 U/mL; Sigma-Aldrich no. E8263], 0.5% Nonidet P40
substitute [NP-40; Sigma-Aldrich no. I8896], and cOmplete mini EDTA-free protease inhibitor cocktail
[Roche, no. 04693159001]). Cells were lysed by sonication three times for 30 s each at 80% amplitude
(Branson Digital Sonifier 450) and incubated on a tube rotator for 30 min at 4°C and another 30 min on
a thermomixer at 37°C with constant shaking at 900 rpm. Lysates were cleared by centrifugation at
13,000 � g and 4°C for 15 min. Fifty microliters of each lysate was removed for immunoblotting (whole-
cell lysate fraction). GFP-trap agarose beads (50mL; Chromotek) were washed twice in IP buffer and incu-
bated with the remaining lysate for 1 h with constant rotation at 4°C. Beads were washed twice with
1 mL of IP buffer containing 0.05% NP-40 followed by two washes in detergent-free IP buffer. Ten micro-
liters of bead slurry was removed for immunoblotting (IP fraction). The remaining 40 mL beads prepared
in four independent biological replicates for CP204L-GFP without infection, CP204L-GFP with ASFV infec-
tion, and GFP with ASFV infection and in three independent biological replicates for GFP without infec-
tion were kept for mass-spectrometric analysis.

(ii) Sample preparation for mass spectrometry. After AP, beads were suspended in 300 mL freshly
made UA buffer (8 M urea, 100 mM Tris-HCl [pH 8]), loaded onto 10-kDa filter units (Sartorius), and
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centrifuged at 12,000 � g at 20°C for 30 min. Filter-aided sample preparation (FASP) trypsin digestion
was performed as described previously (57). Beads were trypsinized to digest the baits and the interact-
ing proteins in 100 mL of digest buffer (1 M urea, 50 mM Tris-HCl [pH 7.5], and 5 mg/mL trypsin
[Promega]). Digestion was performed overnight at 37°C with shaking. The next day, the flowthrough
containing peptides was collected, and the samples were inactivated for 10 min at 95°C. Peptides were
acidified with formic acid (1% final concentration), desalted using C18 100-mL tips (Thermo Scientific)
according to the manufacturer’s instructions, dried by vacuum centrifugation, and reconstituted in
20mL of 0.1% formic acid prior to mass spectrometry.

(iii) Protein identification by LC-MS/MS. Digested peptide mixtures were analyzed by liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) on a timsTOF Pro (Bruker Daltonics), which was coupled
online to a nanoElute nanoflow liquid chromatography system (Bruker Daltonics) via a CaptiveSpray nano-
electrospray ion source. Peptides (corresponding to 100 ng) were separated on a reverse-phase C18 column
(25 cm by 75 mm; inside diameter, 1.6 mm; IonOpticks) with a binary buffer system of buffer A (water with
0.1% formic acid [vol/vol]) and buffer B (acetonitrile with 0.1% formic acid [vol/vol]). Peptides were sepa-
rated by running a gradient of 2 to 95% mobile phase B over 115 min (2% to 16% solvent B (0 to 60 min),
15 to 24% solvent B (60 to 90 min), 24% to 34% solvent B (90 to 105 min), 35 to 95% solvent B (105 to
107 min), and 95% solvent B (107 to 115 min) at a constant flow rate of 400 nL/min. The column tempera-
ture was controlled at 40°C. MS analysis of eluting peptides was performed in ddaPASEF mode (1.1-s cycle
time) as recommended by the manufacturer.

(iv) MS data analysis. Mass spectrometry raw files were processed with MaxQuant (v.2.0.2.0) (58). A
peptide search was performed against an ENSEMBL (59) Sus scrofa proteome database (v.11.1.2021-11-
10) and an NCBI ASFV Georgia (v.FR682468.2) proteome database. The following modifications were
included in the search parameters: trypsin digestion with a maximum of 2 missed cleavages, carbamido-
methylation of cysteine as a fixed modification, and protein N-terminal acetylation and oxidation of me-
thionine as variable modifications. Mass error tolerance was set to 20 ppm for the full scan (MS1) and
40 ppm for MS/MS (MS2) spectra. The false discovery rate (FDR) on the peptide and protein levels was
set to 0.01, the minimum peptide length was seven amino acids, and the match-between-runs option
was used with a 0.7-min match window and 20-min alignment time. The output files were analyzed
using Perseus software (v.2.0.3.0) (60). Proteins identified only by modified peptides, reverse hits, and
contaminants were filtered out. A protein was considered identified if at least 2 unique peptides of this
protein were found in 50% of the replicates. Further filtering of proteins specifically binding to CP204L
protein was achieved by comparing CP204L protein pulldown assays with the negative GFP control.
iBAQ (intensity-based absolute quantitation) protein quantitation data were log2 transformed and fil-
tered to contain a minimum of two valid values in at least one experiment. Missing values were imputed
on the total matrix with default settings (width, 0.3; downshift, 1.8). Potential interactors were consid-
ered CP204L specific if they were identified only in CP204L pulldown assays or if the log2 fold change
(between control and CP204L) was greater than 2 and the q value of a two-sided t test was,0.01.

GO overrepresentation and network analysis. The data sets obtained for the CP204L interactome
in mock-infected and ASFV-infected cells were tested for enrichment of Gene Ontology (GO) biological
process terms (61). Porcine genes were assigned to their corresponding human orthologues using the R
package gprofiler2 (v.0.2.1) (62). The overrepresentation analysis was performed using the enricher func-
tion of the clusterProfiler (v.4.2.2) (63) package in R with default parameters. Significant GO terms
(adjusted P value , 0.01) were identified and further clustered based on their semantic similarity using
the R package rrvgo (v.1.6.0) (64). Selected preys were manually curated, and the network diagram was
plotted using Cytoscape (v.3.7.2) (65).

Antibodies. Rabbit antisera specific for ASFV CP204L, B646L, E183L (56), and A137R (our unpub-
lished data) proteins were used at dilutions of 1:20,000 for immunoblotting. The primary antibodies
used for immunoblotting included rabbit anti-GFP (Chromotek), rabbit anti-VPS39 (PA5-21104; Thermo
Fisher), mouse anti-tubulin (B-5-1-2; Sigma-Aldrich), and mouse anti-GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase; MCA4739; Bio-Rad). The secondary antibodies used were peroxidase-conjugated
goat anti-mouse and anti-rabbit IgG (Jackson ImmunoResearch). The additional primary antibodies used
for immunofluorescence were mouse anti-vimentin (MA1-06908; Thermo Fisher), rabbit anti-Rab7 (PA5-
52369; Thermo Fisher), mouse anti-LAMP-1 (MCA2315GA; Bio-Rad), and rabbit anti-VPS11 (PA5-21854;
Thermo Scientific). The secondary antibodies were Alexa Fluor 647-conjugated goat anti-rabbit IgG
(H1L) and goat anti-mouse IgG (H1L) (Invitrogen).

Immunoprecipitation. For immunoprecipitation of endogenous proteins, 4 mg of purified rabbit anti-
VPS39 IgG antibody (PA5-21104; Thermo Fisher) or normal rabbit IgG (negative control) (2729; Cell Signaling)
was conjugated to 50mL Dynabeads protein G (Thermo Fisher) for 30 min at room temperature, followed by
washing twice in IP buffer. Antibody-conjugated beads, or beads alone, were incubated with 500 mL whole-
cell lysates of infected WSL (1 � 107 cells) in IP buffer for 1 h at room temperature. Beads were washed three
times in IP buffer and eluted with SDS-PAGE loading dye at 95°C for 5 min. Immunoprecipitation of ASFV
CP204L was examined by SDS-PAGE, followed by immunoblotting.

Immunoblotting. Beads and whole-cell lysates were boiled in IP buffer, resolved on SDS-PAGE gels
(4 to 20% Mini-Protean TGX gels (Bio-Rad) (66), and transferred to the nitrocellulose membrane by semi-
dry transfer (Trans-Blot Turbo; Bio-Rad Laboratories) (67). All membranes were blocked in 5% milk pow-
der in Tris-buffered saline with 0.25% Tween 20 (TBST) and probed overnight with the indicated primary
antibodies using appropriate dilutions. This was followed by three 10-min washes in TBST and by incu-
bation with peroxidase-conjugated secondary antibodies diluted in TBST. After 1 h, membranes were
washed as described above, and protein bands were detected using the Clarity Western enhanced
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chemiluminescence (ECL) substrate (Bio-Rad), imaged on a C-DiGit blot scanner (LI-COR), and analyzed
with Image Studio software (v.5.2).

Immunofluorescence. Coverslips were fixed with 3.7% formaldehyde in PBS for 60 min at room
temperature, washed 3 times for 10 min with PBS, permeabilized with 0.01% Triton X-100 in PBS for
15 min, and then blocked with PBS containing 10% FBS for 1 h. Coverslips were incubated with the pri-
mary antibody for 1 h at 37°C and then with the secondary antibody for 1 h at 37°C. Nuclei were stained
for 15 min with 1 mg/mL Hoechst 33258 (Sigma-Aldrich) in PBS. After each step, the cells were repeat-
edly washed with PBS. Coverslips were then mounted on glass slides using ProLong Glass Antifade
Mountant (Invitrogen). Single-slice images were acquired on a Leica DMI6000 TCS SP5 confocal laser
scanning microscope (63� objective) and were processed with ImageJ software (v.1.52a) (68). For coloc-
alization analysis, Pearson’s coefficient (ImageJ Plugin JaCoP [69]) was used to quantify the degree of
overlap between the stainings indicated in the confocal images.

Yeast two-hybrid analysis of the protein interaction. To identify the CP204L binding site, we used
the yeast two-hybrid system. First, forward and reverse PCR primers were designed along the VPS39
sequence every 270 and 240 nucleotides. These primer sequences were fused to specific tails, allowing
recombination in the Gal4-BD pDEST32 vector. The sequences of the specific tails were 59-GAAGAGG
TAGTAACAAAGGTCAAAGACAGTTGACTGTATCGTCGAGG-39 and 59-CCGCGGTGGCGGCCGTTACTTACTTAGAG
CTCGACGTCTTACTTA-39. Matrix combinations of forward and reverse primers were used to amplify VPS39
fragments by PCR. As previously described (70), 10 ng of linearized pDEST32 empty vector was cotrans-
formed with 3 mL of PCR product to achieve recombinational cloning by gap repair in the Y2H Gold yeast
strain (Clontech) expressing AD-fused CP204L (pPC86 vector). Interactions between VPS39 fragments and
CP204L were tested by plating yeast cells on a selective medium lacking leucine, tryptophan, and histidine
and supplemented with 5 mM 3-amino-1,2,4-triazole (3-AT).

GST pulldown experiments. HEK-293T cells were dispensed into each well of a 6-well plate (2 � 106

cells) and 24 h later were transfected (JetPRIME; Polyplus) with 600 ng of pCI-neo-3xFLAG vector encod-
ing porcine VPS39271–541 with pDEST 27 (Invitrogen) expressing either GST alone (800 ng) or GST-CP204L
(400 ng). Two days posttransfection, cells were collected in PBS and then incubated on ice in lysis buffer
(20 mM morpholinepropanesulfonic acid [MOPS]-KOH [pH 7.4], 120 mM KCl, 0.5% Igepal, 2 mM b-mer-
captoethanol, supplemented with complete protease inhibitor cocktail [Roche]) for 20 min. Cell lysates
were clarified by centrifugation at 14,000 � g for 30 min. For pulldown analysis, protein extracts were
incubated for 2 h at 4°C on a spinning wheel with 30 mL of glutathione-Sepharose beads (Amersham
Biosciences). Beads were then washed 3 times for 5 min with ice-cold lysis buffer and on a spinning
wheel, and proteins were recovered by boiling in denaturing loading buffer (Invitrogen).

Purified complexes and protein extracts were boiled at 95°C for 5 min and resolved by SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE) on 4 to 12% NuPAGE bis-Tris gels with Bolt morpholineethanesulfonic
acid (MES) SDS running buffer and transferred to a nitrocellulose membrane under wet conditions
(Invitrogen). GST- and 3�FLAG-tagged proteins were detected with a rabbit polyclonal anti-GST antibody
(1:2,500; Sigma-Aldrich) and a mouse monoclonal horseradish peroxidase (HRP)-conjugated anti-FLAG anti-
body (M2; 1:10,000; Sigma-Aldrich), respectively. Secondary anti-rabbit HRP-conjugated antibody was pur-
chased from Invitrogen (1:5,000). Nitrocellulose membrane was then incubated with a peroxidase substrate
(Clarity Western ECL substrate; Bio-Rad) and visualized with the ChemiDoc MP imaging system (Bio-Rad).

Generation of CRISPR-Cas9 knockout cell lines. To generate VPS39 knockout cells, suitable
CRISPR/Cas9 target sites were identified within the first 59-terminal exons present in all predicted mRNA
splice variants of the VPS39 gene (GenBank accession no. NC_010443), and corresponding oligonucleo-
tides were synthesized (Eurofins Genomics). The complementary oligonucleotide pair VPS39porc-gR3F
and VPS39porc-gR3F, as well as VPS39porc-gR4F and VPS39porc-gR4F (Table S1), was phosphorylated
and cloned into the BpiI-digested and dephosphorylated single guide RNA (sgRNA) and Cas9 nuclease
expression vector pX330A-1x4neoR (our unpublished results). After verifying the correct sequence inser-
tions, the resulting plasmids pX330-VPS39gR3neoR and pX330-VPS39gR4neoR were used to transfect
WSL cells, and single Geneticin-resistant cell clones were selected with a medium containing 500 mg/mL
G418 and tested for expression of the FLAG-tagged Cas9 nuclease by Western blot analyses of cell
lysates using the monoclonal anti-FLAG M2 antibody (Sigma/Merck) as described previously (56).

Genomic DNA of Cas9-expressing cell clones was prepared (71) and tested for the presence of the
desired sgRNA genes by PCR amplification and sequencing using primers X330GGR-F2 and X330GGR-R2
(Table S1), the BigDye Terminator v1.1 cycle sequencing kit, and an Applied Biosystems 3500 genetic an-
alyzer (Thermo Fisher Scientific). Furthermore, genomic DNA of the cell clones was analyzed for CRISPR/
Cas9-induced mutations by PCR amplification and sequencing of the targeted VPS39 gene regions using
primers VPS39gR3T-136F and VPS39gR3T-950R, or VPS39gR4T-147F and VPS39gR4T-1003R, respectively
(Table S1). Sequences were evaluated using the Geneious Prime 2021.0.1 software package (Biomatters
[https://www.geneious.com]).

Similarly, a single cell clone was generated with an empty Cas9 nuclease expression vector pX330A-
1x4neoR as a control (CTRL-KO). The absence of VPS39 in knockout cells was further confirmed by LC-
MS/MS analysis. Lysates of WSL KO and control cells (100 mg) were prepared using the Thermo EasyPep
Mini MS sample preparation kit (Thermo Scientific) according to the manufacturer’s instructions. Dried
peptides were reconstituted in 0.1% formic acid to a final concentration of 100 ng/mL. Peptides corre-
sponding to 200 ng protein were measured by LC-MS/MS and analyzed as described in “MS Data
Analysis.”

Data availability. All mass spectrometry raw data and MaxQuant output tables were deposited in
the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner
repository (72) (identifier PXD035695).

ASFV CP204L Binds VPS39 and Causes Lysosome Clustering Journal of Virology

February 2023 Volume 97 Issue 2 10.1128/jvi.01943-22 17

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
10

 M
ar

ch
 2

02
3 

by
 1

93
.2

2.
11

5.
2.

https://www.ncbi.nlm.nih.gov/nuccore/NC_010443
https://www.geneious.com
http://proteomecentral.proteomexchange.org
https://www.ebi.ac.uk/pride/archive/projects/PXD035695
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01943-22


SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.6 MB.

ACKNOWLEDGMENTS
We thank Biobank of the Friedrich-Loeffler-Institut for providing the WSL cell line.

We also thank Barbara Bettin and Christin Milde for their technical assistance. We are
grateful to Chris Netherton (Pirbright Institute) for critical reading of the manuscript.

This work was supported by research grants from European Commission, Horizon
2020 Framework Program European Union ERA-NET project ASFVInt, grant agreement
862605, and FLI’s ASFV Research Network. J.D. is supported by a Ph.D. fellowship from
ANSES and INRAE.

T.C.M. and A.K. conceived and designed the study. S.B., T.C.M., and A.K. acquired
funding and resources. A.K. supervised the study. K.M.D., W.F., G.C., J.D., and K.P.
contributed to the methodology and investigation. K.M.D. wrote the first draft. K.M.D.
and A.K. reviewed and edited the article. All authors read and approved the manuscript.

REFERENCES
1. Montgomery RE. 1921. On a form of swine fever occurring in British East

Africa (Kenya Colony). J Comp Pathol Therapeut 34:159–191. https://doi
.org/10.1016/S0368-1742(21)80031-4.

2. Gabriel C, Blome S, Malogolovkin A, Parilov S, Kolbasov D, Teifke JP, Beer
M. 2011. Characterization of African swine fever virus Caucasus isolate in
European wild boars. Emerg Infect Dis 17:2342–2345. https://doi.org/10
.3201/eid1712.110430.

3. Gallardo C, Soler A, Nieto R, Cano C, Pelayo V, Sánchez MA, Pridotkas G,
Fernandez-Pinero J, Briones V, Arias M. 2017. Experimental infection of comes-
tic pigs with African swine fever virus Lithuania 2014 genotype II field isolate.
Transbound Emerg Dis 64:300–304. https://doi.org/10.1111/tbed.12346.

4. You S, Liu T, Zhang M, Zhao X, Dong Y, Wu B, Wang Y, Li J, Wei X, Shi B.
2021. African swine fever outbreaks in China led to gross domestic prod-
uct and economic losses. Nat Food 2:802–808. https://doi.org/10.1038/
s43016-021-00362-1.

5. Wöhnke E, Fuchs W, Hartmann L, Blohm U, Blome S, Mettenleiter TC,
Karger A. 2021. Comparison of the proteomes of porcine macrophages
and a stable porcine cell line after infection with African swine fever virus.
Viruses 13:2198. https://doi.org/10.3390/v13112198.

6. Keßler C, Forth JH, Keil GM, Mettenleiter TC, Blome S, Karger A. 2018. The in-
tracellular proteome of African swine fever virus. Sci Rep 8:14714. https://doi
.org/10.1038/s41598-018-32985-z.

7. Alejo A, Matamoros T, Guerra M, Andrés G. 2018. A proteomic atlas of the
African swine fever virus particle. J Virol 92:e01293-18. https://doi.org/10
.1128/JVI.01293-18.

8. Gómez-Villamandos JC, Hervás J, Méndez A, Carrasco L, Villeda CJ, Wilkinson
PJ, Sierra MA. 1995. Ultrastructural study of the renal tubular system in acute
experimental African swine fever: virus replication in glomerular mesangial
cells and in the collecting ducts. Arch Virol 140:581–589. https://doi.org/10
.1007/BF01718433.

9. Kleiboeker SB, Scoles GA, Burrage TG, Sur J. 1999. African swine fever virus
replication in the midgut epithelium is required for infection of Ornithodoros
ticks. J Virol 73:8587–8598. https://doi.org/10.1128/JVI.73.10.8587-8598.1999.

10. Hernaez B, Alonso C. 2010. Dynamin- and clathrin-dependent endocyto-
sis in African swine fever virus entry. J Virol 84:2100–2109. https://doi.org/
10.1128/JVI.01557-09.

11. Sánchez EG, Quintas A, Pérez-Núñez D, Nogal M, Barroso S, Carrascosa ÁL,
Revilla Y. 2012. African swine fever virus uses macropinocytosis to enter host
cells. PLoS Pathog 8:e1002754. https://doi.org/10.1371/journal.ppat.1002754.

12. Basta S, Gerber H, Schaub A, Summerfield A, McCullough KC. 2010. Cellular
processes essential for African swine fever virus to infect and replicate in pri-
mary macrophages. Vet Microbiol 140:9–17. https://doi.org/10.1016/j.vetmic
.2009.07.015.

13. Cuesta-Geijo MA, Galindo I, Hernáez B, Quetglas JI, Dalmau-Mena I,
Alonso C. 2012. Endosomal maturation, Rab7 GTPase and phosphoinositi-
des in African swine fever virus entry. PLoS One 7:e48853. https://doi.org/
10.1371/journal.pone.0048853.

14. Alcamí A, Carrascosa AL, Viñuela E. 1989. The entry of African swine fever
virus into Vero cells. Virology 171:68–75. https://doi.org/10.1016/0042
-6822(89)90511-4.

15. Hernáez B, Guerra M, Salas ML, Andrés G. 2016. African swine fever virus
undergoes outer envelope disruption, capsid disassembly and inner en-
velope fusion before core release from multivesicular endosomes. PLoS
Pathog 12:e1005595. https://doi.org/10.1371/journal.ppat.1005595.

16. Castelló A, Quintas A, Sánchez EG, Sabina P, Nogal M, Carrasco L, Revilla Y.
2009. Regulation of host translational machinery by African swine fever virus.
PLoS Pathog 5:e1000562. https://doi.org/10.1371/journal.ppat.1000562.

17. Stefanovic S, Windsor M, Nagata K-I, Inagaki M, Wileman T. 2005. Vimen-
tin rearrangement during African swine fever virus infection involves ret-
rograde transport along microtubules and phosphorylation of vimentin
by calcium calmodulin kinase II. J Virol 79:11766–11775. https://doi.org/
10.1128/JVI.79.18.11766-11775.2005.

18. Aicher S-M, Monaghan P, Netherton CL, Hawes PC. 2021. Unpicking the
secrets of African swine fever viral replication sites. Viruses 13:77. https://
doi.org/10.3390/v13010077.

19. Cuesta-Geijo MÁ, Barrado-Gil L, Galindo I, Muñoz-Moreno R, Alonso C.
2017. Redistribution of endosomal membranes to the African swine fever
virus replication site. Viruses 9:133. https://doi.org/10.3390/v9060133.

20. Alcaraz C, de Diego M, Pastor MJ, Escribano JM. 1990. Comparison of a
radioimmunoprecipitation assay to immunoblotting and ELISA for detec-
tion of antibody to African swine fever virus. J Vet Diagn Invest 2:
191–196. https://doi.org/10.1177/104063879000200307.

21. Hübner A, Petersen B, Keil GM, Niemann H, Mettenleiter TC, Fuchs W.
2018. Efficient inhibition of African swine fever virus replication by
CRISPR/Cas9 targeting of the viral p30 gene (CP204L). Sci Rep 8:1449.
https://doi.org/10.1038/s41598-018-19626-1.

22. Zheng Y, Li S, Li S-H, Yu S, Wang Q, Zhang K, Qu L, Sun Y, Bi Y, Tang F, Qiu
H-J, Gao GF. 2022. Transcriptome profiling in swine macrophages infected
with African swine fever virus at single-cell resolution. Proc Natl Acad Sci
U S A 119:e2201288119. https://doi.org/10.1073/pnas.2201288119.

23. Cackett G, Matelska D, Sýkora M, Portugal R, Malecki M, Bähler J, Dixon L,
Werner F. 2020. The African swine fever virus transcriptome. J Virol 94:
e00119-20. https://doi.org/10.1128/JVI.00119-20.

24. Prados FJ, Viñuela E, Alcamí A. 1993. Sequence and characterization of
the major early phosphoprotein p32 of African swine fever virus. J Virol
67:2475–2485. https://doi.org/10.1128/JVI.67.5.2475-2485.1993.

25. Afonso CL, Alcaraz C, Brun A, Sussman MD, Onisk DV, Escribano JM, Rock DL.
1992. Characterization of P30, a highly antigenic membrane and secreted
protein of African swine fever virus. Virology 189:368–373. https://doi.org/10
.1016/0042-6822(92)90718-5.

26. Hernaez B, Escribano JM, Alonso C. 2008. African swine fever virus protein
p30 interaction with heterogeneous nuclear ribonucleoprotein K (hnRNP-
K) during infection. FEBS Lett 582:3275–3280. https://doi.org/10.1016/j
.febslet.2008.08.031.

ASFV CP204L Binds VPS39 and Causes Lysosome Clustering Journal of Virology

February 2023 Volume 97 Issue 2 10.1128/jvi.01943-22 18

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
10

 M
ar

ch
 2

02
3 

by
 1

93
.2

2.
11

5.
2.

https://doi.org/10.1016/S0368-1742(21)80031-4
https://doi.org/10.1016/S0368-1742(21)80031-4
https://doi.org/10.3201/eid1712.110430
https://doi.org/10.3201/eid1712.110430
https://doi.org/10.1111/tbed.12346
https://doi.org/10.1038/s43016-021-00362-1
https://doi.org/10.1038/s43016-021-00362-1
https://doi.org/10.3390/v13112198
https://doi.org/10.1038/s41598-018-32985-z
https://doi.org/10.1038/s41598-018-32985-z
https://doi.org/10.1128/JVI.01293-18
https://doi.org/10.1128/JVI.01293-18
https://doi.org/10.1007/BF01718433
https://doi.org/10.1007/BF01718433
https://doi.org/10.1128/JVI.73.10.8587-8598.1999
https://doi.org/10.1128/JVI.01557-09
https://doi.org/10.1128/JVI.01557-09
https://doi.org/10.1371/journal.ppat.1002754
https://doi.org/10.1016/j.vetmic.2009.07.015
https://doi.org/10.1016/j.vetmic.2009.07.015
https://doi.org/10.1371/journal.pone.0048853
https://doi.org/10.1371/journal.pone.0048853
https://doi.org/10.1016/0042-6822(89)90511-4
https://doi.org/10.1016/0042-6822(89)90511-4
https://doi.org/10.1371/journal.ppat.1005595
https://doi.org/10.1371/journal.ppat.1000562
https://doi.org/10.1128/JVI.79.18.11766-11775.2005
https://doi.org/10.1128/JVI.79.18.11766-11775.2005
https://doi.org/10.3390/v13010077
https://doi.org/10.3390/v13010077
https://doi.org/10.3390/v9060133
https://doi.org/10.1177/104063879000200307
https://doi.org/10.1038/s41598-018-19626-1
https://doi.org/10.1073/pnas.2201288119
https://doi.org/10.1128/JVI.00119-20
https://doi.org/10.1128/JVI.67.5.2475-2485.1993
https://doi.org/10.1016/0042-6822(92)90718-5
https://doi.org/10.1016/0042-6822(92)90718-5
https://doi.org/10.1016/j.febslet.2008.08.031
https://doi.org/10.1016/j.febslet.2008.08.031
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01943-22


27. Chen X, Chen X, Liang Y, Xu S, Weng Z, Gao Q, Huang Z, Zhang G, Gong L.
2022. Interaction network of African swine fever virus structural protein
p30 with host proteins. Front Microbiol 13:971888. https://doi.org/10
.3389/fmicb.2022.971888.

28. Chapman DAG, Darby AC, Da Silva M, Upton C, Radford AD, Dixon LK.
2011. Genomic analysis of highly virulent Georgia 2007/1 isolate of Afri-
can swine fever virus. Emerg Infect Dis 17:599–605. https://doi.org/10
.3201/eid1704.101283.

29. Rink J, Ghigo E, Kalaidzidis Y, Zerial M. 2005. Rab conversion as a mecha-
nism of progression from early to late endosomes. Cell 122:735–749.
https://doi.org/10.1016/j.cell.2005.06.043.

30. Jiang P, Nishimura T, Sakamaki Y, Itakura E, Hatta T, Natsume T, Mizushima N.
2014. The HOPS complex mediates autophagosome-lysosome fusion through
interaction with syntaxin 17. Mol Biol Cell 25:1327–1337. https://doi.org/10
.1091/mbc.E13-08-0447.

31. Takáts S, Pircs K, Nagy P, Varga Á, Kárpáti M, Hegedu†s K, Kramer H, Kovács
AL, Sass M, Juhász G. 2014. Interaction of the HOPS complex with Syn-
taxin 17 mediates autophagosome clearance in Drosophila. Mol Biol Cell
25:1338–1354. https://doi.org/10.1091/mbc.E13-08-0449.

32. Blum M, Chang H-Y, Chuguransky S, Grego T, Kandasaamy S, Mitchell A,
Nuka G, Paysan-Lafosse T, Qureshi M, Raj S, Richardson L, Salazar GA,
Williams L, Bork P, Bridge A, Gough J, Haft DH, Letunic I, Marchler-Bauer A,
Mi H, Natale DA, Necci M, Orengo CA, Pandurangan AP, Rivoire C, Sigrist CJA,
Sillitoe I, Thanki N, Thomas PD, Tosatto SCE, Wu CH, Bateman A, Finn RD.
2021. The InterPro protein families and domains database: 20 years on.
Nucleic Acids Res 49:D344–D354. https://doi.org/10.1093/nar/gkaa977.

33. Mészáros B, Erdos G, Dosztányi Z. 2018. IUPred2A: context-dependent
prediction of protein disorder as a function of redox state and protein
binding. Nucleic Acids Res 46:W329–W337. https://doi.org/10.1093/nar/
gky384.

34. Pols MS, ten Brink C, Gosavi P, Oorschot V, Klumperman J. 2013. The HOPS
proteins hVps41 and hVps39 are required for homotypic and heterotypic
late endosome fusion. Traffic 14:219–232. https://doi.org/10.1111/tra.12027.

35. Bröcker C, Kuhlee A, Gatsogiannis C, Balderhaar H, Hönscher C, Engelbrecht-
Vandré S, Ungermann C, Raunser S. 2012. Molecular architecture of the multi-
subunit homotypic fusion and vacuole protein sorting (HOPS) tethering com-
plex. Proc Natl Acad Sci U S A 109:1991–1996. https://doi.org/10.1073/pnas
.1117797109.

36. Miller S, Krijnse-Locker J. 2008. Modification of intracellular membrane
structures for virus replication. Nat Rev Microbiol 6:363–374. https://doi
.org/10.1038/nrmicro1890.

37. Galindo I, Cuesta-Geijo MÁ, Del Puerto A, Soriano E, Alonso C. 2019. Lipid
exchange factors at membrane contact sites in African swine fever virus
infection. Viruses 11:199. https://doi.org/10.3390/v11030199.

38. Sun M, Yu S, Ge H, Wang T, Li Y, Zhou P, Pan L, Han Y, Yang Y, Sun Y, Li S, Li
L-F, Qiu H-J. 2022. The A137R protein of African swine fever virus inhibits
type I interferon production via the autophagy-mediated lysosomal degra-
dation of TBK1. J Virol 96:e01957-21. https://doi.org/10.1128/jvi.01957-21.

39. González Montoro A, Auffarth K, Hönscher C, Bohnert M, Becker T,
Warscheid B, Reggiori F, van der Laan M, Fröhlich F, Ungermann C. 2018.
Vps39 interacts with Tom40 to establish one of two functionally distinct
vacuole-mitochondria contact sites. Dev Cell 45:621–636.E7. https://doi
.org/10.1016/j.devcel.2018.05.011.

40. Jackson J, Wischhof L, Scifo E, Pellizzer A, Wang Y, Piazzesi A, Gentile D,
Siddig S, Stork M, Hopkins CE, Händler K, Weis J, Roos A, Schultze JL,
Nicotera P, Ehninger D, Bano D. 2022. SGPL1 stimulates VPS39 recruit-
ment to the mitochondria in MICU1 deficient cells. Mol Metab 61:101503.
https://doi.org/10.1016/j.molmet.2022.101503.

41. Laufman O, Perrino J, Andino R. 2019. Viral generated inter-organelle con-
tacts redirect lipid flux for genome replication. Cell 178:275–289.E16.
https://doi.org/10.1016/j.cell.2019.05.030.

42. Wong LH, Edgar JR, Martello A, Ferguson BJ, Eden ER. 2021. Exploiting
connections for viral replication. Front Cell Dev Biol 9:640456. https://doi
.org/10.3389/fcell.2021.640456.

43. Ostrowicz CW, Bröcker C, Ahnert F, Nordmann M, Lachmann J, Peplowska
K, Perz A, Auffarth K, Engelbrecht-Vandré S, Ungermann C. 2010. Defined
subunit arrangement and rab interactions are required for functionality
of the HOPS tethering complex. Traffic 11:1334–1346. https://doi.org/10
.1111/j.1600-0854.2010.01097.x.

44. Andrés G, Simón-Mateo C, Viñuela E. 1993. Characterization of two African
swine fever virus 220-kDa proteins: a precursor of the major structural pro-
tein p150 and an oligomer of phosphoprotein p32. Virology 194:284–293.
https://doi.org/10.1006/viro.1993.1259.

45. Caplan S, Hartnell LM, Aguilar RC, Naslavsky N, Bonifacino JS. 2001.
Human Vam6p promotes lysosome clustering and fusion in vivo. J Cell
Biol 154:109–122. https://doi.org/10.1083/jcb.200102142.

46. Scianimanico S, Schoehn G, Timmins J, Ruigrok RH, Klenk HD, Weissenhorn
W. 2000. Membrane association induces a conformational change in the
Ebola virus matrix protein. EMBO J 19:6732–6741. https://doi.org/10.1093/
emboj/19.24.6732.

47. Hilsch M, Goldenbogen B, Sieben C, Höfer CT, Rabe JP, Klipp E, Herrmann
A, Chiantia S. 2014. Influenza A matrix protein M1 multimerizes upon
binding to lipid membranes. Biophys J 107:912–923. https://doi.org/10
.1016/j.bpj.2014.06.042.

48. Gutsche I, Coulibaly F, Voss JE, Salmon J, d’Alayer J, Ermonval M, Larquet
E, Charneau P, Krey T, Mégret F, Guittet E, Rey FA, Flamand M. 2011.
Secreted dengue virus nonstructural protein NS1 is an atypical barrel-
shaped high-density lipoprotein. Proc Natl Acad Sci U S A 108:8003–8008.
https://doi.org/10.1073/pnas.1017338108.

49. Jayaraman B, Smith AM, Fernandes JD, Frankel AD. 2016. Oligomeric viral
proteins: small in size, large in presence. Crit Rev Biochem Mol Biol 51:
379–394. https://doi.org/10.1080/10409238.2016.1215406.

50. Yáñez RJ, Rodríguez JM, Nogal ML, Yuste L, Enríquez C, Rodriguez JF, Viñuela
E. 1995. Analysis of the complete nucleotide sequence of African swine fever
virus. Virology 208:249–278. https://doi.org/10.1006/viro.1995.1149.

51. Miao G, Zhao H, Li Y, Ji M, Chen Y, Shi Y, Bi Y, Wang P, Zhang H. 2021.
ORF3a of the COVID-19 virus SARS-CoV-2 blocks HOPS complex-mediated
assembly of the SNARE complex required for autolysosome formation.
Dev Cell 56:427–442.E5. https://doi.org/10.1016/j.devcel.2020.12.010.

52. Zhang Y, Sun H, Pei R, Mao B, Zhao Z, Li H, Lin Y, Lu K. 2021. The SARS-
CoV-2 protein ORF3a inhibits fusion of autophagosomes with lysosomes.
Cell Discov 7:31. https://doi.org/10.1038/s41421-021-00268-z.

53. van der Kant R, Jonker CTH, Wijdeven RH, Bakker J, Janssen L, Klumperman
J, Neefjes J. 2015. Characterization of the mammalian CORVET and HOPS
complexes and their modular restructuring for endosome specificity. J Biol
Chem 290:30280–30290. https://doi.org/10.1074/jbc.M115.688440.

54. Keil GM, Giesow K, Portugal R. 2014. A novel bromodeoxyuridine-resistant
wild boar lung cell line facilitates generation of African swine fever virus
recombinants. Arch Virol 159:2421–2428. https://doi.org/10.1007/s00705
-014-2095-2.

55. Reed LJ, Muench H. 1938. A simple method of estimating fifty per cent end-
point. Am J Epidemiol 27:493–497. https://doi.org/10.1093/oxfordjournals
.aje.a118408.

56. Hübner A, Keil GM, Kabuuka T, Mettenleiter TC, Fuchs W. 2018. Efficient
transgene insertion in a pseudorabies virus vector by CRISPR/Cas9 and
marker rescue-enforced recombination. J Virol Methods 262:38–47. https://
doi.org/10.1016/j.jviromet.2018.09.009.

57. Wi�sniewski JR, Zougman A, Nagaraj N, Mann M. 2009. Universal sample
preparation method for proteome analysis. Nat Methods 6:359–362.
https://doi.org/10.1038/nmeth.1322.

58. Cox J, MannM. 2008. MaxQuant enables high peptide identification rates, indi-
vidualized p.p.b.-range mass accuracies and proteome-wide protein quantifi-
cation. Nat Biotechnol 26:1367–1372. https://doi.org/10.1038/nbt.1511.

59. Aken BL, Achuthan P, Akanni W, Amode MR, Bernsdorff F, Bhai J, Billis K,
Carvalho-Silva D, Cummins C, Clapham P, Gil L, Girón CG, Gordon L,
Hourlier T, Hunt SE, Janacek SH, Juettemann T, Keenan S, Laird MR,
Lavidas I, Maurel T, McLaren W, Moore B, Murphy DN, Nag R, Newman V,
Nuhn M, Ong CK, Parker A, Patricio M, Riat HS, Sheppard D, Sparrow H,
Taylor K, Thormann A, Vullo A, Walts B, Wilder SP, Zadissa A, Kostadima
M, Martin FJ, Muffato M, Perry E, Ruffier M, Staines DM, Trevanion SJ,
Cunningham F, Yates A, Zerbino DR, Flicek P. 2017. Ensembl 2017. Nucleic
Acids Res 45:D635–D642. https://doi.org/10.1093/nar/gkw1104.

60. Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, Cox
J. 2016. The Perseus computational platform for comprehensive analysis
of (prote)omics data. Nat Methods 13:731–740. https://doi.org/10.1038/
nmeth.3901.

61. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP,
Dolinski K, Dwight SS, Eppig JT, Harris MA, Hill DP, Issel-Tarver L, Kasarskis
A, Lewis S, Matese JC, Richardson JE, Ringwald M, Rubin GM, Sherlock G.
2000. Gene ontology: tool for the unification of biology. The Gene Ontol-
ogy Consortium. Nat Genet 25:25–29. https://doi.org/10.1038/75556.

62. Kolberg L, Raudvere U, Kuzmin I, Vilo J, Peterson H. 2020. gprofiler2 – an R
package for gene list functional enrichment analysis and namespace con-
version toolset g:Profiler. F1000Res 9:ELIXIR-709. https://doi.org/10
.12688/f1000research.24956.2.

63. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, Feng T, Zhou L, Tang W, Zhan L,
Fu X, Liu S, Bo X, Yu G. 2021. clusterProfiler 4.0: a universal enrichment

ASFV CP204L Binds VPS39 and Causes Lysosome Clustering Journal of Virology

February 2023 Volume 97 Issue 2 10.1128/jvi.01943-22 19

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
10

 M
ar

ch
 2

02
3 

by
 1

93
.2

2.
11

5.
2.

https://doi.org/10.3389/fmicb.2022.971888
https://doi.org/10.3389/fmicb.2022.971888
https://doi.org/10.3201/eid1704.101283
https://doi.org/10.3201/eid1704.101283
https://doi.org/10.1016/j.cell.2005.06.043
https://doi.org/10.1091/mbc.E13-08-0447
https://doi.org/10.1091/mbc.E13-08-0447
https://doi.org/10.1091/mbc.E13-08-0449
https://doi.org/10.1093/nar/gkaa977
https://doi.org/10.1093/nar/gky384
https://doi.org/10.1093/nar/gky384
https://doi.org/10.1111/tra.12027
https://doi.org/10.1073/pnas.1117797109
https://doi.org/10.1073/pnas.1117797109
https://doi.org/10.1038/nrmicro1890
https://doi.org/10.1038/nrmicro1890
https://doi.org/10.3390/v11030199
https://doi.org/10.1128/jvi.01957-21
https://doi.org/10.1016/j.devcel.2018.05.011
https://doi.org/10.1016/j.devcel.2018.05.011
https://doi.org/10.1016/j.molmet.2022.101503
https://doi.org/10.1016/j.cell.2019.05.030
https://doi.org/10.3389/fcell.2021.640456
https://doi.org/10.3389/fcell.2021.640456
https://doi.org/10.1111/j.1600-0854.2010.01097.x
https://doi.org/10.1111/j.1600-0854.2010.01097.x
https://doi.org/10.1006/viro.1993.1259
https://doi.org/10.1083/jcb.200102142
https://doi.org/10.1093/emboj/19.24.6732
https://doi.org/10.1093/emboj/19.24.6732
https://doi.org/10.1016/j.bpj.2014.06.042
https://doi.org/10.1016/j.bpj.2014.06.042
https://doi.org/10.1073/pnas.1017338108
https://doi.org/10.1080/10409238.2016.1215406
https://doi.org/10.1006/viro.1995.1149
https://doi.org/10.1016/j.devcel.2020.12.010
https://doi.org/10.1038/s41421-021-00268-z
https://doi.org/10.1074/jbc.M115.688440
https://doi.org/10.1007/s00705-014-2095-2
https://doi.org/10.1007/s00705-014-2095-2
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1016/j.jviromet.2018.09.009
https://doi.org/10.1016/j.jviromet.2018.09.009
https://doi.org/10.1038/nmeth.1322
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1093/nar/gkw1104
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1038/75556
https://doi.org/10.12688/f1000research.24956.2
https://doi.org/10.12688/f1000research.24956.2
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01943-22


tool for interpreting omics data. Innovation (Camb) 2:100141. https://doi
.org/10.1016/j.xinn.2021.100141.

64. Sayols S. 2020. rrvgo. Bioconductor.
65. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,

Schwikowski B, Ideker T. 2003. Cytoscape: a software environment for
integrated models of biomolecular interaction networks. Genome Res 13:
2498–2504. https://doi.org/10.1101/gr.1239303.

66. Laemmli UK. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227:680–685. https://doi.org/10
.1038/227680a0.

67. Towbin H, Staehelin T, Gordon J. 1979. Electrophoretic transfer of pro-
teins from polyacrylamide gels to nitrocellulose sheets: procedure and
some applications. Proc Natl Acad Sci U S A 76:4350–4354. https://doi
.org/10.1073/pnas.76.9.4350.

68. Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImageJ: 25
years of image analysis. Nat Methods 9:671–675. https://doi.org/10.1038/
nmeth.2089.

69. Bolte S, Cordelières FP. 2006. A guided tour into subcellular colocalization
analysis in light microscopy. J Microsc 224:213–232. https://doi.org/10
.1111/j.1365-2818.2006.01706.x.

70. Walhout AJ, Vidal M. 2001. High-throughput yeast two-hybrid assays for
large-scale protein interaction mapping. Methods 24:297–306. https://doi
.org/10.1006/meth.2001.1190.

71. Fuchs W, Mettenleiter TC. 1996. DNA sequence and transcriptional analy-
sis of the UL1 to UL5 gene cluster of infectious laryngotracheitis virus. J
Gen Virol 77:2221–2229. https://doi.org/10.1099/0022-1317-77-9-2221.

72. Vizcaíno JA, Deutsch EW, Wang R, Csordas A, Reisinger F, Ríos D, Dianes
JA, Sun Z, Farrah T, Bandeira N, Binz P-A, Xenarios I, Eisenacher M, Mayer
G, Gatto L, Campos A, Chalkley RJ, Kraus H-J, Albar JP, Martinez-
Bartolomé S, Apweiler R, Omenn GS, Martens L, Jones AR, Hermjakob H.
2014. ProteomeXchange provides globally coordinated proteomics data
submission and dissemination. Nat Biotechnol 32:223–226. https://doi
.org/10.1038/nbt.2839.

ASFV CP204L Binds VPS39 and Causes Lysosome Clustering Journal of Virology

February 2023 Volume 97 Issue 2 10.1128/jvi.01943-22 20

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
10

 M
ar

ch
 2

02
3 

by
 1

93
.2

2.
11

5.
2.

https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.1073/pnas.76.9.4350
https://doi.org/10.1073/pnas.76.9.4350
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://doi.org/10.1006/meth.2001.1190
https://doi.org/10.1006/meth.2001.1190
https://doi.org/10.1099/0022-1317-77-9-2221
https://doi.org/10.1038/nbt.2839
https://doi.org/10.1038/nbt.2839
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01943-22

	RESULTS
	Identification of the ASFV CP204L interactome.
	CP204L interacts with the amino acid region from position 271 to 541 of the VPS39 subunit of the HOPS complex.
	CP204L and VPS39 colocalize and aggregate at the virus factory.
	CP204L blocks VPS39 interaction with the HOPS complex and promotes lysosomal clustering.
	ASFV replication and protein synthesis are delayed in cells lacking VPS39.

	DISCUSSION
	MATERIALS AND METHODS
	Cells and virus.
	ASFV in vitro infection.
	DNA transfection.
	Plasmids constructs.
	Affinity purification and mass spectrometry.
	GO overrepresentation and network analysis.
	Antibodies.
	Immunoprecipitation.
	Immunoblotting.
	Immunofluorescence.
	Yeast two-hybrid analysis of the protein interaction.
	GST pulldown experiments.
	Generation of CRISPR-Cas9 knockout cell lines.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

