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 RESUMEN 

En el presente trabajo hemos investigado los mecanismos relacionados con la ubiquitinación en la infección 

por el virus de la Peste Porcina Africana (VPPA). El sistema ubiquitin-proteasoma controla muchos procesos 

celulares, incluyendo entre ellos las infecciones virales.  Diversos virus manipulan el sistema ubiquitin-

proteasoma para iniciar una infección productiva. Determinamos que la inhibición del proteasoma bloquea 

un paso posterior a la internalización del virus, afectando a su replicación en células Vero. Bajo la inhibición 

del proteasoma, se vieron severamente afectadas tanto la replicación del genoma viral como la expresión de 

genes tardíos y la producción vírica. Además, VPPA aumentaba la actividad del proteasoma a tiempos tardíos 

de la infección e inducía la acumulación de proteínas poliubiquitinadas ligadas por lisina 63 alrededor de la 

factoría viral. Las proteínas virales asociadas al core o implicadas en la replicación del ADN viral podrían ser 

dianas del sistema ubiquitin-proteasoma, lo que ayudaría a la rotura del core en la fase final de la 

decapsidación con la consecuente liberación del ADN viral. Además, a tiempos tardíos la poliubiquitinación 

de proteína en la factoría viral podría ejercer una función reguladora en la señalización celular.  

Ciertas proteínas virales son capaces de controlar la maquinaria de ubiquitinación celular y algunos virus 

incluso codifican sus propias enzimas de ubiquitinación y ubiquitinación. VPPA codifica para un gen homólogo 

a la enzima conjugadora de la ubiquitina o E2, denominada UBCv1.  Hemos verificado que esta es una 

proteína viral temprana que se expresa a lo largo de toda la infección y se acumula a tiempos tardíos. UBCv1 

está presente también en la partícula viral, lo que sugiere que el sistema ubiquitin-proteasoma podría tener 

un papel relevante a tiempos tempranos de la infección por VPPA. Además, hemos confirmado la actividad 

conjugadora de esta E2 viral, que depende del dominio catalítico para unir los diferentes tipos de cadenas de 

ubiquitina.  

Mediante espectrometría de masas caracterizamos las posibles interacciones celulares de UBCv1. Este 

análisis proteómico nos reveló que esta proteína temprana interacciona con el factor de iniciación de la 

traducción eIF4E. Esto concordaría con resultados previos que apuntaban a una relación entre la proteína 

RPS23 de la subunidad 40S del ribosoma y UBCv1. Estas interacciones indican una posible función de UBCv1 

en la regulación de traducción celular.  Este análisis también reveló la interacción de UBCv1 con la proteína 

G Arf3, relacionada con el tráfico en la membrana, así como la interacción con la enzima ligasa de la ubiquitina 

Cullin4B.  

Algunos sistemas de evasión de la respuesta inmune innata en la infección de VPPA mediante diferentes 

genes han sido estudiados en detalle previamente.  En este trabajo, contribuimos con un nuevo gen de VPPA 

implicado en la regulación de la inmunidad innata. UBCv1 es capaz de impedir la activación de los factores 

de transcripción NF-κB y AP-1 y sin embargo no presenta efectos, ni en la producción de interferón β, ni en 

la activación de los factores reguladores del interferón (IRF). Además, detectamos que inducía una 

disminución de IκBα fosforilado y era capaz de inhibir la translocación al núcleo de p65. Por ello proponemos 

que UBCv1 bloquea estas rutas de señalización al nivel de la quinasa IKK. 
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Finalmente, nuestros resultados se completaron con un análisis transcriptómico global de los datos 

obtenidos mediante secuenciación de nueva generación o NGS de macrófagos alveolares porcinos infectados 

con VPPA.  
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 ABSTRACT 

In this work, we have investigated ubiquitylation-related mechanisms in African swine fever virus (ASFV) 

infection.  The ubiquitin-proteasome system (UPS) is a tightly regulated organelle that control many cellular 

processes, including viral infections in the cell. Several viruses manipulate the ubiquitin-proteasome system 

(UPS) to initiate a productive infection. We determined that inhibition of proteasome blocked a post-

internalization step, affecting ASFV replication in Vero cells. Under proteasome inhibition, ASF viral genome 

replication, late gene expression and viral production were severely reduced. Also, ASFV enhanced 

proteasome activity at late times and induced the accumulation of Lys63-polyubiquitinated proteins 

surrounding viral factories. Core-associated and/or viral proteins involved in DNA replication may be targets 

for the ubiquitin-proteasome system that could possibly assist virus uncoating at final core breakdown and 

viral DNA release. At later steps, polyubiquitinated proteins at viral factories could exert regulatory roles in 

cell signaling.  

Determined viral proteins are able to control the host cell ubiquitin machinery and some viruses even encode 

their own ubiquitinating or deubiquitinating enzymes. African swine fever virus (ASFV) encodes a gene 

homologous to the E2 ubiquitin conjugating (UBC) enzyme. We verified that the viral ubiquitin-conjugating 

enzyme (UBCv1) is an early protein that expressed throughout ASFV infection and accumulates at late times. 

UBCv1 is also present in the viral particle suggesting that the ubiquitin-proteasome pathway could play an 

important role at early stages of ASFV infection. Indeed, we corroborated the conjugating activity of this viral 

E2 enzyme, depending on its catalytic domain, that was able to bind several types of polyubiquitin chains. 

We also characterized potential UBCv1 host targets by mass spectrometry. This proteomic analysis revealed 

that the early viral protein interacted with the initiation translation factor eIF4E. This was consistent with 

previous results that pointed a relation with the 40S ribosome subunit RPS23. These interactions indicated a 

possible function of UBCv1 in the viral regulation of host translation. Further analysis also revealed the 

interaction with the G protein Arf3, related with membrane traffic and organelle structure, and the interplay 

with the E3 ligase Cullin4B.   

ASFV mediates innate immune response inhibition through a number of genes that have been previously 

studied in detail. Here, we contribute a new ASFV gene involved in the regulation of the innate immune 

response. UBCv1 impaired NF-κB and AP-1 transcription factors activation while had no effect neither in 

interferon β production nor in interferon regulatory factor (IRF) activation. We detected that UBCv1 induced 

a decrease in IκBα phosphorylation and the inhibition of p65 translocation into the nucleus. We propose that 

UBCv1 blocked both signalling pathway at the level of IKK kinases. 

Finally, our studies and results were completed with the transcriptome analysis obtained by Next Generation 

sequencing of ASFV infected macrophages.  
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 INTRODUCTION 

1. African swine fever 

African swine fever (ASF) is one of the most important and economically relevant diseases of pigs 

affecting regional and international trade of animals and animal products with serious socio-

economic impact on pig farming. ASF was first identified in Kenya in the early 1900s. African swine 

fever virus (ASFV) is able to infect domestic and wild swine (Sus scrofa domesticus and S. s. ferus), 

warthogs (Phacochoerus africanus) and bush pigs (Potamochoerus porcus) (Costard et al., 2009). 

ASFV causes unapparent persistent infections in African indigenous pigs and soft ticks while in 

domestic pigs it causes an acute hemorrhagic fever, leading the death of all infected animals 

(Anderson et al., 1998; Kleiboeker et al., 1999).  

These viruses are present in all excretions and secretions form infected pigs. For this reason, 

transmission can occur by direct contact, air-borne over a short distance, by ingestion of infected 

meat or by fomites (Guinat et al., 2016; Olesen et al., 2017).  It can be also transmitted by soft ticks 

of the Ornithodoros genus. O. moubata and O. porcinus domesticus act as a vector in south of the 

Sahara, Africa (Costard et al., 2009; Plowright et al., 1969) and O. erraticus was identified as a vector 

in Spain and Portugal.  

ASF is a transboundary animal disease (TAD) and a notifiable viral pig disease by the World 

Organization for Animal Health (OIE).  Due to the absence of an effective vaccine or treatment, the 

control of this disease entirely relies on diagnostic and control measures. Disease was first 

introduced into Europe in Portugal in 1957 and remained endemic in parts of the Iberian Peninsula 

from 1960 until 1995. Sporadic outbreaks occurred in European countries, South America and 

Caribbean during this time. This disease was eradicated outside Africa in the mid-1990s with the 

exception of Sardinia, Italy and it is endemic in Africa. In 2007, African swine fever was introduced 

to Georgia in the Trans-Caucasus and spread to neighbouring countries reaching Eastern Europe.  It 

is present in parts of the Russian Federation, Ukraine, Poland, and more recently in Czech Republic 

and Romania. Outbreaks in domestic pigs have been found in the Russian Federation near to the 

border of Mongolia (Irukst, Siberia) (Gallardo et al., 2015; Sanchez-Cordon et al., 2018). The illegal 

imports of pork products, or the disposal of waste from ships or planes originating from ASF-affected 

areas have been the principal sources of infection in Spain in the 1960s (Sanchez Botija and Badiola, 

1966) and more recently in the Caucasus in 2007 and 2008 (Rowlands et al., 2008).  

The disease caused by this virus may develop a peracute, acute, subacute or chronic form. The acute 

form course as a haemorrhagic fever. Animals display fever and a tendency to crowding, loss of 

appetite, inactivity and apathy. Laboratory analysis show early leukopenia induced by lymphopenia 
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and changes in monocyte numbers (Colgrove et al., 1969; Pan and Hess, 1984). However, less 

virulent isolates that emerged during the circulation of the virus in domestic pigs have led to an 

increase of subacute and unapparent infections, thereby increasing the prevalence (Bech-Nielsen et 

al., 1995; Mebus and Dardiri, 1980; Nurmoja et al., 2017; Penrith et al., 2004). 

Virulent isolates responsible of the acute form may cause 100% mortality in 5–15 days. Moderately 

virulent isolates produce the subacute form with reduced mortality and recovery up to 50% of 

animals. Low virulence isolates can originate chronic disease and present characteristic arthritis, 

skin lesions, enlarged lymph nodes and renal dysfunction. Attenuated and non-pathogenic isolates 

may cause few disease signs or no disease. Recovered pigs can remain persistently infected and be 

protected against challenge with related virulent isolates. Neutralizing antibodies and CD8+ T cells 

are required for protection.  

ASFV replicates in cells of the mononuclear phagocytic system and reticuloendothelial cells in 

lymphoid tissues and organs of domestic swine. Cell surface markers expressed from intermediate 

stages of monocyte–macrophage differentiation, are indicators of cell susceptibility to infection. 

Widespread cell death caused by apoptosis occurs in both T and B lymphocytes is characteristic of 

the disease. This process occurs in lymphoid tissues and endothelial cells in arterioles and capillaries 

and accounts for the lesions seen in acute disease. During the late phase of acute infections 

disseminated intravascular coagulation is developed, increasing the likelihood of the characteristic 

haemorrhagic syndrome. 

Virus can persist for prolonged periods in tissues or blood from recovered pigs, or following infection 

with low virulence isolates, which might contribute to virus transmission, disease persistence, 

sporadic outbreaks and ASFV introduction into disease-free zones (Costard et al., 2013; Gallardo et 

al., 2015; Penrith and Vosloo, 2009). Recent studies in Europe (Nurmoja et al., 2017) and in Africa 

have identified ASFV sequences in apparently healthy pigs in Uganda (Kalenzi Atuhaire et al., 2013) 

and Kenya (Thomas et al., 2016), suggesting that reduced virulence isolates may be circulating in 

these regions. 

2. African swine fever virus 

The family Asfarviridae includes the single species African swine fever virus. ASFV is a large, 

enveloped virus with icosahedral morphology and an average diameter of 200 nm. It consists on a 

single molecule of linear, covalently close-ended, double stranded DNA. The viral genome of 

different isolates ranges from 170-190 Kbp length. ASFV replication cycle is mainly cytoplasmic with 

an early stage in the nucleus (Garcia-Beato et al., 1992; Rojo et al., 1999). Virus morphogenesis takes 

place in the viral factories (VFs) where late phase of DNA replication occurs. 
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2.1 Virion structure 

The ASFV particle is a complex and multienveloped particle composed by various concentric 

domains: an internal nucleoprotein core structure surrounded by an inner lipid envelope and finally 

the capsid, which is the outward layer of the intracellular virion (Salas and Andres, 2013). Besides, 

the extracellular virions possess an additional external envelope that is acquired during the budding 

process to exit from the cell (Breese and DeBoer, 1966; Carrascosa et al., 1984). The role of this 

outer envelope in unclear and it is dispensable for infection (Schloer, 1985). Extracellular enveloped 

virions have a diameter of 175–215 nm.  

The ASF virion (Figure I1) blends the following layers: 

- Internal core: It is a structure of 70-100 nm constituted by the nucleoid, an electrodense 

constituent that contains the viral genome (Andres et al., 1997) and certain nucleoproteins such as 

the DNA-binding protein p10 (Andres et al., 2002b; Munoz et al., 1993) or protein pA104R (Andres 

et al., 2002b; Borca et al., 1996). This core contains all the elements required for the synthesis of 

the early messenger RNAs (mRNAs): the transcriptional machinery, the poly (A) polymerase and the 

capping enzyme (Salas and Andres, 2013). 

- Core shell: it is a thick protein layer of about 30 nm that has been defined as an independent 

domain of the virus core (Andres et al., 1997). It is mainly composed by the polyproteins pp220 and 

pp62. Both polyproteins are successively processed by a viral protease (S273R gene) (Andres et al., 

2002a; Andres et al., 2002b). One of the products of 220kDa protein (pCP2475L or pp220) is the 

structural protein p150, and the products of 62kDa protein (pCP530R or pp62) are p35 and p15 

(Suarez et al., 2010b). 

- Inner envelope: This is a lipid membrane (Andres et al., 1998; Carrascosa et al., 1984) that is 

derived from the endoplasmic reticulum (ER) (Cobbold et al., 1996; Rouiller et al., 1998) by a 

mechanism still poorly understood. Membrane proteins p54 (Rodriguez et al., 2004), p17 (Suarez et 

al., 2010a) and pE248R (Rodriguez et al., 2009) are elements of this envelope. 

- Capsid: it exhibits icosahedral symmetry (T=189–217) corresponding to 1,892–2,172 capsomers of 

protein p72.  Each capsomer is 13 nm in diameter and appears as a hexagonal prism with a central 

hole; intercapsomeric distance is 7.4–8.1 nm (Carrascosa et al., 1984). Protein p72, which is encoded 

by the B646L gene, is the major capsid protein (Garcia-Escudero et al., 1998) and it represents about 

one third of the protein mass in the virion. Nevertheless, capsid formation also requires the 

structural protein p49 (pB438L), essential for the formation of the capsid vertices (Epifano et al., 

2006). Another protein present in the capsid is pE120R, which is involved in the transport of the 
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mature ASFV particles from the viral factory (VF) to the plasma membrane to exit the cell (Andres 

et al., 2001). 

- Outer envelope: The external envelope of extracellular virus is similar to the plasma membrane. 

The virus attachment protein p12 has been reported to localize into the outer envelope of purified 

extracellular virus (Carrascosa et al., 1991).  

     

2.2   Genome 

ASFV genome consists of a single molecule of linear, covalently close-ended, double stranded DNA 

of 170–190 kbp. The end sequences are present as two inverted and complementary flip-flop forms 

and adjacent to both termini are identical tandem repeat arrays about 2.1 kbp (Dixon et al., 2013; 

Gonzalez et al., 1986). Due to its large genome, ASFV encodes around 151 and 167 open reading 

frames (ORFs), separated by 200-bp long non-coding sequences. Moreover, transcription occurs 

from both DNA strands. Five different multigene families (MGF 110, MGF 360, MGF 530/505, MGF 

300 and MGF 100) are found in genome regions close to the termini. Differences found in genome 

length and in number of genes between isolates are due to the gain or loss of ORFs of the different 

multigene families (MGF) encoded by ASFV. 

The complete nucleotide sequences of 18 ASFV isolates from different geographical areas have been 

determined. These include the non-pathogenic, tissue culture-adapted Ba71V isolate (ASFV-BA71V) 

as reference strain and 17 field isolates from Europe and Africa (Chapman et al., 2011; Chapman et 

al., 2008; de Villiers et al., 2010; Portugal et al., 2015). 

2.3 Gene expression 

Due to the fact that ASFV genome encodes its complete transcription system, the virus is able to 

accurately control the expression of its genes, which occurs in a time-dependent manner. Genes 

expressed before the onset of viral DNA replication have been designated as prereplicative genes, 

while genes that are expressed after viral replication are referred as post-replicative genes 

Figure I1. Structure of ASFV virion. (A) 

Representative scheme of ASFV virion 

structure showing the corresponding 

layers forming the viral particle: The 

outer envelope (OE), the capsid (C), the 

inner envelope (IE), the core shell (CS) 

and the internal core (IC) (B) Electron 

microscopy image of ASFV. Bar= 

200nm. Adapted from ViralZone. 
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(Rodriguez and Salas, 2013). Prereplicative genes have been described by their expression in ASFV-

infected cells despite of DNA replication and/or protein synthesis inhibitors (Salas et al., 1986). Two 

classes of transcripts are expressed in the prereplicative stage of the infection, immediately early 

transcripts and early transcripts. Interestingly, a small amount of immediately early and early 

mRNAs is detected at late times postinfection, due to a reactivation of its expression that takes place 

late during the infection (20 hpi). This phenomenon has been also observed in vaccinia infection 

(Masternak and Wittek, 1996) and it has been attributed to the presence of all the components of 

the transcription machinery and the DNA template during the viral morphogenesis (Rodriguez and 

Salas, 2013). 

DNA replication takes place by a self-initiation mechanism (Baroudy et al., 1982) due to the viral 

DNA polymerase (Martins et al., 1994; Moreno et al., 1978). DNA replication involves two phases: a 

first and brief replication phase that occurs in the host cell nucleus (Garcia-Beato et al., 1992; Rojo 

et al., 1999; Tabares and Sanchez Botija, 1979) and a second replication phase with a maximum peak 

at 8 hours post-infection (hpi). This second replication phase takes place in the viral factories (VFs). 

Enzymes required for viral replication are expressed immediately after viral core penetration, when 

the virion is partially decapsidated (Salas et al., 1983). The current hypothesis is that short sections 

of viral DNA are synthesized at early times post- infection in the nucleus and then transported to 

VFs, where they are later used in the prime synthesis of full length genomic DNA within the 

replicative cycle.  

After replication of the viral DNA has been initiated (approximately at 6 hpi), transcription of post-

replicative genes takes place. Two classes of transcripts are expressed on the post-replicative stage 

of the infection: the intermediate and the late mRNAs (Rodriguez et al., 1996; Salas et al., 1986). 

These genes codify for structural proteins of the virion, as well as polymerases and early 

transcription factors that will be packed into the new virions (Kuznar et al., 1980; Pena et al., 1993; 

Salas et al., 1988). However, little is known about the specific regulatory mechanisms that control 

ASFV gene expression during this timed sequence of events. This gene expression has been 

proposed to be similar to the cascade mechanism displayed by poxvirus (Broyles, 2003). 

3. African swine fever infectious cycle 

The primary cell types infected by the virus include those of the mononuclear-phagocytic system, 

including fixed tissue macrophages and specific lineages of reticular cells. Virus replicates in 

macrophages and several isolates have been adapted to replicate in tissue culture cell lines. The 

virus was adapted to grow in the Vero cell line and lead to the creation of the non-pathogenic isolate 
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BA71V (Enjuanes et al., 1976). This isolate is the most characterized reference strain and it has 

enabled great progress in the study of the ASFV infectious cycle.  

3.1 Viral entry mechanism 

The ASFV infectious cycle starts with the viral adsorption and subsequently entry into the host cell. 

Early studies on ASFV entry characterized this event as a specific and saturable receptor-mediated 

and low pH- and temperature-dependent process in Vero cells and macrophages (Alcami et al., 

1989a, b, 1990; Valdeira and Geraldes, 1985). Viral receptor(s) are still unknown. The restricted cell 

tropism of ASFV suggests that a macrophage-specific receptor is essential for infection. In addition, 

some ASFV proteins have been identified as viral attachment proteins. Proteins such as p12 and p54 

are involved in host cell recognition while p30 plays an important role in viral internalization (Angulo 

et al., 1992, 1993; Gomez-Puertas et al., 1998).  

ASFV entry enters host cells primarily by clathrin- and dynamin- mediated endocytosis (Galindo et 

al., 2015; Hernaez and Alonso, 2010). The clathrin-coated pit component Epsin15 (Eps15) was 

identified as a relevant cellular factor during infection (Hernaez and Alonso, 2010). Also, ASFV can 

exploit the constitutive macropinocytosis of the macrophage (Hernaez et al., 2016; Sanchez et al., 

2012) or another alternative mechanism such as phagocytosis was described (Basta et al., 2010). 

Successful infection of ASFV is also dependent on cholesterol (Cuesta-Geijo et al., 2016). 

Furthermore, the activity of PI3K (phosphoinositide 3-kinase) enzyme, GTPase Rac1 activation and 

the integrity of the cholesterol biosynthetic pathway are necessary factors at early infection steps 

(Quetglas et al., 2012). Despite of the mechanism used by the virus to cross the cell membrane, the 

most consist requirement for ASFV entry resulting in a productive infection relies in endocytosis and 

endosomal acidification (Cuesta-Geijo et al., 2012). 

3.2   ASFV traffics the endosomal pathway 

Once ASFV enter into the cell by either described pathway of entry it passes through the endosomal 

pathway (Cuesta-Geijo et al., 2012). Once there, it must go through distinct endosome populations 

to complete a successful infection (Figure I2). Endosomal maturation from early endosome (EE) to 

late endosome (LE) is a dynamic procedure. It starts in the cytosolic side of the EE, with invaginations 

which cause intraluminal vesicles (ILV). Then, EE matures into multivesicular bodies (MVB), and as 

the pH decreases more and ILV are generated they mature to LE  (Gruenberg, 2001). The endosome-

specific lipid phosphatidylinositol 3-phosphate (PtdIns3P) controls this process (Roppenser et al., 

2012). Endocytic maturation requires endosomal membrane signalling that is controlled by both 

proteins and lipids (Bissig and Gruenberg, 2013). The major regulator of the endosomal maturation 
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pathway is the Rab GTPase protein family. A switch of members of the Rab family characterizes the 

different endosomal compartments (Stenmark, 2009). ASFV localizes in the EE, which presents Rab5 

and EEA1 markers, few minutes early after adsorption. In EE, the complete encapsidated virion can 

be found (Cuesta-Geijo et al., 2012), while in the LE only viral cores lacking the capsid protein can 

be recognized. 

 

 

Viral decapsidation is the first step of the uncoating process and occurs at the acidic pH in LE 

compartments between 30 and 45 min post-infection (mpi). Mature endosomal compartments are 

multivesicular bodies expressing CD63 that are characterized by the presence of ILVs and Rab7. 

Reliance on the endosomal maturation for sequential viral uncoating and penetration has been also 

described for other viruses (Lozach et al., 2010; Pasqual et al., 2011). Once virions have lost the 

capsid, the inner envelope of the particle fuses together with the limiting membrane of the 

endosomes and naked cores gain access to the cytoplasm in order to start replication. For this last 

event, it is strongly necessary the integrity of cholesterol efflux transport at the endosomal 

membrane. Previous studies showed that blocking cholesterol transport at this point causes 

retention of virions inside endosomes, inhibiting infection (Cuesta-Geijo et al., 2016). The inner 

envelope viral protein pE248R is also involved in viral fusion. This protein shares sequence similarity 

with some members of the poxviral entry/fusion complex (Hernaez et al., 2016).  

3.3  Viral factory formation 

Microtubules are essential components of the cytoskeleton and are organized at the centrosome, 

which is also called the microtubule-organizing center (MTOC). Dynein and kinesin motor proteins 

are responsible of driving the cargo along these filaments. 

Figure I2. ASFV traffic through the 

endosomal pathway. ASFV enters 

the host cell through a complex 

process involving dynamin- and 

clathrin mediated endocytosis and 

macropinocytosis. Few seconds 

later, ASFV traffics the endocytic 

pathway and reaches mature 

endosomal compartments where 

viral decapsidation and fusion of the 

inner viral envelope with the 

endosomal membrane occurs. 

Finally, after uncoating, the viral 

genome is release to the cytoplasm. 
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Incoming ASFV virions are associated with microtubules, as they are required for the transport of 

the virus to the viral factory (VF) at the MTOC in a localization close to the perinuclear area, where 

replication occurs (Quetglas et al., 2012). Maintenance of the viral factories requires the presence 

and integrity of microtubules and motor proteins (Hernaez et al., 2006). Closely related to this, it 

has been previously reported that microtubule depolymerization with nocodazole prevents the 

correct formation of the viral factories (Alonso et al., 2001; Carvalho et al., 1988; de Matos and 

Carvalho, 1993a; Heath et al., 2001). ASFV structural protein p54 is able to interact directly with the 

dynein motor protein (Alonso et al., 2001; Hernaez and Alonso, 2010). In fact, repression of the p54-

encoding E183L gene results in a disruption of ASFV assembly in VFs (Rodriguez et al., 2004).  

The ASFV VF is the site where the viral replication takes place. VFs are typically a single and large 

perinuclear accumulation of viral proteins and DNA were newly synthesized virions are assembled 

(Nunes et al., 1975). These structures concentrate structural proteins at sites of assembly and 

prevent the sensing of viral components into the cytoplasm. However, little is known about the 

process involved in the formation of these structures in ASFV. ASFV remodels endosomal traffic and 

congregates endosomal membranes to the viral factory. Endosomes could create platforms which 

provides membranes and phosphoinositides (PtdIns), necessary elements for virus replication 

(Cuesta-Geijo et al., 2017). ASFV itself encodes a chaperone that is responsible for folding the major 

capsid protein p72 (Cobbold et al., 2001). In addition, mitochondria and cellular chaperones, such 

as hsp70, are also recruited to ASFV factories to facilitate the folding of viral structural proteins 

(Castello et al., 2009a; Heath et al., 2001; Rojo et al., 1998). A collapsed cage of intermediate 

filament vimentin surrounds the viral factory (Stefanovic et al., 2005).   

3.4  Last step of virion morphogenesis and viral egress 

 The final steps of the infectious cycle include the assembly and release of mature virions (Smith and 

Enquist, 2002). The DNA incorporation process is not always successful leading to empty viral 

particles. De novo synthetized virions assembly leads to an accumulation of viral membranes inside 

the VF that emerge from the ER as opened and curved structures and constitute the precursors of 

the internal viral membrane into which the viral DNA should be packaged (Andres et al., 1998). The 

mature particle is transported from the virus factories to the cell surface through a microtubule-

mediated mechanism (de Matos and Carvalho, 1993b) with the aid of the motor protein kinesin 

(Jouvenet et al., 2004). The virion binds to kinesin by the capsid protein pE120R (Andres et al., 2001). 

Finally, newly synthesized virions can exit infected cells by budding. These virions acquire a fragile 

lipid envelope but non-enveloped virions are also infectious (Breese and Hess, 1966). The cytopathic 
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effect produced ASFV-infected cells is thought to be a second mechanism to massively liberate 

newly synthetized virions. These cells undergo apoptosis at late stages of infection (Hernaez et al., 

2004, 2006; Ramiro-Ibanez et al., 1996; Ramiro-Ibanez et al., 1997) presenting the characteristic 

morphological changes of programmed cell death. This includes plasma membrane blebbing and 

the generation of apoptotic bodies that are full of mature virions. The inhibition of this blebbing has 

been shown to severely decrease the release of virions to the extracellular media (Galindo et al., 

2012). Additionally, phagocytic cells can absorb apoptotic bodies. This fact implies the diffusion of 

virions to other cells without alerting the immune system (Teodoro and Branton, 1997). 

4. Major virus-host interactions regulating the cellular response to viruses 

In this thesis we have studied several molecular targets of African swine fever virus at early stages 

of infection.  Until recently, the ASFV mechanism of entry was unknown, however, according to 

today´s knowledge, the relevance of the dynamin- and clathrin-mediated endocytic pathway and 

macropinocytosis for ASFV access to the cell have been described. ASFV genome encodes more than 

155 genes whose interactions with the host cells are mostly unknown.  Then, we decided to 

investigate the function of an interesting and seldom studied early protein, the ubiquitin conjugating 

enzyme UBCv1 and the importance of the ubiquitin proteasome system during infection.  

4.1 The ubiquitin-proteasome system  

The ubiquitin-proteasome system (UPS) can be manipulated by viruses to pursue their life cycles 

relying on such specific interactions with regulatory systems of the target cells (Randow and Lehner, 

2009). Also, viruses can take over the UPS to evade the immune system (Gao and Luo, 2006; Isaacson 

and Ploegh, 2009). 

4.1.1 Structure and function of the proteasome 

The ubiquitin-proteasome system (UPS) is an important non-lysosomal protein degradation system 

in eukaryotic cells (Rock et al., 1994). Proteasome function is essential for protein homeostasis in 

the cell (Gallastegui and Groll, 2010). In eukaryotes, 70 subunits form the proteasome (Budenholzer 

et al., 2017; Collins and Goldberg, 2017; Finley et al., 2016; Tanaka, 2009) . The cylindrical-shape 20S 

proteasome or 20S core particle (CP) is the active site where proteolysis occurs. A structure of four 

stacked αββα rings comprise that central chamber. The N-termini of β1, β2 and β5 are the active 

sites responsible for the proteolysis of substrates (Groll et al., 1997; Unno et al., 2002). The 19S 

activator or regulatory particle (RP), binds to one or both ends of a 20S proteasome to form a 26S 

proteasome (Figure I3). It facilitates identifying of polyubiquitylated substrates and their 

subsequent unfolding and inclusion into the 20S CP, with the help of an AAA+ ATPase (Kish-Trier 
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and Hill, 2013). The ubiquitin originating from the modified proteins is then recycled by 

deubiquitinating enzymes (DUBs) (Liu and Jacobson, 2013).  

                                                                                                       

4.1.2 Ubiquitination process 

Ubiquitin is a small (76 amino acids; aa) and highly conserved protein present in almost all eukaryotic 

cells. The covalent attach of these few aa to lysine residues of target protein, so-called 

ubiquitination, is the signal to direct these proteins to the proteasome (Thrower et al., 2000). 

Ubiquitination is a post-translational modification of particular targets and is involved in a diversity 

of cellular processes such as transcription, transduction, regulation of the immune response, control 

of cell division (Mosesson et al., 2003), development, endocytosis (Haglund and Dikic, 2005), cellular 

trafficking (Hoeller et al., 2005) and cell survival control (Hoeller et al., 2006). The conjugation of 

ubiquitin to substrates involves three steps. First, the ubiquitin-activating enzyme (E1) establishes a 

thiol ester bond with the C-terminal Gly of ubiquitin, becoming active for nucleophilic attack. The 

activated ubiquitin is then transferred to an ubiquitin conjugating enzyme (E2) by 

transesterification. Finally, it is attached, usually with an isopeptide bond, to the substrate protein 

by the action of an ubiquitin ligase (E3), critical for the specificity and the efficiency of the 

reaction.  The ubiquitin system in humans consists of 2 E1, 38 E2 and >600 E3 ubiquitin ligases 

(Schulman and Harper, 2009). 

The length (poly- versus monoubiquitination) and the site of ubiquitination define whether the 

protein would be sent to the proteasome, or if ubiquitination regulates any target protein activity.  

The first characterised signal for proteasome-mediated degradation was the polyubiquitin chains 

linked to Lysine in position 48 (Johnson et al., 1995). The binding of monoubiquitin or non-Lys 48 

chain linkages onto substrates has several consequences (Ikeda and Dikic, 2008). 

Figure I3. Structure of the 26S proteasome. 

(A) 20S proteasome CP is composed of four 

stacked α or β heptameric rings. Eukaryotic 

CPs are ATP dependently regulated by the 

19S regulatory complex (RP). 

(B) Overall structure of the eukaryotic 26S 

proteasome including the α and β rings of 

20S CP (green and cyan, respectively) and 

19S regulatory particles (RPs), which are 

constituted by the lid (Rpn3, Rpn5–9, Rpn11, 

Rpn12, and Rpn15, gray) and the base 

comprising the AAA+ ATPase (Rpt1–Rpt6, 

brown) and the ubiquitin receptors (Rpn10 

and Rpn13, orange). Adapted from (Kato el at; 

2017 and Gallastegui and Groll, 2010) 
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Monoubiquitination has been shown to control various cellular events such as receptor transport, 

viral budding and DNA repair (Di Fiore et al., 2003; Haglund et al., 2003; Hicke, 2001). On the other 

hand, Lys 63-linked polyubiquitin chains, participate in the oxidative response and the regulation of 

innate immunity signalling pathways (Deng et al., 2000; Silva et al., 2015; Weissman, 2001).  Ub can 

also be conjugated through other lysine residues on its surface (Lys 6, Lys 11, Lys 27, Lys 29 and Lys 

33), providing Ub chains of different lengths, shapes and roles (Ikeda and Dikic, 2008). 

Apart from Ub modifications, many ubiquitin-like (Ubl) proteins have been identified and can be 

conjugated to substrates. These include small Ub-like modifier (SUMO), interferon stimulated gene 

15 (ISG15), autophagy 8 (ATG 8) and neural precursor cell expressed, developmentally 

downregulated 8 (NEDD8), HLA-F adjacent transcript 10 (FAT10) and Autophagy-related protein 12 

(Atg12) (Bedford et al., 2011; Biard-Piechaczyk et al., 2012; Kerscher et al., 2006). Ubls are 

implicated in the regulation of many cellular processes such as gene transcription, signal 

transduction, autophagy and cell-cycle control (Kerscher et al., 2006). 

4.1.3 Complicity between viruses and the proteasome system 

The first study reporting the capacity of viruses to exploit the UPS for their own benefit, corresponds 

to Human Papilomaviruses 16 (HPV16) and 18 (HPV18) and their capability to meddle in the 

regulation of the cell cycle (Scheffner et al., 1990). Viruses can interact with the UPS in order to 

maximize their survival by regulating E3 ligases by several mechanisms: 

 -Some viral proteins interact with cellular E3 ubiquitin ligases and induce their ubiquitination. This 

has a positive effect on replication of many viruses such as herpesvirus (Delboy et al., 2008; Tran et 

al., 2010), poxviruses (Satheshkumar et al., 2009; Teale et al., 2009) retrovirus (Ott et al., 2003; 

Schubert et al., 2000) and adenoviruses (Gupta et al., 2013). For instance, ubiquitination of the HIV-

1 Gag polyprotein imply the interaction of p6 with the ESCRT machinery, providing the budding of 

new virions (Garrus et al., 2001; Ott et al., 2000). Ubiquitin- mediated process also regulates gene 

expression in HIV-1 (Bres et al., 2003) and Epstein-Bar virus (EBV) (Sarkari et al., 2009).  

In certain cases, ubiquitination of viral proteins can also induce their degradation, interrupting the 

viral life cycle. This is a strategy used by certain cellular restriction factors. The polymerase PB1 

(Protein Binding 1) of the Influenza A virus (IAV) is K48-polyubiquitinated followed by its degradation 

by the proteasome (Fu et al., 2015). The Herpes simplex virus type I (HSV-1) capsid protein Vp5 is a 

target for the UPS, and capsid breakdown would expose the viral genome to innate immune sensing 

(Horan et al., 2013). 

-Viral adaptors recruit cellular E3 ligases for degradation of cellular proteins that might be 

damaging the viral life cycle. For instance, the viral oncogene E6 of HPV acts usurping the cellular E3 
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ubiquitin ligase E6-AP to induce ubiquitination and degradation of the cell cycle regulator p53, 

thereby allowing viral replication (Scheffner et al., 1993; Scheffner et al., 1990). The NSP1 (Non-

Structural RNA binding protein 1) of rotaviruses subverts the Skp1-Cul1-Fbox (SCF) E3 ligase complex 

(formed by the F-box protein, S-phase kinase-associated protein 1, Skp1 and Cullin 1) to induce the 

ubiquitination and degradation of β-TrCP (β-Transducin repeat Containing Protein). β-TrCP is by 

itself a substrate adaptor of an E3 ligase and its degradation leads to accumulation of IκB, resulting 

in inhibition of the NF-κB induced antiviral responses (Graff et al., 2009; Seissler et al., 2017) .  

-  Viruses encode their own E3 ligases. Especially, this is characteristic of the large DNA viruses such 

as herpesvirus and poxviruses. For instance, the RING-CH ligase K3 and K5 of Kaposi sarcoma 

herpesvirus (KSHV) ubiquitinate class I major histocompatibility complex (MHC-I), thereby being 

down-regulated from the cell surface (Boname and Lehner, 2011; Ishido, 2010). Another example is 

the ICP0 protein (Infected Cell Protein 0) of HSV-1, a viral protein with different functions such as 

RING E3 ubiquitin ligase activity.  It induces the degradation of the ND10 (Nuclear Domain 10), 

nuclear body components PML (Promyelocytic Leukemia Protein) and Sp100 through the UPS, 

thereby avoiding interferon (IFN) antiviral response (Everett et al., 2007; Everett et al., 2008; Gu et 

al., 2009). Viruses can also affect the stability of interferon regulatory factors (IRFs) and in particular 

of IRF3. One example is given by the Varicella Zoster virus (VZV) ORF61, a protein displaying an E3 

ligase activity. ORF61 specifically interacts with the phosphorylated/activated form of IRF3 leading 

to its ubiquitination and proteasome mediated degradation (Zhu et al., 2011).   

- Several virus families encode their own DUBs (adenoviruses, coronavirus, herpesvirus etc.) to 

escape from host antiviral immune system and promote virus replication (Bailey-Elkin et al., 2017). 

For instance, herpesvirus present a variety of DUBs which play an important role in the virus life 

cycle (e.g., UL36USP, Ubiquitin Ligase 36 Ubiquitin Specific Protease) of HSV-1 or the tegument 

protein pUL48 of human cytomegalovirus (HCMV). Regarding HIV-1, a recent study reported that 

several cellular DUBs (USP7 and USP47, Ubiquitin Specific Protease family) play an important role in 

HIV-1 replication by regulating Gag processing and thus the infectivity of released virions (Setz et 

al., 2017). Moreover, treatment with DUB inhibitors targeting USP47 causes a general Gag 

processing defect, indicating that USP47 interacts with Gag and prevents its entry into the UPS. 

Similarly, proteasome inhibitors have been shown to impact HIV-1 replication by reducing the 

release and maturation of infectious particles (Schubert et al., 2000) or by suppressing its 

transcription (Yu et al., 2009). 
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There are no reports regarding the effects of the inhibition of the proteasome on ASFV replication 

or possible manipulation of their components for the infection advantage. 

4.2 Ubiquitin conjugating enzyme encoded by African swine fever virus 

Concerning the UPS, it is important that ASFV encodes itself an ubiquitin enzyme. The ASFV gene 

I215L is the only known viral encoded ubiquitin-conjugating enzyme E2, UBCv1 (Hingamp et al., 

1992b; Rodriguez et al., 1992), which is externally located in ASFV virions (Hingamp et al., 1995b). 

Ubiquitin conjugating enzymes or E2 enzymes are responsible of ubiquitin chain initiation and 

elongation, regulate the processivity of chain formation and establish the topology of assembled 

chains, thereby determining the consequences of ubiquitylation for the modified proteins.  

 Active E2 possess a core ubiquitin-conjugating (UBC) domain, which contains the catalytic Cys 

residue (Figure I4).    

The UBC domain provides the E2 with a structural framework to communicate with the correct E1 

to attach ubiquitin, but not ubiquitin like protein (UbLs), and to engage with an E3 ligase.  In general, 

E2 bind their cognate E1s with significant affinity only if the E1 is carrying their specific modifier 

(Haas et al., 1996; Schulman and Harper, 2009).  

 

The interactions between E2 and E3s are usually weak, with dissociation constants in the 

micromolar range. E2 decide which lysine residue receive the next ubiquitin, the substrate or a 

previous ubiquitin chain (Ye and Rape, 2009). 

E2 can be classified by its function as ubiquitin chain initiation and elongation enzymes. Several E2, 

as UBE2w and UBE2E2, function in ubiquitin chain initiation, whereas others such as UBE2K promote 

chain elongation (Christensen et al., 2007). Some E2 involved in ubiquitin chain initiation (especially 

those of the UBE2D family) lack specificity for a Lys residue in the substrate, which allows them to 

initiate chain formation on a diverse set of substrates for multiple E3s (Kirkpatrick et al., 2006). In 

contrast, other E2 are more selective and recognize substrate residues in proximity to the modified 

Lys. E2 involved in ubiquitin chain elongation often depend on the prior attachment of the first 

Figure I4: E2 structure. The UBC domains 

from different E2 have similar structures 

composed of four α-helices, an antiparallel β-

sheet formed by four strands, and a short 3 
10

 

–helix .The highly conserved active site Cys is 

located in a superficial groove connecting α-

helix 2 with α-helix 3 and a long loop proximal 

to the active site. Adapted from (Stewart et 

al; 2016) 
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ubiquitin to a Lys residue in the substrate (priming). Both the Lys63-specific chain elongating E2 

UBE2N-UBE2V1 and the Lys11-specific chain elongating E2 UBE2S lack the capability for ubiquitin 

chain initiation (Christensen et al., 2007; Williamson et al., 2009). Most E2 involved in ubiquitin chain 

elongation interact with the substrate attached ubiquitin, which results in the striking specificity of 

UBE2S for Lys11-linked chains, UBE2K for Lys48-linked chains and UBE2N-UBE2V1 for Lys63-linked 

chains (Haldeman et al., 1997; VanDemark et al., 2001). In contrast, some initiating E2 extend short 

ubiquitin chains, before the elongating E2 takes over, thereby increasing the rate of ubiquitin chain 

formation. An example is the E2 UBE2C, which initiates the formation of Lys11-linked ubiquitin 

chains on the human E3 APC/C, promoting the degradation of a large family of substrates during the 

short time span of mitosis (Rape et al., 2006). Finally, a few E2 catalyse both the initiation and the 

elongation of specific ubiquitin chains (Petroski and Deshaies, 2005; Saha and Deshaies, 2008). 

The ASFV encoded E2 conjugating enzyme UBCv1 has between 30% and 48% of identical aa 

compared to other cellular UBC enzymes. The C-terminal extension of UBC enzymes is variable in 

length but all of them have a high percentage of acidic residues (Hingamp et al., 1992a). The 

ubiquitylation of some viral proteins, such as the product of the ASFV gene PIG1 ORF were UBCv1-

dependent but did not require E3 activity (Hingamp et al., 1995a). The only described in vitro binding 

of UBCv1 is the protein SMCp, which was identified with the yeast two hybrid system (Bulimo et al., 

2000). This is a truncated protein containing an ARID (A/T rich interaction domain) DNA binding 

domain and shares high identity to the human proteins SMCX/Y (Agulnik et al., 1994) and 

retinoblastoma binding protein 2 (Fattaey et al., 1993) but the functional implications of these 

interactions remain elusive.  

Indeed, mutagenesis of the UBCv1 sequence showed that the acidic C-terminal extension of UBCv1 

is required for preferential accumulation of UBCv1 in the nucleus (Bulimo et al., 2000). A recent 

study shows that pI215L (or UBCv1) acts as an E2-ubiquitin like enzyme at a large range of pH values 

and temperatures in an in vitro ubiquitination assay. These experiments also revealed that this viral 

protein is polyubiquitinated and that the catalytic site Cys85, plays an important role in this reaction. 

Previous studies about the localization of this protein presented some conflicting results. The last 

study described UBCv1 as an early protein which is located throughout the nucleus and cytoplasm, 

being present in the VF from 8 hpi. In addition, the knockdown of this gene by siRNA impaired viral 

infection (Freitas et al., 2018). 
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4.3 The host translation machinery  

Ubiquitination plays an important role in host translation by regulating in some cases the ribosome 

associated quality control (RQC) (Juszkiewicz and Hegde, 2017). It is well known that viruses have 

developed mechanisms to take advantage of the cellular translation activity in order to synthesize 

their own proteins. Most of these strategies consist in switching on/off the activity of key initiation 

factors that are essential for the host protein synthesis what is known as Shut-off”. Translation is a 

complex process that involves the recruitment of the ribosomes to the mRNA by eukaryotic 

translation initiation factors (eIFs). eIFs play a central role in this process, thereby viruses hijack 

them for their own advantage, promoting viral translation.  

A major host antiviral response involves the phosphorylation and the resulting inactivation of eIF2, 

leading to the suppression of translation (Jan et al., 2016). The phosphorylation of the initiation 

factor eIF2 is one of the most important steps in the regulation of the cellular translation. Several 

cellular protein kinases mediate the phosphorylation of the eIF2α subunit on Serin52 (Donnelly et 

al., 2013; Proud, 2005; Wek et al., 2006).  Among them, the double stranded RNA-activated kinase 

(PKR) and the PKR-like endoplasmic reticulum (ER) kinase (PERK) play a major role in sensing 

response to viral infections (Barber et al., 1993; Berlanga et al., 2006; Garcia et al., 2007). 

In particular, it is known that ASFV viral infection modulates two important events in initiation of 

translation: the phosphorylation of eIF2 (Rivera et al., 2007)and the targeting of eIF4F and 4E-BPs 

to recruit the ribosome and components of the translation machinery to the viral mRNAs in the VFs 

(Sanchez et al., 2013b).  

The majority of eukaryotic mRNAs utilize a 7-Methylguanosine-50-triphosphate (m- 7-GTP) cap to 

mark their 5´ ends and harbour a 3´ polyA tail, both of which influence mRNA stability and 

translation. ASFV mRNAs are structurally similar to the cellular mRNAs, and the fact that ASFV 

mRNAs are capped suggests that they are translated by a canonical cap-dependent mechanism, as 

occurs with most of cellular mRNAs.  

Viral control of eIF2α phosphorylation can be exerted by activating the phosphatase or inhibiting 

the kinase. ASFV genome encodes a protein (DP71L) that binds to the catalytic subunit of protein 

phosphatase 1 (PP1) vivo and activates the enzyme both in vitro and in vivo (Rivera et al., 2007; 

Zhang et al., 2010). Individual expression of DP71L induces a decrease of phosphorylated eIF2α, 

thereby DP71L could keep the translation machinery active to allow viral protein synthesis. 

Nevertheless, the deletion of DP71L in the viral strains Malawi Lil 20/1 and E70 did not imply an 

increase in the cellular levels of p-eIF2α, suggesting that as VACV, ASFV possesses alternative 

mechanisms to avoid eIF2α phosphorylation (Zhang et al., 2010). Vaccinia virus (VACV) encodes 
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genes that exert both mechanisms. Similar to ASFV infection, p-eIF2α levels decrease at early ASFV 

infection and remain undetectable throughout the infection (Castello et al., 2009b; Garcia et al., 

2007; Jagus and Gray, 1994).  

Viruses can also recruit ribosomes and regulate the formation of the eukaryotic translation initiation 

factor 4F (eIF4F) complex. EIF4F, as a key component of the cap-dependent translation machinery, 

is deeply regulated in response to several extracellular stimuli, stress and viral infections. EIF4F is a 

complex composed by three proteins: eukaryotic translation initiation factors 4A (eIF4A), 4E (eIF4E) 

and 4G (eIF4G) (Prevot et al., 2003). EIF4E binds to the m7GpppG 5′ terminal ‘cap’ structure of mRNA 

and eIF4G is a scaffolding protein that forms a molecular bridge between the mRNA and the small 

ribosomal subunit 40S. eIF4G coordinates the initiation of translation: the N-terminal domain 

recruits the mRNA by its interaction with the cap-binding factor eIF4E and the cytoplasmic Poly(A) 

Binding Protein (PABP). The C-terminal domain recruits the small ribosomal subunit 40S by its 

interaction with eIF3 and eIF4A, enhancing the activity of this latter (Jackson et al., 2010); Figure I5. 

eIF4G has been reported to be a substrate for caspase-3 (Bushell et al., 1999; Prevot et al., 2003), 

being its proteolytic cleavage a potential cause of the shut-off during apoptosis (Marissen and Lloyd, 

1998). EIF4A is a DEAD-box ATPase and ATP-dependent RNA helicase implicated in uncoiling the 

secondary structure of the 5´end of the mRNA together with eIF4B (Prevot et al., 2003). 

On the other hand, ASFV has another regulation mechanism which induces mammalian target of 

rapamycin (mTOR)-mediated phosphorylation of eIF4G at Ser1108 (Castello et al., 2009b), which 

has been associated to “translational activation” (Kimball et al., 2000; Raught et al., 2000), and also, 

ASFV triggers the phosphorylation 

of eIF4E at Ser209 by Mnk-1 

(Sanchez et al., 2013a). During 

ASFV infection, eIF4E 

phosphorylation takes places 

after 8hpi and is related to an 

enhancement of the viral 

replication and protein synthesis 

(Castello et al., 2009b). The eIF4E-binding proteins (4E-BPs) are well-known translational repressors 

of the cap-dependent translation (Sonenberg and Hinnebusch, 2009). In its hypo-phosphorylated 

state, 4E-BPs are able to bind and hijack the eIF4E factor, preventing it from binding to eIF4G and 

impairing eIF4F assembly. When 4E-BPs are inactivated by mTOR-mediated hyperphosphorylation, 

they cannot bind eIF4E, allowing cap-dependent translation (Bhandari et al., 2001; Gingras et al., 

Figure I5. Eukaryotic translation initiation machinery. Adapted 

from ViralZone, Expasy 
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1999; Richter and Sonenberg, 2005). Similar to VACV and other DNA viruses, it has been described 

that ASFV infection promotes 4E-BP1 phosphorylation at early times post-infection, but in this case, 

it is progressively hypo-phosphorylated at later times (from 14 hpi) (Buchkovich et al., 2008). The 

hypophosphorylation observed at late times post- infection may be due to a viral mechanism to stop 

the viral protein synthesis when late morphogenesis stage is taking place. However, the activities of 

eIF4G and eIF4E per se are essential for ASFV, since its silencing abrogate viral protein synthesis, 

viral factory formation and virus production. In the case of the depletion of eIF4E, the viral factories 

detected in the cytoplasm of the infected cells are aberrant, while depletion of eIF4G promotes a 

reduction in size and number of the factories (Castello et al., 2009b).  

We characterized previously in our laboratory an interaction between UBCv1 and the 40s ribosomal 

protein S23 (rps23) that was further corroborated by pull down assays (unpublished). This 

interaction could target this subunit to regulate host translational machinery (“host or cellular Shut-

off”). In the context of this complex regulation of viral host translation we set out to analyse a 

possible interaction between UBCv1 and the 40s ribosomal protein S23 (rps23) previously found by 

the yeast two hybrid as described below. To date nothing has been published about the possible 

role of this protein interaction that we have analysed in the present work.  

4.4 Host defence inhibition by African swine fever virus 

Ubiquitylation is also a relevance process in the regulation of signalling cascades of the innate 

immune response (Ebner et al., 2017). For these reason, we decided to study the possible role of 

viral UBCv1 in this complex cellular response. Innate immunity is the first line of host defence against 

viral invasion and is critical for eliciting subsequent adaptive immunity to ultimately eradicate an 

infection (Palm and Medzhitov, 2009; Schenten and Medzhitov, 2011). The initiation of the innate 

immune response is based on the recognition of invading viruses by host cells via the detection of 

pathogen-associated molecular patterns (PAMPs). To this end, cells have a cooperative array of 

host-encoded pattern recognition receptors (PRRs) that activate signal transduction pathways to 

coordinate an effective response against viruses (Akira, 2006; Kawai and Akira, 2009). Some of these 

pathways are schematic in Figure I6. 

The transcription factor nuclear factor kappa light-chain enhancer of activating B cells (NF-κB) 

regulates the expression of proinflammatory cytokines and chemokines, as well as type I IFN (IFNα, 

IFNβ) and exerts a key action in the antiviral immune response. NF-κB is activated by sensing through 

PRRs as Toll-like receptors (TLRs) or inflammatory cytokines such as tumour necrosis factor- α (TNF-

α) and interleukin-1 (IL-1β). These upstream signalling pathways involve common intermediates 

including the adaptor proteins TNF receptor associated factor (TRAF) E3 ligase and IκB kinase (IKK).  
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In this pathway the formation of chains activates the transforming growth factor beta-activated 

kinase 1 (TAK1) complex (Lys 63-linked) and IKK complex (methionine-1-linked UB chains) 

(Emmerich et al., 2013). TAK1 activation of the IKK catalytic subunits (IKKα and IKK) follows the 

simultaneous recruitment of these complexes (Rao et al., 2010). Activated IKK phosphorylates IκBα, 

predominantly via the action of IKKβ, triggering its Lys 48-linked polyubiquitination and proteasomal 

degradation and inducing the nuclear translocation of associated NF-κB subunits (Kanarek and Ben-

Neriah, 2012; Mohamed and McFadden, 2009). In non-activated cells, IκB inhibits the nuclear 

translocation of NF-κB complex subunits p65 and p50 avoiding gene transcription. Hence, viruses 

have evolved several proteins that inhibit the activation of immune response by preventing NF-κB 

activation. This mechanisms could be classified extracellular inhibitors (secreted by the virus) and 

intracellular inhibitors (Le Negrate, 2012; Mohamed and McFadden, 2009). One of the strategies 

used by poxviruses to interfere with NF-κB activation is the secretion viral versions of innate immune 

receptors or ligand-binding proteins for several cytokines that activate NF-κB, such as IL-1β, IL-18, 

TNFα and CD135 (Alcami, 2007). Within the intracellular inhibitor category, we can find inhibitors 

of TLR-mediated signalling, viral inhibitors of IKK complex and inhibitors through SCF β-TrCP.  For 

instance, VACV protein A42 and A52 which are similar to TIR domain, both inhibit NF-κB activation 

and IFNβ induction. A52 blocks type I IFN production and NF-kB activation through IL-1R, IL-18R, 

TLR4 and TLR3 because this viral protein bind to both interleukin-1 receptor-associated kinase 2 

(IRAK2) and TRAF6 (Le Negrate, 2012). VACV protein A49, which contains an IκBα-like motif, 

prevents NF-κB activation through inhibition of E3 ligase β-TrCP (Mansur DS et al 2013). 
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Host cell antiviral response also include the activation of the IFN regulatory factors (IRFs), producing 

type I IFN. Many TLRs induce the activation of IRF3, including sensors like  TIR domain-containing 

adaptor-inducing IFN-β (TRIF) and retinoic acid–inducible gene I (RIG-I) (Brubaker et al., 2015). 

Another critical sensor of cytosolic dsDNA, the cyclic GMP -AMP synthase (cGAS), triggers IRF3/ NF- 

κB activation (Sabbah and Bose, 2009). 

Activating protein-1 (AP-1) transcription factor can also be hijacked by viruses (Gazon et al., 2017). 

The regulation of AP-1 is complex and occurs at multiple levels, ranging from dimer composition, to 

transcriptional and post-translational events, and to specific interactions with other transcription 

cofactors. Downstream TAK1, two signalling cascade diverge in order to activate the AP-1 

transcription factor, MAPK kinases (MKK) and IKK kinases (Mogensen, 2009).  

African swine fever virus (ASFV) expresses several proteins that inhibit the activation of the innate 

immune response, some of them inhibiting NF-κB activation. ASFV encodes an IκB homolog, the 

A238L protein, that inhibits transcriptional activation of NF-κB (Powell et al., 1996; Revilla et al., 

1998) and other transcription factors (NFAT, cJun, cFos) thereby inhibiting the expression of several 

proinflammatory cytokines (Miskin et al., 1998). A238L also inhibits p65/RelA acetylation, p300 and 

CREB-Binding protein thereby inhibiting the expression of inflammatory regulators cyclooxygenase-

2 (COX-2) and TNFα (Granja et al., 2006a; Granja et al., 2006b; Granja et al., 2009).  Also, A276R 

Figure I6. Principles in innate immune signaling.  Implication of TLRs signaling and dsDNA/RNA sensing in 

the activation of AP-1, NF-κB and IRF3 transcription factor. 
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protein from multigene family (MGF) 360 inhibits the induction of interferon-β (IFN-) via TLR3 and 

cytosolic pathways, affecting IRF3), but not IRF7 or NF-κB (Correia et al., 2013). Another TLR3 

homolog is the I329L protein, inhibiting the induction of IFN at the level of TIR-domain-containing 

adapter-inducing interferon-β (TRIF) (de Oliveira et al., 2011). Finally, a member of MGF530, the 

A258R protein, inhibits both IFN and NF-KB pathways of the type I IFN stimulation (Afonso et al., 

2004; Correia et al., 2013). The L86L ORF encodes for a non-essential gene and has been recently 

described to interact with host protein IL-1β although the implications in innate immune response 

are unknown (Borca et al., 2018).  No inhibitor proteins of the JAK-STAT signalling cascade have been 

described in ASFV to date. Globally, all these data illustrate several viral-induced mechanisms 

encoded by ASFV to counteract the cellular immune response as this is a characteristic common to 

large DNA nucleus-cytoplasmic viruses.  
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          OBJECTIVES 

 

1. Study the ubiquitin-proteasome system in African swine fever virus infection, especially 

at early stages. 

2. Characterize the early expression ASFV gene I215L, which codify for the viral ubiquitin 

conjugating enzyme UBCv1.  

3. Confirm an ubiquitin conjugating activity for this viral UBCv1. 

4. Determine the possible cellular targets of UBCv1 by several approaches. 

5. Analyse the function and mechanism of action of UBCv1 in the innate immune response. 

6. Confirm the relevance of the pathways studied in this work in a global transcriptome 

analysis of ASFV infected macrophages.  
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1. Cell culture  

1.1 Cell lines 

- Vero (ATCC CCL-81): kidney epithelial cells originating from the African green monkey 

Cercopithecus aethiops. In this study, Vero cells were used in infection assays with the Vero-adapted 

ASFV strain BA71V. 

-Cos-7 (ATCC CRL-1651): a fibroblast like cell line derived from the African green monkey 

Cercopithecus aethiops. This cell line is also sensitive to ASFV infection. They were obtained from 

immortalizing CV-1 cells with a modified SV40 virus that can produce large T antigen but has a defect 

in genomic replication. 

-HEK 293T/17 (ATCC CRL-11268): Commonly known as 293T cells, they are immortalized human 

embryonic kidney cells through expression of the SV40T antigen. These cells are commonly used 

because of their high transfection rate. 

-Swine alveolar macrophages:  primary culture isolated by flushing the lung with phosphate-

buffered saline (PBS), as described (Carrascosa et al., 1982). These cells are natural targets of ASFV 

infection. 

-Sf21 (IPLB-Sf21-AE): ovarian cells isolated from Spodoptera frugiperda (Fall Armyworm). They can 

be used in suspension culture or as a monolayer. Sf21 were used in this study for the generation of 

recombinant baculovirus. 

Vero and Cos cell lines were maintained in Dulbecco´s modified Eagle medium (DMEM) containing 

100 U/ml penicillin, 100 g/ml streptomycin, 2 mM GlutaMAX and supplemented with 5% and 10% 

of heat-inactivated fetal bovine serum (FBS), respectively. 293T cell line were cultured in the same 

conditions as Cos cells. Swine alveolar macrophages cultured in RPMI medium with 10% of FBS, 

2mM GlutaMax, 50 µM 2-mercaptoethanol, 20 mM Hepes and 30 µg/ml gentamicin.  All these 

mammalian cells were grown in controlled temperature of 37°C and 5% CO2 atmosphere saturated 

with water vapour. 

Sf21 cells were cultured at 27°C in TNMFH medium with 10% heat-inactivated fetal bovine serum 

(FBS) and gentamicin (50 μg/ml). 

2. Viruses and infection 

2.1 Viruses 

We used the cell culture-adapted non-pathogenic ASFV isolate Ba71V. The Ba71V-30GFP 

(BPP30GFP), expressing the GFP gene fused to the promoter of the early viral p30 protein, inserted 

in the TK locus (Barrado-Gil et al., 2017). 
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2.2 Isolation and viral purification 

ASFV isolate strain Ba71V was propagated in Vero cells as previously described (Enjuanes et al., 

1976). When a higher quality of the viral stock was required, ASFV was partially purified by a sucrose 

cushion (40%) in PBS at 30000 g for 50 min at 4°C. For the analysis of purified virions extracellular 

ASFV was purified by an OptiPrep solution in PBS at 90000 g for 20 h at 4°C. 

2.3 Infection with the virus 

Viral infections were carried out in Vero and in COS‐7 cells. Cells were seeded at the desired density 

the day before and then infected at different multiplicity of infection (moi) depending on the 

experiment requirements. The viral inoculum was added to the minimal medium volume containing 

completed DMEM 2% FBS. FBS was always reduced to 2% in the inoculum at the time of viral 

adsorption and throughout the infection process. Viral inoculum was incubated on the cells for 90 

min at 37°C. After the incubation, supernatant was removed and new fresh DMEM 5% FBS was 

added. When synchronization of infection was required, virus adsorption was performed for 90 min 

at 4°C followed by a cold phosphate-buffered saline (PBS) wash to remove unbound virus, then, cells 

were rapidly shifted to 37°C with fresh pre-warmed medium.   

2.4 Virus titration 

Total viruses from cell lysates and supernatants were collected and titrated by standard plaque 

assay. Monolayers of Vero cells were infected with 10-fold serial dilutions from samples and viral 

adsorption lasted 90 min in 2% FBS at 37 °C. The viral inoculum was then removed and a 1:1 of 2% 

low-melting-point agarose and complete 2X EMEM was added. Plaque visualization was possible at 

10 days after staining with violet crystal. When using the recombinant BPP30GFP green fluorescent 

plaques were observed 4 days after infection in a fluorescence microscope. 

3. Chemical reagents 

3.1   Inhibitors 

Arabinosylcytosine, AraC (Sigma Aldrich): incorporates into DNA and inhibits DNA replication by 

forming cleavage complexes with topoisomerase I resulting in DNA fragmentation; does not inhibit 

RNA synthesis. 

Bafilomycin A1 (Sigma Aldrich): endosomal acidification inhibitor. It is a specific inhibitor of vacuolar 

type H+-ATPase (V-ATPase) in animals, plants and microorganisms. 

Bortezomib (Santa Cruz Biotechnology): A cell-permeable dipeptidylboronate compound that 

selectively inhibits 20S proteasome. It was the first proteasome inhibitor approved by FDA for 

clinical anticancer treatment. 
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Cicloheximide, CHX (Sigma Aldrich): antibiotic that inhibits protein synthesis in eukaryotes resulting 

in cell growth arrest and cell death.  

Dynasore (Calbiochem): a small molecule GTPase inhibitor that targets dynamin-1, dynamin-2 and 

Drp1 (mitochondrial). It blocks dynamin-dependent endocytosis and scission of endocytic vesicles. 

5-ethylisopropyl amiloride, EIPA (Sigma Aldrich): selective blocker of Na+/H+ pump exchanger. 

Lactacystin (Santa Cruz Biotechnology): a potent and selective irreversible proteasome inhibitor 

that acts as a highly specific inhibitor of the 20S proteasome. Blocks proteasome activity by targeting 

the catalytic β-subunit. Acts as a covalent inhibitor of the chymotrypsin- and trypsin-like activities 

of the proteasome. Also inhibits NF-κB activation. 

LY294200 (Gibco): specific inhibitor of PI3K that abolishes AKT phosphorylation on both sites (Thr-

308 and Ser‐473). 

MG132 (Calbiochem): potent, reversible, and cell-permeable proteasome inhibitor. Reduces the 

degradation of ubiquitin-conjugated proteins in mammalian cells by the 26S complex, without 

affecting its ATPase or isopeptidase activities. Activates c-Jun N-terminal kinase (JNK1) which 

initiates apoptosis. Also inhibits NF-kB activation. 

Pyr-41 (Sigma Aldrich): cell permeable inhibitor of ubiquitin activating enzyme (E1) with little or no 

activity against E3, E2, or caspase enzymatic activity.  

Wortmannin (Sigma Aldrich): potent and specific phosphatidylinositol 3-kinase (PI3-K) inhibitor  

3.2    Antibiotics 

Ampicilin (Roche), Kanamycin (Roche), Gentamicin (Gibco), Penicillyn/Streptomycin (Life 

Technologies). 

3.3    Other reagents 

hIL1β (Peprotech):  proinflammatory cytokine produced in a variety of cells, including monocytes, 

tissue macrophages, keratinocytes, and other epithelial cells. Recombinant Human IL-1β is a 17.3 

kDa protein containing 153 amino acid residues. 

hTNFα (Peprotech):  pleiotropic pro-inflammatory cytokine secreted by various cell types.  It belongs 

to the TNF family of ligands, and signals through two receptors, TNFR1 and TNFR2. Recombinant 

human TNF-α is a soluble 157 amino acid protein (17.4 KDa) which corresponds to C-terminal 

extracellular domain of the full length transmembrane protein. 

PMA (phorbol 12-Myristate 13-Acetate, SCBT): Known activator of AP-1 factors. Activates c-Jun N-

terminal kinase. It is also used as an agonist for protein kinase C.  
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3.4   Antibodies 

Primary 
antibodies 

Specie Technique Dilution Manufacturer 

ARF3 Mouse 
Immunofluorescence 

Western Blot 
1:50 

1:500 
SCBT (sc-135841) 

CULLIN4 Mouse 
Immunofluorescence 

Western Blot 
1:50 

1:500 
SCBT (sc-377188) 

eIF4E Mouse 
Immunofluorescence 

Western Blot 
1:50 

1:500 
SCBT (sc-9976) 

FLAG Rabbit 
Immunofluorescence 

Western Blot 
1:100 

1:2000 
Sigma Aldrich (F7425) 

HA Mouse Immnofluorescence 1:100 
Sigma Aldrich 

(H3663) 
HA‐HRP Rabbit Western Blot 1:2000 Invitrogen (PA1-29751) 

IκBα Mouse Immunofluorescence 1:50 SCBT(sc-1643) 
IκBα Rabbit Western Blot 1:100 Cell Signalling (9242) 

Laminin A/C    Rabbit Western Blot 1:500 Proteintech 

c‐Myc Mouse Immunofluorescence 1:100 Invitrogen (MA1-980) 

c‐Myc‐HRP Rabbit Western Blot 1:1000 
Miltenyl Boitec (130-

092-113 ) 
p‐ IκBα Mouse Immunofluorescence 1:50 SCBT (sc-8404) 
p‐ IκBα Mouse Immunofluorescence 1:500 Cell Signalling (9246) 

p65 Mouse Immunofluorescence 1:50 SCBT (sc-8008) 

p30 Mouse 

Immunofluorescence 

Western Blot 
Flow cytometry 

1:200 

1:1000 

1:50 

Dr.Escribano 
(INIA, Madrid) 

p72 (1BC11) Mouse 
Immunofluorescence 

Flow cytometry 
1:1000 Ingenasa 

p72 (18BG3) Mouse Western Blot 1:2000 Ingenasa 
p150 (17AH2) Rabbit Immunofluorescence 1:100 Ingenasa 

RPS23 Mouse Immunofluorescence 1:100 Abcam (ab57664) 
RPS23 (1E3) Mouse Western Blot 1:1000 Sigma Aldrich 

RPL11 (D1P5N) Rabbit Western Blot 1:1000 
Cell Signaling 

(18163S) 

TRAF2 Mouse Immunofluorescence 1:50 SCBT (sc-136999) 
TRAF3 Mouse Immunofluorescence 1:50 SCBT (sc-6933) 

Tubulin (B512) Mouse Western Blot 1:2000 Sigma Aldrich  (T5168) 

vE2 Rabbit 
Immunofluorescence 

Western Blot 
1:100 

1:2000 

Generated in this 
thesis 
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α‐20S 
Proteasome α‐

1,2,3,5,6,7 

Mouse 
Immunofluorescence 

Western Blot 
1:100 

1:1000 
Calbiochem (ST1049) 

Α‐20S 
Proteasome β1 

Mouse 
Immunofluorescence 

Western Blot 
1:50 

1:500 
SCBT (sc-374405) 

Ubiquitin (FK2) Mouse 
Immunofluorescence 

Western Blot 
1:50 

1:500 
Enzo (BML-PW8810) 

Ubiquitin K48 
(Apu2) 

Rabbit 
Immunofluorescence 

Western Blot 
1:50 

1:500 
Calbiochem 

(05-1307) 
Ubiquitin K63 

(Apu3) 
Rabbit 

Immunofluorescence 

Western Blot 
1:50 

1:500 
Calbiochem 

(05-1308) 
Table 1 

Secondary 
antibodies 

Specie Technique Dilution Manufacturer 

Alexa Fluor 
TM 

488 Mouse Immunofluorescence 1:300 Thermo Fisher 

Alexa Fluor 
TM 

594 Mouse Immunofluorescence 1:200 Thermo Fisher 

Alexa Fluor 
TM 

647 Mouse Immunofluorescence 1:200 Thermo Fisher 

Alexa Fluor 
TM 

488 Rabbit Immunofluorescence 1:200 Thermo Fisher 

Alexa Fluor 
TM 

594 Rabbit Immunofluorescence 1:200 Thermo Fisher 

Alexa Fluor 
TM 

647 Rabbit Immunofluorescence 1:200 Thermo Fisher 

IgG‐HRP Mouse Western Blot 1:5000 Amersham 
IgG‐HRP Rabbit Western Blot 1:2000 Amersham 

PE Mouse Western Blot 1:50 Dako (R0439) 
FITC Mouse Immunofluorescence 1:50 Dako (F0313) 

Table 2 

Chromogens Technique Dilution Manufacturer 

TO‐PRO
TM

‐3 Immunofluorescence 1:1000 
Thermo Fisher 

(T3605) 

DAPI Flow cytometry 1:1000 
Sigma Aldrich 

(D9542) 
Table 3 

4. Protein extraction and electrophoresis assay  

4.1   Lysis Buffers and protein extraction 

Laemmli 2X Buffer (BioRad): cells were washed in PBS and collected in Laemmli Buffer. Samples 

were incubated 1 h at 37°C in presence of Benzonase Nuclease (Novagen). This nuclease remove 

nucleic acids and reduce viscosity from the protein samples. We used this buffer for infection 

samples. 
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Modified RIPA buffer: 50 mM TrisHCl pH7.4, 1 mM EDTA, 1 mM EGTA, 100 mM NaCl, 1% Triton 

X100, 0.2% sodium deoxycholate and 0.1% SDS.  This buffer is supplemented with 1x proteases 

inhibitors (c0mplete Mini, EDTA free protease inhibitor cocktail tablets, Roche) and 1 x 

phosphatases inhibitors (PhosSTOP EASY pack, Roche). We washed seeded cells twice with ice-cold 

PBS and harvested cells in RIPA buffer. The lysates were incubated 20 min in ice. Then, we spun our 

samples at 14000 rpm for 20 min at 4°C to eliminate cellular DNA. We used this buffer for standard 

transfection assays. 

0.5% NP-40 buffer: 0.5% of Nonidet P40 substitute (Sigma Aldrich) in water. This buffer is 

supplemented with 1x proteases inhibitors (c0mplete Mini, EDTA free protease inhibitor cocktail 

tablets, Roche) and 1 x phosphatases inhibitors (PhosSTOP EASY pack, Roche). We washed seeded 

cells twice with ice-cold PBS and harvested cells in 0.5% NP-40 buffer. The lysates were incubated 

20 min in ice. Then, we spun our samples at 14000 rpm for 20 min at 4°C to eliminate cellular DNA. 

We used this buffer for mass spectrometry samples. 

For protein electrophoretic separation assays, proteins samples (mixed with Laemmli Buffer or 

Loading Buffer 4X) were boiled at 100°C for 5 min. After centrifugation, extracts were separated by 

electrophoretic mobility in sodium dodecyl sulphate polyacrylamide gels (SDS-PAGE) in reductive 

conditions. Percentage of acrylamide varied between assays depending on proteins molecular 

weights. 

4.2    Coomassie blue gel staining 

After electrophoretic resolution, proteins were non-specifically dyed with Coomassie brilliant blue 

(Sigma Aldrich). Gels were incubated for 20 min with Coomassie solution (10 % acetic acid, 45 % 

methanol and 0.25 % Brilliant Blue G) to protein staining. For distaining, gels were washed with 10 

% acetic acid - 45 % methanol solution until bands were distinguished. 

4.3   Silver staining 

As an alternative to Coomassie staining, polyacrylamide gels were dyed with silver staining solution. 

After electrophoretic resolution, gels were fixed with 40 % ethanol and 10% acetic acid during 20 

min. Then we followed the manufacturer´s instructions (SilverQuestTM Silver staining kit, 

ThermoFisher). 

4.4   Immunodetection by western Blot 

Once the proteins were electrophoretically separated, they were transferred to a 0.45 µm 

nitrocellulose membrane (Amersham) at 100V during 90 min. Blocking was made incubating 

membranes for 1 h with PBS supplemented with 0.05% Tween-20 (Sigma Aldrich) and 5% of non-fat 

milk. Membranes were then incubated with primary antibodies diluted in blocking solution (2 % 
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non-fat-dry-milk in PBS-T) at 4ºC O/N, secondary antibodies conjugated with horsedish peroxidase 

were added in blocking solution 1h at room temperature. Antibodies dilutions used are indicated in 

Table 1 and 2. The protein marker Precision Plus Protein WesternC (BioRad) and the Precision 

Protein StrepTactin-HRP Conjugate (BioRad) were used for developing. To expose the proteins, an 

ECL detection kit (Amersham) was employed following manufacturer´s instructions. The protein 

expression was analysed in the molecular imager Chemidoc XRSplus Imaging System. Bands were 

quantified by densitometry and data were normalized using the Image Lab software (BioRad). 

5. Immunofluorescence 

Vero cells were seeded at a variable density onto 13 mm glass coverslips in 24 well plates prior to 

infection, transfection or drug treatment. Then, cells were washed with PBS and fixed with 4% 

paraformaldehyde (PFA) for 15 min. After a PBS wash, cells were permeabilized 10 min with 0, 1% 

Triton X-100 in PBS. Then, coverslips were washed with PBS and incubated for 1 h in 2% bovine 

serum albumin (BSA, Sigma) diluted in PBS. Slides were then incubated for 1 h in primary antibody 

diluted in 1% BSA in PBS. The appropriate secondary antibody conjugated to Alexa Fluor-488, -594 

or -647 (ThermoFisher) was used and cell nuclei was detected with TOPRO3 (ThermoFisher). 

TOPRO3 stain has a very strong binding affinity for dsDNA and due to a carbocyanine-based dye 

generates far-red fluorescence. Antibodies dilutions used are indicated in Table 1 and 2 and 

chromogens in Table 3. Coverslips were mounted on glass slides using ProLong Gold (ThermoFisher).  

Cells were visualized using TCS SPE confocal microscope (Leica) and data analysed using Leica 

Confocal Software.  

6. Microscopy 

6.1   Conventional fluorescent microscopy 

This equipment was employed to detect and count the number of plaques generated by BPP30GFP 

infection.  

6.2    Confocal microscopy 

A Leica TCS SPE Microscope was used with a 63X Oil immersion objective. The Image acquisition was 

performed with a Leica Application Suite Advanced Fluorescence Software (LAS AF). All the images 

were taken with a 1024 X 1024 pixels resolution. Images were processed with Adobe Photoshop CS6 

(Adobe Systems Inc.). 

7. Flow cytometry 

Vero cells were seed in 24-well plates at the indicated concentrations, followed by infection with 

the indicated virus at a moi of 1 pfu/cell. Cells were washed with PBS after 90 min of adsorption at 

37°C and incubated with DMEM 2% 16 h. Cells were then harvested by trypsinization, and washed 
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with flow cytometry buffer (PBS, 0.01% sodium azide, and 0.1% bovine serum albumin). Cells were 

fixed and permeabilized with Perm2 (BD Sciences) for 10 min at room temperature (RT). Detection 

of ASFV infected cells was performed by incubation with anti-p30 monoclonal antibody or anti-p72 

monoclonal antibody for 30 min at 4 °C, followed by incubation for 30 min at 4°C with phycoerythrin 

(PE)-conjugated anti-mouse immunoglobulins (Dako) or Fluorescein Isothiocyanate (FITC) diluted 

1:50. In order to determine the percentage of infected cells per condition, 10,000 cells/time point 

were scored, analysed in a FACS Canto II flow cytometer (BD Sciences) and processed using FlowJo 

software. 

8. Cell cycle analysis by DAPI staining 

We used flow cytometry to study the cell cycle profile of Vero cell treated with some inhibitors. We 

used DAPI to dye DNA and determine the proportion of those cells in G1, S and G2 phase. After 

treatment, cells from a T-25 flask were detached with trypsin, washed with PBS and fixed with 2ml 

of cold ethanol 70%. After washing the cells twice with PBS1X-Triton X100 0.03%, DNA is stained 

with 500 µl of DAPI solution (DAPI at 1µg/ml in PBS1X-Triton X100 0.03%) at 4°C O/N. Labelled cells 

were analysed for DAPI staining using FACS Canto II flow cytometer (BD Sciences) and percentages 

of cells in G1, S or G2 phases were processed using FlowJo software. 

9. Polymerase chain reaction 

9.1   Conventional PCR 

Conventional reactions of PCR were used to obtain inserts in cloning processes and also to check  

ligation after cloning. For each reaction, we added 1X PCR Pyrobest Buffer II for supplied by the 

manufacturer (Takara), dNTP mixture (2.5mM each), 0.5µM of each primer, 100-200 ng template 

DNA and 1 U of Pyrobest DNA polymerase (Takara). Thermocycle programme differed depending 

on the product size and the Melting Temperature (Tm) of primers. When needed, PCR products 

were isolated in agarose gels and purified as described in section 10. 

9.2   Quantitative real time PCR 

DNA from uninfected and infected cells were purified using the DNAeasy blood and tissue kit 

(Qiagen). DNA concentration was measured using a Nanodrop spectrophotometer. The qPCR assay 

used fluorescent hybridation probes to amplify a region of the p72 viral gene, as described 

previously (King et al., 2003). The amplification mixture was 300 ng of DNA template added to a final 

reaction mixture of 20 µl containing 50 pmol sense primers, 50 pmol anti-sense primer, 5 pmol of 

probe and 10 µl of Premix Ex Taq (2X) (Takara). Positive amplification controls were DNA purified 

from ASFV virions at different concentrations as standards. Each sample was included in triplicates 

and values were normalized to standard positive controls. Reactions were performed using the ABI 
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7500 Fast Real-Time PCR System (Applied Biosystems) with the following parameters: 94 °C 10 min 

and 45 cycles of 94 °C for 10 sec and 58 °C for 60 sec. 

9.3 Mutagenesis by PCR-driven overlap extension 

Extension of overlapping gene segments by PCR is a simple, versatile technique for site-directed 

mutagenesis and gene splicing. Initial PCRs generate overlapping gene segments that are then used 

as template DNA for another PCR to create a full-length product. Internal primers generate 

overlapping, complementary 3′ ends on the intermediate segments and introduce nucleotide a 

substitution for site-directed mutagenesis. Overlapping strands of these intermediate products 

hybridize at this 3′ region in a subsequent PCR and are extended to generate the full-length product 

amplified by flanking primers that can include restriction enzyme sites for inserting the product into 

an expression vector for cloning purposes.  

10. Molecular cloning 

During this study, several genes have been cloned in different plasmids. In general, the gene of 

interest was amplified by PCR using viral ASFV genome or certain vectors as DNA template. The 

cloning process of these products required the usage of the following steps: 

10.1 PCR product checking 

For DNA electrophoresis, agarose gels were used (Sigma-Aldrich) with concentrations between 0.7% 

and 1.5% (w/v) in TAE buffer and SYBR Safe DNA Gel stain (ThermoFisher) was employed. PCR 

products were mixed with loading buffer (0.25 % Bromophenol Blue, 50 % glycerol and 1 mM EDTA). 

10.2 DNA purification from PCR product 

In order to purify our product of interest the SpeedTools PCR Clean Up kit (Biotools) was used 

following the manufacturer´s protocol. 

10.3 Digestion 

After purification, amplicon and vector were digested with specific restriction enzymes following 

manufacturer´s instructions to each restriction enzyme (Roche).  

10.4 Ligation 

Ligation reactions were performed with T4 ligase (Roche) following conventional procedures and 

manufacturer´s instructions. 
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10.5 Primers 

Name Sequence Description Application 

NotI UBCv1 FW 
XbaI UBCv1 RV 

GCGCGCGGCCGCAGTTTCCAGGTTTTTAATAGC  
GCGCTCTAGATTACTCATCATCCATCTCTTCATC          

UBCv1/UBCvmut 
cloning in 
pcDNA4/To-3XFlag 

Transfection 

UBCv1mutC85A 
Fw 
UBCv1mutC85A 
RV 

CCCTGATGGAAGACTAGCAATCTCTATCTTACAC
GGAGACAATGC 
GCATTGTCTCCGTGTAAGATAGAGATTGCTAGT
CTTCCATCAGGG 

Punctual mutation 
C85A UBCv1 

Punctual 
mutation 

BamHI UBCv1 FW 
XbaI UBCv1 RV 

GCGCGGATCCATGGTTTCCAGGTTTTTAATAG 
GCGCTCTAGACTCATCATCCATCTCTTCATCC 

UBCv1 cloning in 
pFB-His-KDEL 

UBCv1 
production 

UBE2C Fw 
UBE2C RV 

CATGATGTCTGGCGACAAAG 
GCAGATGTTTCCTTGGGTGT 

Macrophage 
UBE2C 
amplification 

qPCR 

ISG15 Fw 
ISG15 RV 

GGTGCAAAGCTTCAGAGACC 
CCTCGAAAGTCAGCCAGAAC 

Macrophage ISG15 
amplification 

qPCR 

TNF Fw 
TNF Rv 

CCACCAACGTTTTCCTCACT 
CCAAAATAGACCTGCCCAGA 

Macrophage TNF 
amplification 

qPCR 

IFN Fw 
IFN Rv 

GAGGGAGGGAAAGAAAGTGG 
TTTCTGGTTTCCACCCTGAC 

Macrophage  IFN 
amplification 

qPCR 

NFKBIA Fw 
NFKBIA Rv 

TCGCTCTTGTTGAAGTGTGG 
TAGGGCAGCTCATCCTCTGT 

Macroph NFKBIA 
amplification 

qPCR 

CCL4 Fw 
CCL4 Rv 

ACTGTCCTCTCCCTCCTGGT 
ACTCCTGGACCCAGTCATCA 

Macrophage  CCL4 
amplification 

qPCR 

CXCL8 Fw 
CXCL8 Rv 

TGGCAGTTTTCCTGCTTTCT 
CAGTGGGGTCCACTCTCAAT 

Macrophage  
CXCL8 
amplification 

qPCR 

Table 4 

11. Bacterial manipulation 

11.1 Bacterial strains 

The following Escherichia Coli strains were used in this work:  

-DH5α (Invitrogen): [F-Φ80lacZΔM15Δ (lacZYA-argF) U169 recA1 endA1 hsdR17 (rK-, 

mK+) phoA supE44 λ- thi-1 gyrA96 relA1]. This strain (refe Hanahan 1983) was used to obtain the 

different plasmids generated in the lab and to amplify all vectors. 

-DH10Bac MAX Efficiency (Invitrogen): [F-mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

ΔlacX74 recA1 endA1 araD139Δ(ara, leu)7697 galU galKλ-rpsL nupG/pMON14272/pMON7124]. 

This strain was used for production of recombinant bacmids used in the Bac-to-Bac™ Baculovirus 

Expression System. MAX Efficiency DH10Bac Competent Cells can serve as a host for a recombinant 

pFastBac™ vector containing a cloned gene of interest. DH10Bac cells harbour a baculovirus shuttle 

vector (bMON14272) and a helper plasmid (pMON7142) and can generate high molecular weight 

bacmids that can then be amplified, purified, and used for insect cell transfection and subsequent 
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gene expression. Kanamycin resistance for bacmid selection and maintenance is conferred by 

bMON14272, and tetracycline resistance by pMON7124. 

11.2 Bacterial culture 

DH5α strain was cultivated at 37 °C in Luria-Bertani medium (LB) supplemented with Ampicillin or 

Kanamycin (150 or 100 μg/ml respectively) depending on plasmid resistance gene. MAX Efficiency™ 

DH10Bac™ Competent Cells transformed with pFastBac™-based plasmid were grown at 37°C in LB 

broth containing 50 µg/mL kanamycin sulfate, 7 µg/mL gentamicin and 10 µg/mL tetracycline. 

For preservation, bacteria were conserved in the same media with 30% of glycerol at -80°C. 

11.3 Bacteria transformation and DNA isolation 

Bacteria was transformed by heat shock method. In the case of DH5α, 100 μl of competent cells 

were mixed with 100 ng DNA and maintained for 20 min on ice, then 90 sec at 42º C and finally 5 

min at 4º C. After transformation, bacteria were recovered in LB at 37°C with 250 rpm shaking for 

1h. The dilution is then spread on LB Agar plates. 

DH10Bac strain were mixed with 50 ng of DNA and maintained for 30 min on ice, then 45 sec at 

42°C. After transformation these bacteria was recovered in S.O.C medium at 37°C with 250 rpm 

shaking for 4h. Spread 100 µL of this dilution on Luria Agar (Miller's LB Agar) plates that contain 

kanamycin sulphate (50 µg/ml), tetracycline (10 µg/ml), gentamicin (7 µg/ml), X-gal (100µg/ml) and 

IPTG (40 µg/ml).  The Φ80dlacZΔM15 marker provides α-complementation of the β-gal gene from 

the bacmid vector and therefore can be used for blue/white screening of colonies on bacterial plates 

containing X-gal. 

Isolation of plasmid DNA from transformed bacteria with the corresponding vector cultures was 

performed using the commercial kit “Speedtools plasmid DNA purification kit” (Biotools), “Plasmid 

Midi Kit” (Qiagen), “Plasmid Maxi Kit” or “Plasmid Mega Kit” (Qiagen) depending on the quantity of 

DNA desired. 

12. Transient transfection 

Transient transfections were carried out with Lipofectamine 2000 (LF2000, Invitrogen) following 

manufacturer’s instructions. Then, cells were recovered with DMEM 2 % FBS O/N. After 16 - 24 

hours, cells were infected and analysed at indicated times post infection or directly analysed by 

confocal microscopy. 

13. Fluorometric assay 

The activity of the proteasome was measured using the Proteasome Activity Assay Kit (Merck 

Millipore) at a range of times post-infection in Vero cells seeded in 24 well-plates and infected with 

ASFV at a multiplicity of 1 pfu/cell. The assay was based on the detection of the fluorophore 7-
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Amino-4-methylcoumarin (AMC) after cleavage from the labelled substrate LLVY-AMC. Results were 

analysed by Tecan GENios fluorometer and XFlour 4 software (Tecan Switzerland) after 60 minutes 

of reaction following the manufacturer´s instructions. 

14. Immunoprecipitation (IP) 

Co-immunoprecipitation (Co-IP) is one of the most widely used methods to identify novel proteins 

that associate with a protein of interest. HEK 293T cells were transfected with pCDNA4/To 

expressing Flag-tagged WT UBCv1 or mutant UBCv1 and one of the possible interactors with a 

different tag, using PEI or LF2000 transfection reagent (Table 8). After 24 h, cells were washed once 

with ice-cold PBS and lysed with IP buffer (10% glycerol, 10mM CaCl2, 150 mM NaCl, 20 mM Tris-HCl 

[pH 7.4], 0.1% Triton-X100, and proteases/phosphatases inhibitors [Roche]). Post-nuclear 

supernatants were incubated with FLAG M2 resin (Sigma Aldrich) for 16 h at 4°C. After 3 washes 

with ice-cold IP buffer, the beads were boiled in the presence of sample buffer and analysed by 

immunoblotting. 

15. Ubiquitylation assay 

To examine ubiquitylation, HEK 293T cells were seeded in a 60mm plate, transfected with 3XFLAG-

UBCv1 (2.5 µg) or UBCV1mut (2 µg) and different types of HA-Ub (2 µg) using LF2000 (Table 8). 24 

h later were lysed in TNE buffer (50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 1 % NP-40, 1 mM EDTA and 

1 mM DTT) supplemented with N-ethylmaleimide (Sigma-Aldrich) as described previously (Yamazaki 

et al., 2009). Samples were centrifuged (10 000 x g for 30 min) and supernatants were mixed with 1 

volume of 2 % SDS TNE. Samples were heated at 90 °C for 10 min to eliminate non-covalent 

interactions. Lysates were diluted 10-fold in TNE buffer and subjected to FLAG immunoprecipitation 

for 16 h using FLAG M2 resin (Sigma-Aldrich). Samples were washed three times in TNE buffer and 

analysed by immunoblotting.  

16. Dual luciferase reporter assay 

16.1 Cells transfection 

293T cells were seed in 96-well plates at a density of 5 x 10 6 cells per well. Transfection was 

performed with the polyethylenimine (PEI) agent. PEI condenses DNA into positively charged 

particles that binds to the anionic cell surface residues and insert into the cells via endocytosis. For 

the transfection protocol, PEI was mixed with Opti-MEM (Life Technologies) following the ratio 50 

µl Opti-MEM for 3 µl PEI per µg of DNA. The PEI was incubated with Opti-MEM for 5 minutes at 

room temperature, and then the DNA was added to the mixture and incubated for a further 20 

minutes. After the incubation the mixture was added drop wise onto cells. 
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16.2 Dual Luciferase reporter assay 

The dual luciferase reporter assay (DLA) system sequentially measures the activities of two distinct 

luciferase enzymes, Firefly (Phontinus pyralis) and Renila (Renilla reniformis), expressed from the 

same sample. The firefly luciferase reporter is measured first by adding the Luciferase Reagent to 

generate a stabilized luminescent signal. The constitutively expressed Renilla luciferase signal acts 

as an internal control and normalizes changes in the luminescence due to factors such as the 

transfection efficiency between samples.  

Cells were transfected with reporter plasmids containing the firefly luciferase gene (driven by the 

promoter of interest) and the constitutively active Renilla luciferase plasmid. The firefly luciferase 

reporters and the quantity used in the current study are indicated in Table 5. Each pathway was 

stimulated by using different inducers which were also included in the transfection (Table 6) or an 

extracellular activator. 24 h post-transfection, the cell medium was removed and the cells were 

washed gently with ice-cold PBS. Cells were then lysed with 100 ul of 1X Passive Lysis Buffer (PLB; 

Promega) and stored at -20°C until measurement. FLuc and RLuc activity was measured in a 

Clariostar plate reader (BMG Biotech) using manufacturer´s protocol. FLuc/RLuc ratios were 

calculated for each well and normalised to empty controls. 

16.3  Constructions 

Reporter 
Plasmid Quantity Description 

pNF‐κB‐Luc 
70 ng 

Luciferase reporter vector that contains a firefly luciferase gene driven by 
four copies of NF-κB response element located upstream of the minimal 
TATA promoter 

pIFNβ‐Luc 
70 ng 

Luciferase reporter vector that contains a full length IFN-β promoter 
driving expression of a firefly luciferase reporter gene 

pISG56.1‐Luc 
70 ng 

Luciferase reporter vector containing the natural promoter of the ifit1 
gene, which is exclusively activated by IRF3 

pAP‐1‐Luc 
250 ng 

Luciferase reporter vector that contains the AP-1 promoter which lead 
to the expression of firefly luciferase reporter gene 

pISRE‐Luc 
70 ng 

Luciferase reporter vector containing tandem repeats of the ISRE (IFN-
stimulated responsive elements) riving expression of the firefly 
luciferase reporter gene 

pTK‐Renilla 
10 ng 

Renilla luciferase plasmid which contains the luciferase gene under the 
control of the thymidine kinase (TK) promoter 

Table 5 
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Activator Plasmid Quantity  Pathway Description 

pcDNA4/To‐TRAF2 
10 ng NF-κB 

Mammalian expression vector containing the TNF 
receptor-associated factor 2 

pcDNA4/To‐TRAF6 
10 ng NF-κB 

Mammalian expression vector containing the TNF 
receptor-associated factor 6 

pcDNA4/To‐ RIG‐I 40 ng 
NF-κB 
IFN-β 

Vector that contains the cytosolic dsRNA sensor 
retinoic acid-inducible gene 

pCAGGS‐ RIGICARD 
5 ng 

IFN-β 
IRF3 

Vector that contains RIG-I and the two N-terminal 
caspase recruitment domains (CARDS) 

pcDNA3‐ STING 
20 ng 

NF-κB 
IFN-β 

Vector containing the stimulator of interferon genes 

pcDNA4/To‐cGAS 
20 ng 

NF-κB 
IFN-β 

Vector containing the ds DNA sensor cyclic GMP-AMP 
synthase  

pcDNA4/To‐TAK1 
40 

NF-κB 
AP-1 

Mammalian expression vector that codify for the 
transforming growth factor beta-activated kinase 1  

M5P‐TRIFΔRIP 
40 ng 

NF-κB 
IFN-β 

Retroviral expression plasmid that contains TIR-
domain-containing adaptor-inducing interferon-β 

M5P‐IKK‐β 
50 ng NF-κB 

Plasmid containing the inhibitor of nuclear factor 
kappa-B kinase subunit β 

pcDNA4/To‐p65 
2 ng NF-κB 

Vector that conatins the transcription factor p65, also 
known as RELA 

Table 6 

Control plasmid Quantity Pathway Description 

pcDNA4/To-coC6 
25 ng 

IFN-β 
IRF3 

Plasmid that contains the vaccinia virus protein C6 

(Bcl-2-like family, codon optimized) 

pcDNA4/To-A49 
25 ng 

NF-κB 
AP-1 

Plasmid that contains the vaccinia virus protein A49 

(Bcl-2-like family) 

Table 7 

17. Plasmids 

pcDNA4/To-3XFlag-UBCv1 pcDNA3-HA-Ub K63  

pcDNA4/To-3XFlag-UBCv1mut pcDNA4/To-3XFlag-βTrCP 

pcDNA3.1-3Xmyc-CUL4B (Addgene 19922) pcDNA3.1-myc-CUL1 

pcDNA3.1-Arf3-HA (Addgene 79414) pcDNA3.1-myc-CUL2 

pcDNA3.1-HA-eIF4E (Addgene 17343) pcDNA3.1-myc-CUL3 

pcDNA3.1-HA-WT pcDNA3.1-myc-CUL4A 
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pcDNA3.1-HA-UbK48R pcDNA3.1-myc-CUL5 

pcDNA3.1-HA-UbK63R pcDNA3.1-myc-TAK1 

pcDNA3.1-HA-Ub K48   

Table 8 

18. Ribosome fractionation  

Monolayers of Vero cells infected or non-infected with ASFV were treated with 100 µg/ml of 

cicloheximide (CHX) 10 min at 37°C. . After 48 hpi, cells were removed with a scraper, centrifuged 

at 2,000 rpm for 5 min, washed twice with PBS supplemented with 100 μg/ml of cicloheximide (CHX) 

and resuspended in 1X LSB (200 mM de Tris pH 7.4-7.5, 100 mM NaCl y 30 mM MgCl2 , 100 µg/ml 

CHX). After an incubation on ice for a few minutes, the lysate was homogenized in a detergent buffer 

(1.2% Triton-X100, 0.2 M de sucrose and 100 µg/ml CHX, dissolved in 1X LSB) with the help of a 

dounce homogenizer. After that, the samples were spinned at 13,000rpm for 10 min and the 

supernatant was mixed with Heparin solution (10mg/ml Heparin and 1.5M NaCl in 1X LSB). For 

polysome profile, 15% to 50% sucrose gradients were made by mixing 15% and 50% sucrose 

solutions (sucrose dissolved in 1X LSB) in a gradient former. Samples were loaded on top of sucrose 

gradients and centrifuged for polysome separation at 36.000 rpm for 2h at 4º C in a SW40 Ti rotor 

(Beckman Coultier). Finally, fractions of 1ml were collected and precipitated using the 

methanol/chloroform protein precipitation method. We added 4 volumes of ethanol 1 volume of 

chloroform and 3 volumes of ddH2O per volume of sample.  

19. Generation of a specific antibody against I215l viral protein or UBCv1  

The pFBvE2 plasmid was generated by cloning the sequence the I215L gene, codify by ASFV, into 

the pFastBac1 vector. In this case, our pFastBac1 vector contained a 6-His tag and also the KDEL 

sequence in the C-terminal site. The bacmid were produced by means of the constructed pFastBac1 

vector with the Bac-To-Bac baculovirus expression system (Invitrogen, Life Technologies). Our 

recombinant baculoviruses particles (rBacs) were obtained by transfecting Sf21 cells with those 

recombinant bacmid using CellfectinII Reagent (Invitrogen, Life Technologies) following the 

manufacturer´s instructions. After producing a large amount of rBacs, they were inoculated into 

Trichoplusia ni insect larvae thanks to Algenex company. Our protein of interest was solubilized by 

homogenization of the Lepidoptera larvae in an extraction buffer (20mM Na-Ph, 500mM NaCl, 

0.01% Triton X100 and 10 mM Imidazol supplemented with proteases inhibitors). Subsequently the 

samples were 15 min at 15000 rpm and filtered with Miracloth filter (Calbiochem). UBCv1 or vE2 

was purified by Talon Metal Affinity Resin (Clontech) following manufacturer’s instructions.  
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Finally, 1 mL fractions were collected and protein concentrations were determined by the Bradford 

method using a protein assay kit (Bio Rad Laboratories) and resolved in 12% SDS-PAGE gels. Gels 

were stained with Coomassie blue or transferred to nitrocellulose membranes. Immune detection 

of His, was performed by Western blot analysis using His-HRP antibody (Clontech). 

20. Mass spectrometry 

Stable isotope labelling by amino acids in cell culture (SILAC) is a simple, robust, yet powerful 

approach in mass spectrometry (MS)-based quantitative proteomics. It bases on the metabolic 

incorporation of non-radiactive, stable isotope labelled essential amino acids (aa) into newly 

synthesized proteins. 293T cells were grown in DMEM deficient in lysine and arginine (Specialty 

Media, Millipore) supplemented with 10% dialyzed fetal bovine serum (DFBS), 100 U/mL penicillin 

and 100 µg/mL Streptomycin (Pen/Strep, Life Technologies). We generated three different labelling, 

by adding lysine (K0) and arginine (R0) (light media),13C6 15N2-lysine (K8) and 15N4-arginine (R4) 

(medium media) or 13C6 15N4-lysine (K10) 13C6-arginine (R8) (heavy media) (Cambridge Isotipe 

Laboratories). Cells grown in this medium incorporated these aa after five cell doublings and SILAC 

amino acids had no effect on cell morphology or growth rates. Each 14.5cm dish was transfected 

with 10 µg of one of our different plasmid using PEI (ratio 1 µg: 3 µl). Next day, cells were harvested 

in 0.5% NP40 in PBS supplemented with protease and phosphatase inhibitors.  Afterwards the total 

amount of protein was evaluated using the Pierce BCA protein assay kit (ThermoFisher). 

Subsequently we incubate the same amount of each protein lysate with 50 µl of FLAG M2 resin 

(Sigma Aldrich). Finally, after 16h, beads were cleaned and resuspended in 20uL of LDS NuPAGE LDS 

sample buffer (4X, ThermoFisher) and boiled for 5 min. When light, medium and heavy cell 

populations are mixed, they remain distinguishable by MS, and protein abundances are determined 

from the relative MS signal intensities.  

21. Next Generation Sequencing 

Alveolar macrophages were infected with Ba71V at a moi approximately of 100pfu/cell. Virus 

adsorption was carried out by spinoculation as previously described (Carter et al., 2005), and cells 

were then placed at 37°C for 6 or 16 hours postinfection. We analysed the comparisons between 

transcripts found in uninfected control macrophages compared to macrophages infected at 6 and 

16 hpi. 

Total RNA from cultured cells was isolated with TRI-Reagent (Sigma-Aldrich) and following the 

manufacturer’s instructions. RNA samples were quantified on a spectrophotometer and we 

analysed the effectivity of the infection by qPCR. Library were prepared by Poly(A) mRNA magnetic 
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isolation module, titrated by qPCR, sequenced in a 1x75 single reads sequencing run on a 

NextSeq500 sequencer. Bioinformatics tools for downstream analysis of raw data were Cufflinks 

(http://cufflinks.cbcb.umd.edu/), which uses this map against the genome to assemble the reads 

into transcripts by grouping into meaningful groups. 

We obtained quality control of sequences, detecting those overrepresented. Then, preprocessing 

was performed removing adapters when necessary and processing for quality and size the 

sequences obtained. Mapping was performed against the reference Sus scrofa genome and against 

the African swine fever virus genome.  

22. Cytotoxicity assay 

We analysed cell viability under every drug treatment with the CellTiter 96 Non-radioactive Cell 

Proliferation Assay (Promega), following manufacturer's instructions. The cytotoxic activity of the 

organic solvent DMSO was also included. We also confirmed the cell viability of these concentrations 

by counting the number of cells after each treatment. Vero cells seeded in 24-well plates were 

treated with the highest non-toxic concentration of drug. After 16h cells were harvested, staining 

with Trypan Blue and counted in a TC 20 Automated cell counter (BioRad). Based on these results 

we selected the optimal non-toxic or working concentrations for the infection assays. 

23. Statistical analysis 

The experimental data were analysed by one-way ANOVA by Graph Pad Prism 5 software. For 

multiple comparisons, Bonferroni´s correction was applied. Values were expressed in graph bars as 

mean±SD of at least three independent experiments unless otherwise noted. A p value ˂0.05 was 

considered statistically significant. 
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1. The Ubiquitin-proteasome system (UPS) in ASFV infection 

1.1 Proteasome inhibitors decreased ASFV infection 

In our study of the early ASFV infection stages, we searched for a role of the proteasome system as 

it has been shown to be relevant for several viral infections. First, we analysed the effect of 

proteasome inhibition at the final stage of the ubiquitin-proteasome pathway. We used MG132, 

widely used as a reversible and cell permeable proteasome inhibitor (Lee and Goldberg, 1998), 

Lactacystin, an irreversible proteasome inhibitor (Lopez et al., 2011) and the 26S subunit 

proteasome inhibitor Bortezomib (Cheng et al., 2014; Keck et al., 2015; Teale et al., 2009). To 

determine whether proteasome inhibition could influence ASFV infection, we treated cells for 1 h 

with several concentrations of MG132, Lactacystin or Bortezomib and then infected with ASFV 

(Figure R1). We calculated the non-toxic highest concentration of these inhibitors without an effect 

in cell viability. Also, cell cycle analysis showed no changes within S-phase in the time postinfection 

analysed (16 hpi; not shown). After 16 hpi, ASFV infectivity was analysed by flow cytometry by early 

p30 and late p72 protein expression using monoclonal antibodies against these viral proteins. While 

the percentage of cells expressing p30 was not affected at any drug concentration (Figure R1A), the 

percentage of cells expressing late protein p72 decreased in cells treated with proteasome inhibitors 

(Figure R1B, C). These results indicated that proteasome inhibition did not affect early gene 

expression. However, proteasome inhibitors reduced the number of infected cells expressing late 

protein p72, inhibiting infectivity up to 76% in a dose dependent manner (Figure R1B, C).  
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1.2 Proteasome inhibition affects several ASFV infection parameters  

Then, we further analysed how the viral cycle was affected by proteasome inhibition. ASFV gene 

expression follows a cascade mechanism similar to that described for poxvirus (Moss and Earl, 

2001). Immediate-early and early genes are expressed before DNA replication begins. DNA 

replication is due to the action of several enzymes that are packed in the viral core and are involved 

in the viral transcription. In contrast, the expression of intermediate and late genes is delayed and 

dependent on de novo synthesis of specific transcription factors and viral DNA. Then, considering 

Figure R1. Effect of proteasome inhibitors on ASFV infection. Percentages of ASFV Ba71V-infected 

cells analysed by flow cytometry at 16 hpi using antibodies against early p30 (A) and late p72 (B) viral 

proteins. Vero cells treated with increasing doses of MG132 (0.1, 0.5 and 1 µM), Lactacystin (5, 10 and 

20 µM) and Bortezomib (0.01, 0.1 and 0.5 µM) 1 h prior to infection or left untreated. Data normalised 

to controls were expressed as mean±SD of three independent experiments and compared to DMSO. 

Significant differences were marked with asterisks as indicated (**p<0.01; ***p<0.001). (C) 

Representative flow cytometry profiles of the % of cells expressing the late protein p72.  
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the decrease in the number of cells expressing p72 found in infected cells treated with these 

proteasome inhibitors, we further analysed the status of ASFV viral DNA replication at the same 

conditions. Total DNA from infected cells treated with several concentrations of MG132, Lactacystin 

and Bortezomib was isolated and analysed by qPCR. We detected that the presence of the 

proteasome inhibitors produced a 3-fold inhibition of viral DNA replication (Figure R2A). In addition, 

we studied other altered infection parameters. Late protein expression following MG132 treatment 

was 10-fold reduced at the highest concentration of drug in infected cells, while the production of 

early protein p30 was not significantly modified (Figure R2B). Using increasing concentrations of 

Lactacystin and Bortezomib we observed a 5- and 4-fold reduction respectively in late protein 

expression while p30 remained unaltered (Figure R2B). 

Furthermore, we generated a new tool, an ASF recombinant virus expressing the GFP gene fused to 

the promoter of the early viral p30 protein. The virus BPP30GFP was generated as described in 

Material and Methods and was used for titration. Our above observation of impaired DNA 

replication under proteasome inhibitors was further supported by a 6-fold decrease in green 

plaques production using recombinant BPP30GFP in cells pretreated with the proteasome inhibitor 

(Figure R2C). Then, we analysed viral factory (VF) formation under MG132 proteasome inhibition.  

We studied the morphology and numbers of VF in cells infected for 16 h in the presence and absence 

of MG132 using antibodies against major viral capsid protein p72 and ds-DNA staining Topro3 by 

confocal microscopy. Infected untreated cells presented characteristic p72-positive perinuclear viral 

factories that were absent upon MG132 treatment (Figure R2D).  
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Figure R2. Analysis of proteasome inhibition on several infection parameters. (A) Quantitation of ASFV 

viral DNA at 16 hpi in Vero cells pretreated 1 h with several concentrations of MG132, Lactacystin and Bort. 

Data were compared to DMSO. Significant differences are marked with asterisks as indicated (*p<0.05; 

**p<0.01; ***p<0.001). (B) Representative western blot images of early p30 and late p72 expression in 

cells pretreated with MG132, Lactacystin and Bort and infected with ASFV at 16 hpi. A sample WB image 

for MG132, Lactacystin and Bort (from top to bottom) is shown. Quantification of the bands was corrected 

with tubulin data, normalised to controls values and compared to DMSO. Graphics depict mean±SD of 

densitometry values from three independent experiments. (C) Virus titration by plaque assay of Vero cells 

infected with recombinant virus BPP30GFP at a moi of 1 pfu/cell for 24 hpi in the presence of the inhibitor. 

(D) Representative confocal micrographs of Vero cells treated with 1 µM MG132 and infected with ASFV 

for 16h. Infected cells were labelled for viral protein p72 (green), which labels the viral factories, or early 

viral protein p30 (red), which shows a characteristic diffuse cytoplasmic staining. Bar=10μm. 
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Next, we decided to study the effect of proteasome inhibitors in porcine macrophages, the main 

target for ASFV (Alcami et al., 1990).  We used the highest non-toxic concentration of each drug 

(Figure R3A) to study the impact of the inhibition of the proteasome in viral replication. We 

extracted the total DNA from infected macrophages treated with 1µM MG132, 20 µM Lactacystin 

and 0.5µM Bortezomib and analysed by qPCR. The treatment of porcine macrophages with 

proteasome inhibitors implied at least a 4-fold reduction in ASFV replication (Figure R3B). 

 

 
1.3 Inhibition of the proteasome affects an early stage of ASFV infection 

In order to investigate whether MG132 was specifically blocking virus entry or subsequent events 

at later stages of the infection cycle, we analysed the percentage of cells expressing p72 at 16 hpi 

by flow cytometry adding the inhibitor at different hpi. The number of infected cells was significantly 

reduced when MG132 was added 1 h before infection but was moderate when inhibitor was added 

later, at 3 hpi (Figure R4A, B). This result indicates that proteasome activity is required during early 

stages of infection. Similarly, we further studied the effect of MG132, Lactacystin and Bortezomib 

on viral replication at these times. Cells were pretreated for 1 h or treated at several postinfection 

times with MG132, Lactacystin or Bortezomib (1, 20 and 0.5 µM respectively). Total DNA from 

infected cells treated with the inhibitors was isolated and analysed by qPCR. We found that 

inhibition of the proteasome with MG132 produced a 4-fold inhibition when added prior, at the 

time of infection or at the first hpi (Figure R4C). This inhibition decreased moderately when 

treatment was started at 3 or 6 hpi and no changes in DNA replication were observed when the drug 

was added later than this time point. Lactacystin and Bortezomib caused 2.2-fold inhibition when 

Figure R3. Proteasome inhibitors affected ASFV replication in porcine macrophages. (A) A cytotoxicity 

assay of inhibitors MG132 (1 µM), Lactacystin (20 µM) and Bortezomib (0.5 µM) was used to select the 

non-toxic working concentrations. (B) Quantitation of ASFV viral DNA at 16 hpi in macrophages pretreated 

1 h with 1µM MG132, 20µM Lactacystin and 0.05µM Bortezomib. Data were compared to DMSO. 

Significant differences are marked with asterisks as indicated (*p<0.05; **p<0.01; ***p<0.001). 
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added at any time during the first hpi but inhibition was also moderate after this time point. With 

these data we could conclude that the timing when an active proteasome is needed for ASFV 

infection is between 0-6 hpi. The earlier the treatment was applied; the more significant effect was 

found in infection (Figure R4C).  

 

 

 

Figure R4. Proteasome function is required at an early stage of infection. (A) Time-course of ASFV 

infectivity under inhibition with MG132. Inhibitor was added either 1 h before (-1 hpi), at the time of 

infection (0 hpi) or at 1 to 7 hpi. Infectivity was measured as the percentage of cells expressing the late 

protein p72 at 16 hpi by flow cytometry. (B) Representative flow cytometry profiles of each time of 

treatment. (C) Quantification of viral DNA replication in Vero cells treated with MG132, Lactacystin or 

Bortezomib 1 h prior or 0 to 7 h after infection.  Mean±SD correspond to three independent experiments. 

Differences are marked with asterisks as indicated (*p<0.05; **p<0.01; ***p<0.001).   
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1.4 Proteasome inhibition prevents ASFV DNA uncoating  

We considered the possibility that viral DNA replication failed to occur because the absence of the 

proteasome function could prevent complete virion uncoating prior to replication. Hence, ASFV 

genome would remain inside the virus core impairing access of the newly synthesized viral 

replication proteins to start DNA replication. To test this model, we performed a decapsidation 

assay. Vero cells were pretreated 1 h with DMSO, Baf or MG132 and then infected at a moi of 10 

pfu/cell. After viral synchronization at 4°C for 90 minutes, infection was allowed to proceed for 3 h. 

Then, cells were washed with cold PBS 1X and treated with 0.05% trypsin-EDTA for 10 minutes at 

37ºC to remove the membrane-bound virus. We used Bafilomycin (Baf), a specific inhibitor of 

vacuolar type H+-ATPase and endosomal acidification, as a control of decapsidation inhibition. 

Previous studies of ASFV entry demonstrated that internalization of virus particles required a 

specific temperature and the acid pH of the late endosome (Alcami et al., 1990; Cuesta-Geijo et al., 

2012; Galindo et al., 2015; Valdeira et al., 1998). The decapsidation assay was conducted by 

quantifying the number of fully encapsidated particles, double labelled for viral capsid p72 and core 

p150, and the number of decapsidated virions or intact cores with single staining for p150 (Figure 

R5A, B). We counted cores remaining intact (single label) at 3 hpi in 50 cells per condition and 

treatment. Counts were normalised to the total virion number (double plus single label; Figure R5C). 

At 3 hpi, virions go through uncoating and most progress towards replication (in DMSO conditions). 

Contrarily, if uncoating were affected, intact viral cores would accumulate. Intact viral core rates 

were depicted in the graph and showed a decrease in core breakdown under proteasome inhibition. 

In cells treated with MG132, the percentage of intact viral cores increased significantly and to a 

higher extent than in the Baf uncoating-inhibition control where encapsidated virions 

predominated. Altogether with above data, these findings could indicate a role for the proteasome 

in viral core degradation. 
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1.5 Proteasome activity increases at late infection 

Given the relevance of the proteasome for ASFV infection and several other virus models, we next 

analysed the activity of the proteasome along ASFV infection. A fluorometric assay was performed 

to measure the proteolytic activity in control or ASFV infected cells harvested at several time points 

(moi of 1 pfu/cell). Proteasome activity increased significantly later after infection (16 and 24 hpi) 

compared to uninfected cells. No significant changes were found at early times (1-8 hpi) as we can 

observe in Figure R6A. We used Lactacystin as a negative control of proteasome activity and also a 

Figure R5. Proteasome inhibition decreased core breakdown of ASF viral particles. (A) Schematics show 

the disposition of virion layers. The outer capsid composed by ASFV p72 major capsid protein is 

represented in red colour and the inner core with the viral core protein p150 in green colour. Encapsidated 

virions would double label to both proteins in yellow while uncoated virions lose capsid staining and would 

single label in green. Empty virions positive for capsid protein p72 yielded a red signal.  Representative 

confocal microscopy images of ASFV infected cells labelled for viral major capsid protein p72 (red) and 

inner core protein p150 (green). Cells were pretreated with 1 µM MG132, 200 nM Bafilomycin and infected 

for 3 hpi at a moi of 10 pfu/cell. Bar=10μm (B) Number of intact cores (green) and encapsidated virions 

(yellow) per cells in each condition 3hpi. (C) Graphical representation showing the percentages of uncoated 

viral cores in cells treated with DMSO, MG132 and Baf normalized to the total number of virions counted 

in 50 cells per condition.   
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positive control, both provided by the commercial assay kit (see Materials and Methods). This 

positive control was a very strong proteasome activity inducer and yielded 4-fold activity than 

uninfected control cells.  

Then, we studied the location of the proteasome protein by confocal microscopy in infected cells at 

16 hpi. In infected cells proteasome expression shifted from the nucleus (in controls) to the 

cytoplasm in infected cells recognized as such by p72 staining of the viral factory (Figure R6B). 

Fluorescence intensity quantification of confocal images from more than 10 low power fields 

showed that proteasomes were recruited to the cytosol in infected cells. Infected cells showed 

proteasome staining abundantly distributed throughout the cytosol and nucleus. However, 

uninfected cells showed a significantly lower expression of the protein in the cytoplasm (Figure 

R6C).  

 

1.6 Ubiquitination in ASFV infection 

The effect of ubiquitination depends on whether a single ubiquitin or multiple ubiquitin molecules 

are attached to the substrate. Multiple ubiquitins can be attached to a protein either by 

monoubiquitin addition to different substrate sites or, more commonly, as a polyubiquitin chain 

attached at a single lysine. We can find seven different lysines in ubiquitin that can potentially be 

Figure R6. Proteasome activity increase at 

later times of the infection. (A) Proteolytic 

activity evaluation at several times after 

ASFV infection by a proteasome activity 

assay. Fold changes at several times were 

compared with uninfected cell values. 

Also, a proteasome activity inhibitor 

(Lactacystin) and a very strong proteasome 

activity inducer were used as controls.  (B) 

Representative confocal images of the 

distribution of 20S proteasome protein in 

uninfected or infected cells at 16 hpi. Viral 

factories (VF) stained with late ASFV 

protein p72 (green) and 20S proteasome 

protein (red). Bar=10μm. Graph represents 

the fluorescence intensity of 20S 

proteasome in uninfected and infected 

cells measured using LAS Application 

quantification tool and a Leica TCS SPE 

confocal microscopy. Significant 

differences are marked with asterisks as 

indicated (*p<0.05; **p<0.01; 

***p<0.001). 
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used for ubiquitin-chain synthesis. Proteins bearing Lys48-linked chains of at least four ubiquitin 

molecules are generally substrates for degradation by the proteasome (Thrower et al., 2000). Other 

ubiquitin-ubiquitin linkages have also been documented, correlating each one with different 

functional outcomes. The well-known alternative ubiquitin-chain type is the Lys63-linked chain. 

Attachment to such chains activates specific proteins for DNA repair, signal transduction, and 

endocytosis, among other functions (Pickart and Fushman, 2004). For this reason, we decided to 

study the distribution of ubiquitin chains upon infection. We used antibodies targeted against 

polyubiquitin chains linked through the Lys 48 (Lys48-Ub) or the Lys 63 residues of ubiquitin (Lys63-

Ub) to study their distribution in control or infected cells (moi of 1 pfu/cell) at 16 hpi (Figure R7). 

Polyubiquitin chains connected through Lys48-Ub are commonly related to proteins degradation by 

the 26S proteasome. On the other hand, polyubiquitin chains linked through Lys63-Ub have non-

proteolytic functions associated with signal transduction (Williamson et al., 2013). We observed that 

Lys48-Ub, which imply a degradative signal, were clearly located in the nucleus in control cells. 

However, in infected cells, labelled with p30 or p72 (red), Lys48-Ub distribution shifted partially to 

the cytoplasm acquiring a dotted appearance and occasionally labelled inside viral factories (Figure 

R7A). The regulatory Lys63-Ub was found in the nucleus and in the cytoplasm in control cells (Figure 

R7B). When cells were infected Lys63-Ub was recruited and accumulated adjacent to the VF (Figure 

R7B, zoom). Altogether, these studies pointed out an important role for the ubiquitin system in 

ASFV infection. 
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Figure R7. Pattern of poly- and monoubiquitination in ASFV infection. (A) Lys48-Ub (green) distribution 

in control and Ba71V ASFV-infected cells (red) at 16 hpi. Staining for viral p30 was characteristically 

cytoplasmic while viral p72 accumulated at the viral replication site (red). (B) Lys63-Ub accumulated 

around the viral replication sites or viral factories (VF) in infected cells compared to the dispersed 

distribution controls. Lys63-Ub is shown in green and viral proteins in red. Higher magnification of the 

merged square area is shown on the right. Bar=10μm. 
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2. Study of an ASFV early gene: the viral ubiquitin conjugating enzyme, UBCv1 

Hence, we set out to study possible viral genes manipulating the ubiquitin system, especially 

between those genes that are synthesized early at infection. Then, our first candidate gene was 

ASFV early gene I215L encoding an ubiquitin conjugating enzyme, UBCv1. The scientific interest of 

this protein is high, given the fact that is the only E2 conjugating enzyme codified by a virus described 

to date. 

2.1 Generation of an antibody against I215L viral protein or UBCv1 

2.1.1 Construction of a recombinant baculovirus (rBac) for I215L 

Then, the scientific interest of studying the only known viral E2 conjugating enzyme directed our 

work to analyse this protein in detail and its possible role in the control of the ubiquitylation process 

during ASFV infection. We first generated an antiserum against UBCv1 in rabbits to analyse the 

function performance of this viral protein during infection. The sequence of the viral I215L ORF was 

cloned into a modified pFastBac1 vector and purified by immobilized metal affinity chromatography 

(IMAC) resin as explained below. 

The 657-bp sequence of the viral UBCv1 protein was obtained by PCR amplification using the 

purified DNA of ASFV isolate Ba71V as a template with specific primers containing BamHI and XbaI 

restriction sites. Then, it was subcloned into a modified pFastBac1 vector previously generated in 

our lab. This vector contains a 6X-His tag and also the KDEL sequence in the C-terminal site, which 

acts as a signal for localization of proteins to the lumen of the endoplasmic reticulum (ER) (Gomez-

Sebastian et al., 2014; Munro and Pelham, 1987; Okamoto et al., 1999)(Figure R8A). To determine 

whether the pFB-UBCv1-His-KDEL vector was successfully constructed, the recombinant plasmids 

were digested by restriction enzymes and analysed by agarose gel electrophoresis. We identified 

the target gene by molecular weight (not shown) and sequencing results confirmed a positive match 

of the recombinant gene. Next, the bacmid was produced using the previously constructed pFB-

UBCv1-His-KDEL vector with the Bac-To-Bac baculovirus expression system (Invitrogen, Life 

Technologies). DH10Bac bacteria were transformed with our vector and selected in plates with 

kanamycin, tetracycline, gentamicin, X-gal and IPTG. We analysed the results by PCR with the same 

primers used before to analyse whether the bacmid contained the viral sequence of interest (not 

shown). Then, a monolayer of Sf21 cells was transfected with 1 µg of our bacmid using 

unsupplemented Grace´s insect medium and Cellfectin II, thereby generating our recombinant 

baculovirus particles (rBacs) (Figure R8B). After 72 h at 28°C, we collected the supernatant and the 

cells separately.  These infected cells were lysed using RIPA buffer and analysed by western blot 
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using α-His antibody. A 26 KDa band was obtained in cells infected with rBacs but not in Sf21 control 

cells (not shown). After verification, rBacs were scaled up and produced in large amounts.  

 

 
2.1.2 Purification of UBCv1 protein 

Sf21 were cultured in 4 150cm2 flasks, infected with rBacs and collected when cytopathic effect of 

cells appeared. The recombinant protein was purified in a resin column using α-His-HRP antibody 

and eluted with imidazole. We observed using both techniques that most of the purified UBCv1 

elutes in fraction 3 (Figure R9A), however the degree of purification and the quantity obtained was 

low (0.19 µg/µl). 

Then, we collaborated with the biotech company Algenex, searching for the production of larger 

quantities of purified protein by infecting Lepidoptera Trichoplusia ni (T. ni) pupae. These pupae 

were infected with our rBacs and incubated for 96h at 28 °C and then frozen and lysated with the 

extraction buffer. As above, we tested the expression of UBCv1 in these pupae before protein 

purification. We detected our viral protein in the pellet and supernatant (SN) by western blot and 

Comassie blue staining. Trichoplusia ni (T. ni) pupae infected with an empty baculovirus were used 

as a control (Figure R9B). Finally, UBCv1 was purified by resin column and collected in 1 ml fractions 

(Figure R9C). This method yielded sufficient amount of protein in the elution fraction 3. This fraction 

was dialyzed in PBS, checked by Coomassie staining (Figure R9D) and quantified by Bradford, 

obtaining 1 mg/ml concentration of purified UBCv1. The total amount obtained was injected in 

rabbits for the generation of a polyclonal serum against the viral protein UBCv1 (Protein Alternatives 

SL, PROALT).  

Figure R8. Generation of UBCv1 recombinant baculovirus. (A) UBCv1 sequence amplification and 

subcloning in pFastBac1 vector. This vector codified for a 6X-His tag and also the KDEL sequence in the c-

terminal site. (B) Recombinant bacmid was produced using the previously constructed pFB-UBCv1-His-KDEL 

vector with the Bac-To-Bac baculovirus expression system.  
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2.2 Characterization of the viral protein UBCv1 

2.2.1 UBCv1 expression during infection 

We analysed the expression and cellular distribution of UBCv1 by immunoblotting and 

immunofluorescence assays using the antiserum generated in the laboratory. Previous studies 

about the localization of this protein using either rabbit or mouse polyclonal sera, presented some 

conflicting results. In fact, it has been described that UBCv1 is confined to the cytoplasm of infected 

cells (Hingamp et al., 1995a), while a recent report has found established this protein in the nucleus 

and in the viral factories (Freitas et al., 2018). 

Vero cells were infected with ASFV and harvested at various times postinfection. Separation of cell 

extracts by SDS-PAGE followed by immunoblotting showed a 25-kDa protein detected between 2 

and 24 h after infection with our anti-UBCv1 serum. Indeed, a higher amount of this protein was 

detected late postinfection, indicating that it accumulates during infection (Figure R10A). Early p30 

protein and late p72 protein were analysed in parallel as infection controls.  In order to localize 

UBCv1 during infection we performed immunofluorescence assays at several times postinfection. 

In our experiments we have detected this viral protein since 2 hpi, increasing its quantity with time 

and increasing the number of cells expressing UBCv1 as infection progress. At early times post 

infection UBCv1 was found preferentially in the nucleus of infected cells, being also present but to 

Figure R9. Purification of UBCv1 protein. (A) Quantitation of UBCv1 expression by immunoblotting 

against His and Coomassie gel staining of 1ml fractions obtained after column purification of rBacs 

infected cells.  We included a whole cell lysate sample (WCL), a supernatant sample (SN) and an 

unbound sample (UNB). BSA curve determined UBCv1 concentration (B) Test of UBCv1 expression in 

T.ni pupae lysate by western Blot analysis against His. Pupae were infected with rBacs for 96h, then 

frozen and lysated.  We loaded the supernatant and the pellet samples and the lysate of empty bacmid 

(EV) infected pupae. These samples were also analysed by Coomassie gel staining. BSA curve 

determined UBCv1 concentration. (C) Coomassie gel staining of the first five fractions collected from 

the column purification of rBac infected pupae. (D) UBCv1 expression check of dialyzed third fraction 

of purified infected pupae. 
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a lesser extent in the cytoplasm at later times of infection. Infected cells were recognized as such by 

cytoplasmic p30 staining (early times) or p72 staining of the viral factory (late times). Also, these 

experiments showed that neither UBCv1, nor p30 were present in the viral factory (Figure R10B). 

Following our results, UBCv1 was present mostly in the nucleus of infected cells but also in the 

cytoplasm.  
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2.2.2 Effect of different drugs in UBCv1 expression 

To characterize the stage of infection at which UBCv1 was synthesized, we analysed the effect of 

different inhibitors relevant at early infection stages in the expression of UBCv1 protein as below 

indicated. Prior to infection, Vero cells were pretreated for 1h with the proteasome inhibitors 

Bortezomib, Lactacystin and MG132, the acidification inhibitor Baf, dynamin-inhibitor Dyn, inhibitor 

of Na+H+ exchanger EIPA, PI3K inhibitors Wort and LY294002 or DNA synthesis inhibitor AraC. Cells 

were pretreated for 8 h with 10 µM E1 inhibitor Pyr41. After drug treatment, cells were infected 

with ASFV at moi of 1 pfu/cell collected at 16 hpi in Laemmli buffer and UBCv1 expression analysed 

by western Blot (Figure R11A).  

For a more complete analysis of the infection stages we were studying, we analysed in parallel the 

impact of these drugs on other ASFV proteins together with UBCv1 expression. Proteasome 

inhibitors did not modify, neither early p30 nor UBCv1 protein expression. However, late p72 

protein suffered a 3-4 fold decrease (Figure R11B). Inhibition of the E1 ubiquitin-activating enzyme 

with Pyr-41 prior to ASFV infection did not significantly altered neither UBCv1 expression nor other 

infection parameters such as p30 and p72 expression (Figure R11B). In samples treated with AraC, 

the 25KDa UBCv1 and p30 proteins were detected, as both are expressed early and independent of 

DNA replication. In contrast, as ASFV late gene expression is dependent on virus DNA replication 

and we observed a 10-fold reduction in late protein p72 expression in the presence of AraC, which 

was included as a control. ASFV enter cells by dynamin-dependent and clathrin-mediated 

endocytosis. Then, blocking acidification of endocytic organelles was followed by a 10-fold decrease 

in UBCv1 and 4-fold decrease in p30 expression. Consequently, late p72 expression also presented 

a 12-fold reduction. Next, we studied the consequences of inhibiting the dynamin GTPase with 

dynasore (Dyn) in UBCv1 protein. This drug inhibited drastically p30 and UBCV1 expression and 

therefore p72 expression. The treatment with EIPA, Na+H+ exchanger and inhibitor of 

macropinocytosis (Koivusalo et al., 2010), also entailed an almost complete inhibition of the 

infection. Previous reports identified that EIPA affects negatively infection not only at early but also 

at late times of infection (Galindo et al., 2015). PI3-Kinase activity is also important for ASFV 

infection, for this reason we used the PI3K inhibitors LY294002 and Wortmanin. Early protein p30 

Figure R10. UBCv1 expression during infection. (A) UBCv1 expression in Vero cells infected with ASFV at 

several times postinfection (moi 1 pfu/cell). Early p30 and late p72 proteins were analysed as infection 

controls. (B) Representative confocal micrographs of the distribution of UBCv1 in ASFV infected cells at 

several times. Cells were labelled for UBCv1 (green) using a polyclonal serum and for the following viral 

proteins (red), p150 which label de virions, early p30 which shows a characteristic diffuse cytoplasmic 

staining or late p72 protein which labels the viral factories. Uninfected cells are also shown. Bar=10µm 
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and UBCv1 expression decreased from 1.5 to 2-fold, as late protein p72 (Figure R11B). In conclusion, 

UBCv1 was synthesized after dynamin-mediated viral entry and after viral decapsidation in the late 

endosome, as its synthesis was repressed by inhibitors of acidification as Baf inhibitor of the ATP H+ 

pump and EIPA Na+/H+ exchanger but before the action of proteasome inhibitors. This was a very 

early stage of ASFV infection. 

 

 
2.2.3 UBCv1 is integrated in the viral particle 

Next, we tried to determine whether UBCv1 protein was present in the viral particle. Extracellular 

ASF virions were purified from supernatants of Vero infected cells. We performed localization 

experiments using confocal microscopy and immunoblotting in these purified virions. Infections 

were performed as described in Methods. Vero cells were infected at a moi of 10 pfu/cell and after 

Figure R11. Analysis of UBCv1 expression under the effect of different drugs. (A) Representative western 

blot images of viral UBCv1, early p30 and late p72 expression in cells pretreated with Bortezomib, 

Lactacystin, MG132 (0.5, 20 and 1 µM), AraC (100 µg/ml), Baf, Dyn, EIPA (0.2, 80 and 50 µM), Pyr, Wort 

or LY294002 (10 µM) and infected with ASFV (moi 1 pfu/cell) for 16 hpi. (B) Quantification of the bands 

was corrected with tubulin data, normalised to controls and compared to DMSO. Significant differences 

are marked with asterisks as indicated (**p<0.01; ***p<0.001). 
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cold synchronization at 4°C for 90 minutes, infection was allowed to proceed for 2 h. Then, cells 

were washed with cold PBS 1X and treated with 0.05% trypsin-EDTA for 10 minutes at 37ºC to 

remove the membrane-bound virus. For colocalization experiments with confocal microscopy, 

infected cells on coverslips were fixed and viral particles were detected with antibodies. Viral cores 

were stained for viral core protein p150 (product of the polyprotein pp62) with a specific 

monoclonal antibody in red, while UBCv1 protein was detected with a rabbit antiserum in green. 

We could observe in merge and zoom images, the colocalization between both proteins p150 and 

UBCv1 (yellow), which showed that UBCv1 is present in the ASF viral particle (Figure R12A). 

Also, a 25-kDa protein was detected by immunoblotting of extracellular virion extracts with an anti-

UBCv1 serum following separation of proteins by SDS-PAGE (Figure R12B). However, to rule out the 

possibility that it could be a minor contaminant in virus preparations, the membrane was also 

incubated with tubulin antibody. This result together with p72 detection confirmed that this protein 

could be an integral component of the virus particle. Altogether, our experiments strongly suggest 

that this protein is present in virions. Indeed, we also detected by immunoblotting of purified 

extracellular virions the presence of a Lys48-polyubiquitinated viral protein in the range of 25-30KDa 

(data not shown). This protein could be the signal for proteasome degradation at early stages of the 

infection. 
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3. UBCv1 plasmids construction and transient expression 

In order to further characterize UBCv1 protein localization, interactions and functions, we generated 

plasmids codifying this sequence, one expressing UBCv1 and other mutated form of this protein 

harbouring a mutation in the catalytic domain of the protein (UBCv1C85A or UBCv1mut).  

The 648-bp sequence of the UBCv1 protein was obtained by PCR amplification using ASFV genome 

as a template with specific primers containing NotI and XbaI restriction sites (Figure R13A). From 

that amplified parental sequence we generated our mutated UBCv1 sequence, by using the primers 

UBCv1mutC85A forward (FW) and reverse (RV). Two amplified sequences of 418bp and 230bp with 

an alanine instead of cysteine aa in position 85 were obtained (Figure R13A). The complete 

sequence of this UBCv1C85A was the result of a PCR-driven overlap extension of those sequences 

using the primers containing NotI and XbaI (Figure R13B).  

This sequence was then subcloned into the pcDNA4/To-3XFLAG vector (kindly provided by C. 

Maluquer de Motes) as shown in Figure R13C. To verify these plasmids, they were digested by 

restriction enzymes and analysed by agarose gel electrophoresis and subsequently sequenced. We 

used these plasmids to transfect Vero cell monolayers, which were visualized by 

immunofluorescence using an anti-Flag antibody. The expression of both plasmids FLAG-UBCv1 

(above) and FLAG-UBCv1mut (down) was enhanced in the nucleus. However, protein expression 

was also detected in the cytoplasm of transfected cells (Figure R13D). Then, this corroborated our 

previous results of an important nuclear localization of this protein accompanied by cytoplasmic 

expression. Hereafter, the wild-type construction pcDNA4/To-3XFLAG-UBCv1 will be described as 

3XFLAG-UBCv1 or abbreviated FLAG-UBCv1. The mutated construction pcDNA4/To-3XFLAG-

UBCv1C85A will be described 3XFLAG-UBCv1mut or 3XFLAG-UBCv1mut.  

These plasmids were a very useful tool that allowed us to find several UBCv1 interactors by mass 

spectrometry as well as in the reporter genes assay, as we will explain below. 

Figure R12. UBCv1 is part of purified virions. (A) Representative confocal microscopy images of ASFV 

infected cells for 2 h at a moi 10 pfu/cell, labelled for UBCv1 (green) and inner core protein p150 (red). 

Nucleus was detected by TOPRO staining. (B) Detection of UBCv1 in purified extracellular viral particles 

sample by western blot. We analysed p72 expression and tubulin as controls of purification. Bar=10μm   
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4. UBCv1 acted as an E2 conjugating enzyme in vivo 

The central player in the enzymatic process of ubiquitylation is the E2 (~40 KDa), often presented as 

a simple carrier of ubiquitin. E2s can determine when and how a target is modified by Ub. Each E2 

present different reactivity, for example against cysteine or lysine, and enforce ubiquitylation 

specificity in most cases. Indeed, E2 activity is regulated by different factors like covalent or non-

covalent bindings as well as other helping molecules (Stewart et al., 2016). E2 enzymes are quite 

variable and some can only transfer Ub to a protein (monoubiquitylation) or transfer Ub to a 

previous Ub chain (polyubiquitylation), while others can do both. 

Having in mind that UBCv1 or I215L protein presents a 48% of identity with E2 conjugating enzyme 

G2 and a 44.2% with E2R2 we resolved to analyse whether UBCv1 bound ubiquitin and which kind 

of chains it assembled. Previous studies have revealed that UBCv1 is able to bind one or two 

ubiquitin molecules in vitro and Cys85 mutagenesis imply the loss of the bond between the Ub and 

the viral E2 enzyme UBCv1 (Freitas et al., 2018). For the purpose of this analysis we carried out an 

ubiquitylation assay as described in Materials and Methods. (HEK) 293T cells were transfected with 

Figure R13. Construction and 

transfection of UBCv1 plasmids. (A) 

Amplification of UBCv1 sequence by 

PCR using ASFV genome as 

template. From that sequence we 

also generated another two 

sequences with a mutation in 

cysteine 85 (RV and FW). (B) 

Generation of the complete 

sequence UBCv1mut or 

UBCv1mutC85A by PCR-driven 

overlap extension of those 

sequence. (C) Simplified schedule of 

pcDNA4/To backbone with the 

insertion of UBCv1 and UBCv1mut 

sequences. (D) Representative 

confocal image of Vero cells 

transfected with the plasmid 

pcDNA4/To-3XFLAG-UBCv1 or 

pcDNA4/To-3XFLAG-UBCv1mut. 

Transfected cells with high nuclear 

accumulation but also cytoplasmic 

staining were detected with FLAG 

staining by immunofluorescence 

(green). Bar=10μm 
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various combinations of expression vectors encoding FLAG-tagged UBCv1, UBCV1mut or different 

hemagglutinin (HA)-tagged ubiquitin (Ub, kindly provided by E. Nistal Villán). UBCv1 or UBCv1mut 

were immunoprecipitated after the cell lysates were boiled to avoid co-immunoprecipitation of any 

proteins noncovalently attached to UBCv1, and samples were examined by immunoblotting with an 

anti-HA antibody (Figure R14A). The input samples or whole cells lysate (WCL) for wild-type 

ubiquitin (HA-Ub) resolved as a smear in the upper part of the membrane in all samples, whereas 

after FLAG immunoprecipitation (IP) different anti-HA bands between 40-60 KDa were only detected 

in presence of UBCv1. This result would indicate that UBCv1mut was not able to attach ubiquitin. 

Indeed, after FLAG blotting, in both WCL and FLAG IP we observed that the amount of UBCv1 was 

lower than UBCv1mut, indicating that UBCv1 could be undergoing degradation (Figure R14A). Next, 

four Ub mutants were also included in the experiment: the ubiquitin mutant K48, which contains 

only one lysine residue at position 48 (HA-UbK48), the mutant K63, with only a lysine residue at 

position 63 (HA-UbK63), the ubiquitin mutant R48 which is unable to form polyubiquitin chains at 

Lys48 (HA-UbK48R) and the mutated ubiquitin R63 which polyubiquitin chains formation at Lys63 is 

impaired. After co-expressing each of this mutated ubiquitin with UBCv1 we detected again a smear 

in WCL samples and a variable pattern after FLAG IP (Figure R14B). A weak HA-positive of ~40 kDa 

was detected for Ub-K48, while another two higher molecular-mass bands separated by 8-10 KDa 

were observed when UBCv1 was incubated with Ub-K63.  This could indicate that there was a 

subsequent attachment of Ub at Lys63. Furthermore, polyubiquitination of UBCv1 by Ub-K48R or 

Ub-K63R showed a smear with two marked bands between 34 and 42 KDa approximately. In this 

experiment we also observed that after FLAG antibody detection, UBCv1 expression decreased 

under the attachment of Ub-K48, Ub-K48R or Ub-K63R while in presence of Ub-K63 remained intact 

with respect to control (3XFLAG-UBCv1 IP) (Figure R14B). This would mean that when the viral 

protein bind chains with a degradative signal undergo degradation but remain unaltered when 

UBCv1 bound chains with a regulatory signal. To test whether UBCv1mut could exert this function 

we performed the same experiment, verifying that UBCv1mut was unable to attach any kind of 

mutated Ub after FLAG IP (Figure R14C). This would correlate with the fact that UBCv1mut did not 

present a lower expression under the presence of Ub in any case. These data could indicate the 

versatility of UBCv1 that preferentially assembled K63-, K11-, and K48-linked chains and required 

the catalytic site to act as an E2 ubiquitin conjugating enzyme. 
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5. Interaction between viral UBCv1 and the ribosomal protein RPS23 

Next, we proceed to analyse a number of cellular interactor proteins of UBCv1 that could give 

information about the functions of this viral protein. Viruses manipulate the translation initiation 

machinery to impair cellular protein synthesis while ensuring viral protein synthesis. Some of these 

mechanisms include binding of viral proteins to ribosomal subunits (Bushell et al., 1999; Narayanan 

and Makino, 2013). Previous studies based on a yeast two-hybrid assay found ribosomal protein 

RPS23 as interactor protein of the ASFV UBCv1 (2 positive clones). This interaction was also 

confirmed using a GST pull-down experiments (R. Muñoz Moreno PhD thesis).  

5.1 RPS23 expression during infection 

Given the possible relevance of RPS23 for ASFV infection, in this work we analysed the expression 

of this ribosomal protein along ASFV infection. First, we screened the amount of RPS23 by western 

blot analysis of infected or mock infected (0 hpi) cells, harvested at several time points. ASFV-

infected cells presented increased RPS23 protein expression at early times (1, 2, 4 hpi) compared to 

Figure R14. UBCv1 functions as an E2 conjugating enzyme. (A) Analysis of the interaction between 

UBCv1/UBCv1mut and ubiquitin. HEK293T were co-transfected with FLAG-UBCv1/UBCv1mut and WT HA-

Ub plasmids and lysates incubated with FLAG beads. Immunoblotting against HA and FLAG were used for 

detection. (B) Representative images after immunoprecipitation of HEK293 co-expressing FLAG-UBCv1 

plasmid and one of the HA-Ub variations: HA-UbK48, HA-UbK63, HA-UbK48R or HAUb-K63R. (C) WB 

images showing the results with FLAG-UBCv1mut instead of the WT. In all cases WCL lysates were loaded 

as transfection rate controls. 
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uninfected cells while no significant changes were found at late times (6-24 hpi). A representative 

major infection protein such as late p72 and UBCV1 protein were included to confirm the infection 

(Figure R15A).  

Then, we studied the subcellular localization of RPS23 protein by confocal microscopy in cells 

infected with Ba71V at a moi of 1 pfu/cell and fixed at 16 hpi.  In infected cells, RPS23 expression 

shifted from the cytoplasm (in controls) to the nucleus as detected with a specific monoclonal 

antibody against RPS23 (red).  Indeed, we could recognize infected cells by their high nuclear UBCv1 

expression in green (Figure R15B).  

To detect the subcellular localization of this interaction during ASFV infection, we performed a cell 

fractionation to obtain nuclear and cytoplasmic fractions. Immunoblotting results from uninfected 

(mock) and infected Vero cells are shown in Figure R15C. Bands corresponding to specific marker 

proteins were observed in whole cell lysates of uninfected/infected Vero cells, with no cross 

contamination between nuclear and cytoplasmic fractions and negligible protein degradation. In 

Vero cells the nuclear marker Laminin A/C was not detected in cytoplasmic fractions and conversely, 

the cytoplasmic marker tubulin was not detected in nuclear fractions. Although RPS23 seemed 

primarily cytoplasmic in uninfected cells (Figure R15B, central panel), a significant and similar 

amount of this protein was detected in the nucleus of uninfected and infected cells as is shown in 

Figure 15C. Furthermore, cytoplasmic fractions of infected Vero cells showed a significant increase 

in RPS23 expression at 16 hpi (Figure R15C, graphics right panel), as well as a nuclear and 

cytoplasmic expression of viral protein UBCv1. These results apparently differed in a certain way 

from immunofluorescence results of UBCv1 infected cells showed in Figure R15B, and this disparity 

could indicate a very dynamic shuttle of RPS23 protein between nucleus and cytoplasm. 
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5.2 Analysis of UBCv1 protein in ribosomal fractions 

It has been previously demonstrated that ASFV induces a strong cellular shutoff (Castello et al., 

2009b; Rodriguez et al., 2001), but the molecular mechanisms of this important regulatory stage 

remain elusive.  

In order to further verify the interaction between UBCv1 and RPS23, we analysed the presence of 

this viral protein in several ribosomal fractions. Ribosome fractionation was used to isolate 

ribosomal subunits from polysomes, monosomes and messenger ribonucleoproteins (mRNPs) by 

ultracentrifugation in a sucrose gradient. During the cyclic process of translation, a small (40s) and 

Figure R15. Interaction between viral UBCv1 and cellular RPS23 proteins. (A) RPS23 expression upon 

viral infection by WB. Vero cells were infected (moi 1 pfu/cell) at several times postinfection and analysed 

using a RPS23 antibody. Late p72 and UBCv1 proteins were included to confirm the infection. 

Quantification of the bands was corrected to tubulin data, normalised to controls values and compared 

to uninfected cells (mock). Graphics depict mean±SD of densitometry values from three independent 

experiments. Significant differences are marked with asterisks (**p<0.01). (B) Representative confocal 

microscopy of UBCv1 (green) and RPS23 (red) detected in infected cells at 16 hpi. Bar=10 μm. (C) Analysis 

of RPS23 and UBCv1 expression in nuclear/cytoplasmic fractions of uninfected and infected cells at 16 h 

(moi 1pfu/cell) by immunoblotting. Laminin A/C and tubulin detection determined no cross 

contamination. Quantification of the bands was corrected with Laminin A/C or tubulin data in each 

fraction and compared to mock (*p<0.05).  
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a large (60s) ribosomal subunit associate with mRNA. The ribosome moves along the mRNA during 

translation elongation stage.  The complex that form multiple ribosomes simultaneously translating 

a single mRNA into a polypeptide chain are called polysomes. The mass of each polysomal complex 

would be determined by the number of ribosomes it contains. Hence, the population of polysomes 

within the cell can be size fractionated by sucrose density gradient centrifugation. 

Infections were performed at a moi of 1 pfu/cell for 48h in Vero cells. After that, cells were harvested 

and processed as described in Materials and Methods. After high-speed centrifugation in sucrose 

gradient, 12 factions were collected ranging from the lowest percentage of sucrose (fraction 1) to 

the highest (fraction 12). After concentrating, these samples were examined for the presence of 

UBCv1 and RPS23 proteins by western blotting. Also, we detected the 60S subunit RPL11 as a control 

of the ribosome fractionation and an irrelevant viral protein p72, as a control of the specificity of 

this viral protein UBCv1. Our results yielded that viral UBCv1 and RPS23 bands were found in the 

same fractions (from 1 to 6), which would mean that both co-migrate in those fractions (Figure 

R16A). As expected, major viral protein p72 did not present the same pattern and lacked ribosome 

association, what corroborated the UBCv1 specificity of this binding. 

 

 
6. UBCv1 viral protein interacted with the translation initiator factor eIF4E 

Viruses accomplish cellular protein shutoff by different mechanisms; some of them include the 

degradation of eukaryotic initiation factors (eIFs) impairing cellular protein synthesis while 

facilitating viral protein expression. Also, VACV redistributes eIFs to viral factories and facilitate the 

progression of the infection. UBCv1 would be capable to manipulate some of the eIFs for ASFV 

benefit, improving viral protein synthesis. In order to further characterize this viral UBCv1, we 

analysed the possible interactors by mass spectrometry analysis using SILAC as described in 

Materials and Methods. Among others, we identified as high confidence hits that bound to 

Figure R16. Ribosome fractionation of infected cells. (A) Representative WB images of the presence of 

UBCv1 in cellular ribosomal fractions. Infected Vero cells at 48 hpi were processed for ribosomal 

fractionation. RPS23 and UBCv1 proteins were found in the same fractions. We used RPL11 as a 

fractionation control and late viral protein p72 as a control of specificity. 
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UBCv1, the eukaryotic translation initiation factor eIF4E, the G-protein Arf3 and the E3 ligase 

Cullin4B. Furthermore, we were able to detect another UBCv1 interacting protein, eIF4G1, a 

scaffolding protein between the mRNA and the small ribosomal subunit 40S, which might be 

important as we will discuss below. In order to verify these binding partners, we carried out several 

assays. We first tested the interaction with eIF4E by an immunoprecipitation assay. HEK 293T were 

co-transfected with the plasmid pcDNA-3XFLAG-UBCv1 plus pcDNA3-HA-eIF4E or single transfected 

with each plasmid as negative controls. After 24h, cells were harvested and processed as described 

in Material and Methods. Cell lysates were subjected to FLAG immunoprecipitation followed by anti-

HA immunoblotting.  Two 25 kDa bands were observed in FLAG IP samples after co-transfection of 

UBCv1 or UBCv1mut and eIF4E (Figure R17A), consistent with the expected size of HA-eIF4E, while 

no band was detected in controls. As a control of transfection rates, we also included the whole cell 

lysates (WCL) in the immunoblotting. 

This interaction was further confirmed by immunofluorescence assay. Vero cells were co-

transfected with these plasmids and detected with antibodies against HA-tag (eIF4E) and FLAG-tag 

(UBCv1). The colocalization of these proteins was observed in cells co-transfected with both 

plasmids and yielded a yellow signal in the merge panel (Figure R17B). Altogether these results 

indicate that UBCv1 interacts with the translation initiation factor eIF4E. 
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6.1 EIF4E expression during ASFV infection 

Expression and cellular distribution of eIF4E in infected cells were analysed using an immunoblotting 

assay. EIF4E expression was studied at several times after infection. We also included the expression 

of the viral proteins UBCv1, p30 and p72 as controls. Then, we detected an increase of eIF4E at 6 

and 16 hpi compared to uninfected cells (mock). The expression of eIF4E was quantified as displayed 

in the right panel graph (Figure R18A).  

Increased eIF4E expression was further confirmed by immunofluorescence assay. Cells were stained 

against eIF4E (green) and infected cells were detected by p150 staining, which labelled ASF viral 

factories (red). In uninfected cells, eIF4E expression was mainly cytoplasmic with certain punctate 

pattern. In infected cells the expression in the cytoplasm increased and erased the punctuate 

pattern. EIF4E expression also increased in the nucleus (Figure R18B). 

 

 

Figure R17. Interaction between viral UBCv1 protein and cellular eIF4E. (A) IP assay of UBCv1 protein and 

eIF4E was analysed by western blot.  After 24h of co-transfection with FLAG-UBCv1/UBCv1mut and HA-

eIF4E 293T cells were incubated with FLAG beads. The interaction between both proteins was detected 

using α-FLAG and α-HA antibodies and transfection rates and expression checked in WCL samples. (B) 

Representative confocal microscopy of Vero cells transfected with HA-eIF4E for 12 h and infected with 

Ba71V for 16 h. Colocalization was observed in the nucleus for UBCv1 (red) and HA (eIF4E, green). VFs of 

infected cells stained for viral protein p72 (blue). Bar= 10µm 

Figure R18. eIF4E expression during ASFV infection. (A) WB of eIF4E expression in ASFV infected cells at 

several times postinfection. Quantification of the bands was corrected with tubulin data and compared to 

mock. (B) Confocal microscopy images of eIF4E expression in infected Vero cells at 16 hpi. Cells were 

labelled for eIF4E (green), viral protein p150, that stained VFs (red) and DNA with DAPI (blue). Bar= 25µm 
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7. Other UBCv1 interactions with cellular proteins 

7.1 UBCv1 interacted with the Cullin-RING E3 ubiquitin ligase CUL4B  

Two major families of E3 ligases exist in eukaryotes, the HECT family, defined by a HECT-domain and 

the RING family, constituted by a RING fold. The evolutionary conserved cullin family belong to the 

RING family. This family is formed by the eight types Cullin 1, 2, 3, 4A, 4B, 5, 7 and 9. Contrary to 

other RING E3 ligases, cullins do not bind substrates directly because they rely on substrate 

recruiting receptors acting as linkers (Jackson and Xiong, 2009). In mammals, we can find two closely 

related genes, Cullin 4A (Cul4A) and Cullin 4B (Cul4B), which encode proteins sharing 80% of 

identity, with the only difference that Cul4B contains an N-terminal extension. A distinct genetic 

function of the N-terminus of Cul4B is that it binds the dioxin receptor (AhR), assembling a Cul4B 

ligase complex that targets estrogen receptor α (ER-α) for degradation (Ohtake et al., 2007). 

Cullins play an important role in certain viral infections. VACV requires Cullin3 activity in order to 

initiate viral replication (Mercer et al., 2012). Human immunodeficiency virus (HIV) also manipulates 

cellular cullin-RING E3 ubiquitin ligases (CRLs) to promote viral replication. HIV-1 Vpr and HIV-2 Vpr 

and Vpx engage the Cul4 RING E3 ligase (CRL4) to produce polyubiquitination and proteasomal 

degradation of host proteins (Sharifi et al., 2014). Therefore, a member of the cullin family could be 

a candidate E3 ligase partner for ASFV UBCv1. In order to test this hypothesis, we carried out an IP 

assay.  HEK 293T were co-transfected with plasmids FLAG-UBCv1 (2.5 µg) and pcDNA3.1-myc-Cul1 

to Cul5 (2µg), which codify for the different cullins. We also included a positive control, the co-

transfection of Cul1-myc and Flag- βTrCP plasmids, given their known association (Latres et al., 

1999).  As a negative control, we included the co-transfection of TAK1-myc and FLAG-UBCv1 

plasmids. After checking the transfection rates through whole cells lysates (WCL) we analysed FLAG 

IP samples using an antibody against myc-tag. In this assay, none of the investigated cullins bound 

viral E2 UBCv1 with the exception of the positive control (Figure R19A). 
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However, by mass spectrometry analysis, we found that our viral E2 protein UBCv1 interacted with 

the cellular E3 ligase Cul4B. Cells were co-transfected with FLAG-UBCv1 and 3xmyc-Cul4B and the 

interaction between UBCv1 and Cul4B was corroborated after c-myc immunoblotting of FLAG IP 

samples. The detection of a ~105KDa band confirmed that UBCv1 bound Cul4B (Figure R20A). We 

also observed this interaction between UBCv1mut and Cul4B.  

This UBCv1/ Cul4B interaction was further confirmed by immunofluorescence (IF). Vero cells were 

co-transfected with FLAG-UBCv1 and myc-Cul4B plasmids and revealed with antibodies against c-

myc (Cul4B) and FLAG (UBCv1). The colocalization of these proteins was observed mainly in the 

nucleus of co-transfected cells, yielding a yellow signal in the merge panel (Figure R20B). We 

detected the same staining pattern using the FLAG-tag UBCv1mut (data not shown). 

Expression and cellular distribution of Cul4 in infected cells were also analysed using an IF assay. 

Cells were stained using a monoclonal antibody against Cul4 (green) and infected cells were 

detected by p150 staining, which labelled ASF viral factories (red). In uninfected cells, Cul4 

expression was found in the nucleus and cytoplasm while in infected cells, the expression of this 

protein increased, being even more intense in the nucleus (Figure R20C). This protein interacts with 

a ring finger protein and is required for the proteolysis of several regulators of DNA replication 

(Hannah and Zhou, 2015). UBCv1 could bind to this E3 ligase and ubiquitinate some cellular proteins 

to enhance virus replication. 

Figure R19. UBCv1 interaction analysis with Cullins. (A) IP assay of UBCv1 protein and Cul1, 2, 3, 4A and 5.  

After 24 h of co-transfection with FLAG-UBCv1/UBCv1mut and Cul (1-5)-myc, 293T cells were lysated and 

incubated with FLAG beads. We used βTrcp vs Cul1 co-transfection as positive control and UBCv1 vs TAK1 

cotransfection as negative control. IP results were detected using α-FLAG and α-myc antibodies. IP samples 

purity and quantity of loaded samples was detected with tubulin. 
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7.2 UBCv1 protein bound the ADP-ribosylation factor Arf3 

Arf (ADP-ribosylation factor) family of GTP-binding (G) proteins regulates membrane traffic and 

organelle structure modulating vesicle budding within the Golgi complex. Also, Arf has a role in the 

inflection of membrane lipid composition and interaction with regulators of other G proteins. The 

Arf family of GTP-binding (G) proteins controls membrane traffic and organelle structure and is 

regulated through a cycle of GTP-binding to activate and GTP hydrolysis to inactivate the G protein 

1 and 2. Arfs also activate enzymes such as the phosphatidylinositol kinases that alter vesicular 

membrane lipid composition and interact with some cytoskeletal factors. There are 6 mammalian 

Arf proteins divided into three classes: Class I (Arfs1-3), Class II (Arfs 4-5) and Class III (Arf6) (Wright 

Figure 20. Interaction between UBCv1 and ligase Cul4B. (A) IP assays of the co-transfection of UBCv1 and 

Cul4B. The interaction between both proteins was detected using α-FLAG and α-myc. (B) Representative 

confocal microscopy of Vero cells transfected with myc-Cul4B for 12 h and infected with Ba71V for 16 h. 

Colocalization in Infected cells was observed in the nucleus for UBCv1 (red) and HA (Cul4B, green). (C) 

Cul4B expression in infected cells at 16 hpi. Cells were labelled for Cul4B (green), viral protein p150 that 

stained VFs (red) and DNA with DAPI (blue). Bar= 10μm.  
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et al., 2014). Another interaction hit for UBCv1 found in our mass spectrometry analysis was the 

Arf3 protein as below described. We corroborated this result by IP assay, detecting two HA-positive 

bands of ~21KDa each, in FLAG IP samples. This would mean that both UBCv1 and UBCv1mut 

interacted with Arf3 (Figure R21A). As a control of transfection rates, we also included the whole 

cell lysates (WCL) in the immunoblotting. 

Next, we confirmed this interaction by IF assay. Vero cells were co-transfected with plasmids 

encoding UBCv1 (parental and mutated) and Arf3A (FLAG-UBCv1/UBCv1mut and HA-Arf3 

respectively) and then, antibodies against HA-tag (Arf3) and FLAG-tag (UBCv1) were used for the 

detection of this proteins. The colocalization of these proteins was observed mainly in the nucleus 

of co-transfected cells, yielding a yellow signal in the merge panel (Figure R21B). We detected the 

same pattern using the FLAG-tag UBCv1mut (data not shown). 

Localization and expression of Arf3 during infection were also checked in Vero cells with a 

monoclonal antibody. Confocal images showed ARrf3 (green) located in the nucleus and cytoplasm 

of uninfected cells. In infected cells, detected by p150 staining of VFs, Arf3 presented a more intense 

and predominant expression in the nucleus (Figure R21C). This interaction could be related with a 

possible relevance of G protein in ASFV or with the relevance of membrane lipids composition for 

different stages of virus infection. The role of these interactions during infection will be subject of 

further investigations in our laboratory.  
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8. UBCv1 in innate immunity signalling 

The co-evolution of viruses and their hosts has not only shaped the innate immune system but also 

the strategies that viruses use for evading this antiviral response. The range of viral 

countermeasures against the immune system is very wide and this is particularly evident in large 

DNA viruses. Due to their large coding capacity they are able to encode for several proteins targeting 

the immune response to improve infection. However, there are not any previous reports about the 

possible role of the viral protein UBCv1 in evading immune sensing. 

8.1 Inhibition of NF-κB activation by UCBv1 

One of the hallmark signalling transcription factors activated by infection or tissue damage is the 

nuclear factor κB (NF-κB). NF-κB plays a central role in the cellular stress response and in 

inflammation by controlling the expression of a network of inducers and effectors such as cell cycle 

regulators, pro- and anti-apoptotic factors, inflammatory cytokines, chemokines, adhesion 

molecules and others that define the immune response. The NF-κB complex is retained inactive in 

the cytoplasm of cells and it can be activated by the binding of interleukin-1 (IL-1) or tumor 

necrosis factor-α (TNF-α) to their receptors. 

As this is a central pathway in the innate immunity, we set out to determine the ability of the viral 

enzyme UBCv1 and the viral enzyme mutated in the catalytic domain, UBCv1mut, to control the pro-

inflammatory transcription factor NF-κB. Then, we assayed NF-κB activation in response to stimulus 

such as IL-1β or TNFα. HEK 293T cells were transfected with an NF-κB-luciferase reporter alongside 

with a 3XFLAG-tagged UBCv1 or UBCv1mut. These cells were subsequently stimulated with 25 ng/µl 

Figure 21. Interaction between UBCv1 and Arf3. (A) IP assay of UBCv1 protein and Arf3. After 24h of co-

transfection with FLAG-UBCv1/UBCv1mut and HA-Arf3, 293T cells were lysated and incubated with FLAG 

beads. IP results were detected using α-FLAG and α-HA antibodies. IP samples purity and quantity of loaded 

samples was detected with tubulin. (B) Confocal images of Vero cells transfected with HA-Arf3 for 12 h and 

infected with Ba71V for 16 h. Infected cells labelled for UBCv1 (red) and HA (Arf3, green) presented 

colocalization in the nucleus. (C) Confocal microscopy of Arf3 expression in infected Vero cells at 16 hpi. 

Cells were labelled for Arf3 (green), viral protein p150 staining of VFs (red) and DNA (blue). Bar= 10μm.  
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IL-1β or 50 ng/µl TNFα for 6-8 h. We used VACV protein A49 as a positive control of inhibition of NF-

κB pathway activation (Mansur et al., 2013). Expression of UBCv1 or UBCv1mut decreased 

significantly NF-κB activation compared with cells transfected with an empty control. This inhibition 

was also detected upon expression of VACV protein A49 used as a positive control (Figure R22A). 

Thereby, UBCv1 was shown to modulate transcription factor NF-κB activation. 

NF-κB activation was also stimulated by over-expression of inducers such as TRAF6 and TRAF2. 

Under these stimuli, both UBCv1 and UBCv1mut gave similar results and comparable to those 

obtained with positive control VACV protein A49, a significant inhibition of NF-κB activation 

downstream TRAF2 or TRAF6 (Figure R22B, C).  

Searching for molecules acting further downstream in the cascade, we studied the effect of 

induction by the transforming growth factor beta-activated kinase 1 (TAK1), which is upstream IKK 

kinase in the pathway and recognizes ubiquitinated TRAFs. Following the same reporter gene assay, 

UBCv1 failed to inhibit NF-κB activation respect to empty control, while positive control A49 induced 

a significant inhibition (Figure R22D). UBCv1 also failed to inhibit NF-κB activation when the IKK 

catalytic subunit IKKβ or NF-κB transcription factor subunit p65 induced the activation of this 

pathway (Figure R22E, F). Hence, as UBCv1 or UBCv1mut did not block NF-κB activation at this level, 

we concluded that UBCv1 modulated NF-κB activation acting downstream TRAF6 and TRAF2 but 

upstream IKK complex. Also, our data showed that mutagenesis in the UBCv1 catalytic unit did not 

interfere with the ability of UBCv1 to inhibit NF-κB inflammatory signalling.  
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ASFV is a dsDNA virus that replicates mainly in the cytoplasm and therefore, it has the potential to 

be detected by cytosolic nucleic acid sensing mechanisms, in which cGAS-STING axis has an essential 

role. Indeed, RIG-I is a cytosolic sensor of viral RNA and TIR-domain-containing adaptor-inducing 

Figure R22. UBCv1 inhibits NF-κB activation. (A) HEK293 cells were transfected with a firefly luciferase 

reporter plasmid under the control of a NF-κB-dependent promoter, a renilla luciferase transfection control, 

and UBCv1, UBCv1mut, A49 expression plasmids or empty vector control (EV). 24 hours after transfection 

cells were treated with 50 ng/ml TNFα or 25 ng/ml IL-1β for 8 h. (B, C) Expression plasmids TRAF2 or TRAF6 

(10 ng) were included in the transfection. (D) TAK1 inducers (40 ng) were included instead. (E) IKKβ 

signalling factor included (50 ng). (F) The pathway was induced with p65 transfection (2 ng). Firefly 

luciferase activity was corrected with renilla luciferase activity normalized to EV and compared to induced 

EV (**p<0.01; ***p<0.001). 
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beta interferon (TRIF) is activated by dsRNA. We determined the effect of the overexpression of 

UBCv1 or UBCv1mut alongside each inducer in NF-κB activation route, achieving similar results.  Our 

viral protein, either parental or mutated induced NF-κB inhibition downstream RIG-I, TRIF and 

cGAS/STING (Figure R23A). 

 

 
8.2 UBCv1 and UBCv1mut did not affect type I IFN signalling 

ASFV infection of host cells also induces the transcription of multiple cellular genes, including 

interferons (IFNs). Interferon regulatory factor 3 (IRF-3) is directly activated after virus infection and 

functions as a key activator of interferon (IFN) genes (Mogensen, 2009). Type I IFNs induces the 

transcription of a set of IFN-stimulated genes (ISGs). Again, we analysed the possible function of 

viral UBCv1 in cells transfected with luciferase reporter under the promoter of interest and 

stimulated with inducers. We analysed the effect of UBCv1, mutUBCv1 or empty vector expression 

in the same cells. Then, we transfected HEK 293T cells with a reporter expressing luciferase under 

the promoter of ISG56 and the above described inducers RIG-I, TRIFΔRIP and cGAS/STING. The 

overexpression of 3XFLAG-UBCv1 or 3XFLAG-UBCv1mut alongside these inducers had no significant 

effect in IRF3 activation and therefore, on ISG56 promoter activation respect to the empty control 

(Figure R24A). In these experiments the codon optimized VACV C6 was the positive control 

(Unterholzner et al., 2011), which in contrast, inhibited drastically the activation of the 

transcriptional factor IRF3 (Figure R24A). 

Figure R23. UBCv1 inhibits DNA/RNA sensing. (A) HEK293 cells were transfected with firefly luciferase 

(Fluc) under the control of NF-κB promoter, a renilla luc (Rluc) transfection control, and UBCv1 or 

UBCv1mut plasmid. A49 expression vector and empty vector (EV) were co-transfected as indicated. 

Expression plasmids RIG-I, TRIFΔRIP, cGAS/STING (40 ng) were included as signalling factors in the initial 

transfection as indicated. Fluc activity was corrected to Rluc activity, normalized to EV and compared to 

induce EV. Significant differences are marked with asterisks (*p<0.05; **p<0.01; ***p<0.001). 
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Pattern recognition receptors (PRRs) activate both NF-κB and IFN regulatory factors (IRFs) to 

activate the IFN-β promoter induction. Then, the effect of UBCv1 overexpression was also analysed 

using an IFN-β promoter reporter. Under stimulation with the inducers RIG-I, TRIFΔRIP or 

cGAS/STING, the IFN-β induction was not altered neither in cells overexpressing 3XFLAG-UBCv1 nor 

did UBCv1mut with respect to empty control (Figure R24B).   

RIG-I is a cytosolic sensor of viral RNA, comprised of two N-terminal CARDs followed by helicase and 

C-terminal regulatory domains (helicase-CTD) (Ferrage et al., 2012).  Previous studies have 

demonstrated that CARD domains are necessary for RIG-I mediated signal transduction (Yoneyama 

et al., 2004), which mediated the activation of IRF3 and NF-κB (Liu et al., 2007).  In order to study 

the involvement of RIGI-CARD in antiviral response stimulation via activation of IRF3 or IFNβ 

induction, we co-expressed RIGI-CARD and UBCv1 constructs in cells and analysed IRF3 activation 

(Figure R24C, left) and IFNβ activation (Figure R24C, right).  As shown in both graphs in Figure R24C, 

RIGI-CARD expression in presence of UBCv1 or UBCv1mut resulted in the expected activation of IRF3 

and IFNβ, while in presence of VACV coC6, we detected a significant inhibition of the pathway. These 

results demonstrate that UBCv1 was not capable of inhibiting neither IRF3 activation nor IFNβ 

induction under stimulation of the pathway. To ensure that UBCv1 was not able to inhibit signalling 

downstream of type I IFNs, we also assessed its effect on the expression of an ISRE-dependent 

luciferase reporter. Cells were co-transfected with the ISRE reporter gene and UBCv1, UBCv1mut or 

coC6 as control and stimulated with IFNα for 8 h. Then, luciferase expression was quantified by 

luminescence. Treatment of cells with IFNα for 8h reduced luciferase expression in coC6 control 

cells, while UBCv1 had no inhibitory effect at this level when compared to control (Figure R24D). 
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Figure R24. UBCv1 do not affect IFNβ expression. (A, B, C)Co-transfection of plasmids with FLuc reporter 

under the control of ISG56 (IFIT1) promoter or  IFNβ reporter, a plasmid expressing RLuc and expression 

vector for the proteins RIG-I , TRIFΔRIP, cGAS/STING (40 ng) or RIGI-CARD (5 ng). UBCv1, C6 as a positive 

control and empty vector (EV) were also transfected. FLuc activity was corrected to RLuc activity normalized 

to EV and compared to EV. (D) ISRE-luc reporter and expression vectors for UBCv1, UBCv1mut and C6 

proteins were co-transfected. 24 h post transfection cells were stimulated with 500 U/ml IFNα for 8 h. 

Significant differences are marked with asterisks (**p<0.01; ***p<0.001). 
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8.3 AP-1 reporter inhibition by overexpression of UBCv1 or UBCv1mut 

Transcriptional activity of activating protein-1 (AP-1) is regulated by cellular stimuli such as viral 

infection(Gazon et al., 2017). We studied the effect of overexpressing UBCv1 in AP-1 transcription 

factor activation using a luciferase reporter vector that contains the AP-1 promoter. First, cells were 

co-transfected with TAK1 inducers, UBCv1 constructs and AP-1 reporter. TAK1 acts as a trans-acting 

factor by activating NF-κB and AP-1 pathways. In this case, the induction generated by TAK1 did not 

increase AP-1 activation. As showed in Figure R25A, UBCv1 or UBCv1mut expression reduced 

significantly AP-1 induction compared to empty control, as occurred in cells expressing VACV A49. 

Next, cells were co-transfected with the AP-1 reporter gene and UBCv, UBCv1mut constructs or A49 

plasmid as a control and then stimulated with 10ng/µl PMA. PMA treatment of these cells induced 

AP-1 in a less extent when UBCv1 or UBCv1mut were expressed, being this inhibition more intense 

in the presence of A49 positive control (Figure R25B). Taking together these results we could 

conclude that both NF-κB and AP-1 pathways were affected by UBCv1 overexpression, indicating 

that this inhibition should be in a common step, upstream the divergence of both pathways.  

 

 
8.4 UBCv1 inhibited IκBα phosphorylation 

Multiple upstream signalling pathways like those produced by cell-surface receptors such as IL-1β 

receptor (IL-βR) or TNF receptor 1 (TNF-R1) converge on the IKK complex to induce canonical NF-κB 

activation (Hinz and Scheidereit, 2014). These stimuli cause the phosphorylation of IκB proteins on 

Figure R25. UBCv1 inhibits AP-1 transcription factor activation. HEK293 cells were transfected with a 

Fluc reporter plasmid under the control of AP-1 promoter, a Rluc transfection control and UBCv1, 

UBCv1mut, A49 expression plasmids or empty vector (EV). (A) The inducer of the pathway TAK1 (40ng) 

was also included in the transfection. Fluc activity was corrected to Rluc activity and normalized to EV. (B) 

24 h after transfection, cells were treated with 10 ng/ml PMA for 8 h. Fluc activity was corrected with Rluc 

activity, normalized to non-stimulated (NS) empty vector (EV) and compared to stimulated EV. Significant 

differences are marked with asterisks as indicated (*p<0.05; **p<0.01; ***p<0.001).  
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serine32 and serine36 residues by IKKβ. IKK complex comprises the two catalytic subunits, IKKα and 

IKKβ, and the regulatory subunit, IKKγ (also known as NEMO; (Hacker and Karin, 2006). Following 

phosphorylation, IκBα is recognised by the SKP1-Cullin 1-F-box protein (SCF) E3 ubiquitin-protein 

ligase complex leading to the K48-linked polyubiquitination of IκBα and its subsequent proteolysis 

by the 26S proteasome (Collins et al., 2016).  

Given we demonstrated that UBCv1 inhibited NF-κB activation, we decided to address whether this 

viral enzyme directly or indirectly induced degradation of total or phosphorylated IκBα (p-IκBα) by 

an IκBα degradation assay. Cells were transfected with UBCv1 or UBCv1mut plasmids and stimulated 

for 60, 40 or 20 min with IL-1β to induce the activation of NF-κB (Figure 26A). IκBα and p-IκBα 

protein levels were measured by immunoblotting (Figure R26B). In response to IL-1β, we detected 

the typical degradation profile of total IκBα in cells overexpressing UBCv1 or UBCv1mut. Although 

the significant decrease started from 40 min of stimulation it was similar to the empty control 

elsewhere (Figure R26C, above). Nevertheless, total IκBα protein expression was significantly lower 

in non-stimulated conditions (0 min) in presence of UBCv1 or UBCv1mut than in control cells with 

empty vector (Figure R26C, above). Indeed, due to the decrease of IκBα, these control cells showed 

a significant accumulation of p-IκBα starting from 20 min of treatment. However, this accumulation 

was lost in cells transfected with UBCv1, where the levels of p-IκBα were similar in non-stimulated 

cells (0 min). Furthermore, cells overexpressing UBCv1mut also showed a p-IκBα accumulation 

profile although this increase was statistically significant in 60 min stimulation samples compared 

to non-stimulated (Figure R26C, down).   

These data could indicate that UBCv1 prevents the phosphorylation of IκBα. Furthermore, the 

results with UBCv1mut might indicate that UBCv1 has different activities and possible ways of 

inhibiting NF-κB pathway. 
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8.5  UBCv1 transient expression inhibited p65 translocation 

In resting cells, IκBα is found in complex with NF-κB transcription factor subunits p65 and p50 in the 

cytoplasm, avoiding their nuclear translocation and subsequent activation of NF-κB-dependent gene 

transcription. Following the degradation of IκBα, the released NF-κB complexes are free to enter the 

nucleus. In the nucleus, they bind to different DNA elements and regulate transcription of a diverse 

array of genes implicated in inflammation, apoptosis and host defence against infection (Hayden 

and Ghosh, 2012).  

Given that we found that IκBα expression levels decreased under UBCv1 and UBCv1mut transient 

expression in cells and that degradation profiles were altered in some cases, we next assessed p65 

translocation into the nucleus in these cells.  Vero cells were transfected for 24 h with 3XFLAG-

UBCv1 or 3XFLAG-UBCv1mut plasmids and then, stimulated for 30 min with IL-1β to induce the 

translocation of p65 from the cytoplasm to the nucleus. Next, cells were fixed, stained for p65 

(green) and FLAG (red) and analysed by immunofluorescence. In non-stimulated cells (NS), p65 was 

localized in the cytoplasm of cells overexpressing UBCv1 or not, as determined by FLAG staining 

Figure R26. UBCv1 inhibits IκBα phosphorylation. (A) Experimental setting and times of stimulation and 

harvest. (B) HEK293T cells were transfected with the FLAG-tagged UBCv1 or EV plasmids. 16 h post 

transfection cells were stimulated with IL-1β (50 ng/µl) for 20, 40 or 60 min. Cells were harvested and 

lysates subjected to SDS-PAGE and immunoblotting to assess levels of IκBα and IκBα phosphorylation. 

Samples were also immunoblotted for FLAG as UBCv1 expression control and tubulin. (C) Quantifications 

of samples of IκBα and phosphorylated IκBα were performed corrected to tubulin and normalised to 

untreated empty vector samples (0 min). (**p<0.01; ***p<0.001). 
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(Figure R27A). However, after IL-1β treatment, p65 translocated into the nucleus in non-transfected 

cells, while it was clearly retained in the cytoplasm in cells overexpressing UBCv1 (red). We observed 

the same pattern when cells overexpressed UBCv1mut as shown in Figure R27A lower panels. In NS 

cells p65 was found in the cytoplasm, while it translocated into the nucleus of non-transfected cells 

only after IL-1β treatment (Figure R27A). Thereby, UBCv1 impaired p65 translocation and its 

mutation in the catalytic domain did not interfere its capacity of NF-κB inhibition.  Taken together 

these results indicated that UBCv1 has the ability to inhibit p65 translocation downstream of IL-1β 

stimulation.   
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9. A RNAseq study based on the transcriptome analysis 

In this thesis work we have preferentially analysed one early ASFV gene, I215L, which was a 

candidate for several functions at early ASFV infection. Finally, for a wider high-throughput study of 

innate immunity targets in ASFV infection, we performed a transcriptomic analysis of the porcine 

macrophage by using next generation sequencing technologies. We analysed the comparisons 

between transcripts found in uninfected control macrophages compared to macrophages infected 

at 6 and 16 hpi. These time points were selected as they correspond to important stages in the ASFV 

Figure R27. UBCv1 impairs p65 translocation into the nucleus. (A) Representative images of HEK293T 

cells transfected with FLAG-UBCv1 or FLAG-UBCv1mut and stimulated with IL-1β (50 ng/µl) for 30 min. 

Cells were then fixed, permeabilised and stained for FLAG (green) and p65 (red).  We used non-stimulated 

transfected cells as controls. Protein localization was determined by confocal microscopy. Bar= 10µm 
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life cycle.  Early transcription before DNA replication occurs at 6 hpi and late transcription occurs 

after viral DNA replication at 16 hpi (Figure R28A).  

Raw sequencing reads produced a transcriptome assembly and yielded differentially expressed and 

regulated genes and transcripts. The quality control of the samples was analysed for concentration, 

size and integrity by on-chip electrophoresis (Figure R28B). As an observation, at 16 hpi, smaller size 

peaks were observed on bioanalyzer profiles corresponding to RNA degradation that was mapped 

as fragmented ribosomal RNA. Then, we performed the following differential expression 

comparisons tests: a) Control versus infected macrophages at 6 hpi; b) Control versus infected 

macrophages at 16 hpi; and c) Macrophages infected at 6 hpi versus those infected at 16 hpi (Figure 

R28A). The sequencing process obtained ca. 200 million short reads, with an average of 20 million 

reads/sample. An average of 85% of the reads from control samples (mock) corresponded to Sus 

scrofa genes (overall alignment; Figure R28C). The proportion of cellular mRNAs in samples infected 

at 6 and 16 hpi, varied between 39 and 58 % of the reads respectively. 

 

 
The normalization and differential expression by bioinformatics analysis with Cuffdif (Trapnell et al., 

2012) provided a total of 18,549 significant differentially expressed genes in macrophages (in red in 

the volcano plots; Figure R29A). From the 25,259 assayed genes, 4506 to 7127 of them were 

differentially expressed with statistical significance in each of the comparisons. The numbers of 

upregulated or downregulated genes varied depending on the comparison analysed as shown in 

Figure R28. Transcriptomic analysis of the porcine macrophage. (A) Experimental design and 

bioinformatic comparisons. Porcine alveolar macrophages were either mock infected (Control) or infected 

with ASFV at a moi of 1 pfu/cell at 6 or 16 hpi. (B) Quality and integrity of input RNA from each sample. A 

distribution indicating RNA degradation was observed at 16 hpi (red line). X axis depicts seconds and Y 

fluorescence units as obtained in the bioanalyzer. (C) Proportion of read counts of host or viral transcripts 

in macrophages infected with ASFV at 6 (ASFV_6h) or 16 hpi (ASFV_16h) or control. 
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Figure R29B.  This is also a quantitative tool and allowed to estimate the relative abundances of the 

transcripts based on the reads. After normalization, the differential expression of individual genes 

was represented as in the heat maps. We obtained heat maps of African swine fever virus genes, 

which are characteristically expressed in a sequential manner (data not shown).  

 

 
9.1 Gene ontology categories 

Gene Ontology (GO) categories defines concepts used to describe gene function, and relationships 

between these concepts (http://www.geneontology.org). Generally, it classifies gene functions 

along three structured terms: molecular function, cellular component and biological process. 

Molecular Function (MF) covers the molecular activities of gene products. Cellular Component (CC) 

indicates the part of the cell where gene products are active and Biological Process (BP) represent 

pathways and larger processes made up of the activities of multiple gene products. We used GO 

terms for interpretation of our experimental data via enrichment analysis because these categories 

facilitate dissemination of gene annotations and enable the functional interpretation of 

experimental data. Genes classified according to molecular function (MF) of CARD binding were 

relevant for ASFV and also, LDL particle binding and the activity of TNF receptor genes comparing 

control vs 16 hpi. Indeed, activities such as cytokine receptor binding, oxysterol binding and clathrin-

derived vesicles were important after ASFV replication (data not shown). At the first 6 hpi, we found 

Figure R29. Differential expression analysis by Cuffdif. (A) Vulcano plots representations for gene 

comparisons based in the log
10 

p value versus log
2
 fold change of differentially expressed genes. Significant 

values are represented in red. (B) Numbers of significantly differentially upregulated or downregulated 

genes depending on the comparison analysed. 
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a positive regulation of the biological pathways of, NFAT protein import into nucleus, IFN-γ-

mediated signaling pathway and JNK cascade regulation and insulin secretion. At 16 hpi we detected 

biological pathways like negative regulation of NF-κB import into nucleus, positive regulation of 

chemokine biosynthesis and JAK-STAT cascade as well as PKC activating G protein receptor signaling.  

(Figure R30). 

 

9.2 Expression of transcripts related to NF-κB pathway  

In order to compare our approach of the implication of a single viral protein in innate immune 

evasion with a global vision ASFV effect on this pathway, we selectively analysed transcripts related 

to innate immunity differentially expressed in ASFV infection of macrophages e.g. NF-κB pathway 

(Figure R31). Among others, we detected a higher fold change (FC) increase in the NF-κB inhibitor 

alpha (NFKBIA) and the NF-κB inhibitor zeta (NFKBIZ) at Ctrl vs 6 hpi or Ctrl vs 16 hpi comparisons. 

This first one inhibits NF-κB/REL complexes by trapping REL dimers in the cytoplasm and the second, 

is involved in the induction of inflammatory genes activated through TLR/IL-1 receptor signalling. 

However, IKK interacting protein (IKBIP) gene decreased at 6 hpi, increasing its expression at late 

times post infection. We observed the same pattern with the NF-κB repression factor (NKRF) (Figure 

R31A).  In order to obtain another informative graph, we decided to scale the result by gene (row). 

Figure R30. Go categories classification. 

Linear representation of genes classified by 

biological process (BP). GO categories 

showing specific differential enrichment 

(supported by p values < 10-05) in any of the 

three performed comparisons (control vs 6 

h (blue) infection, control vs 16h infection 

(red), and 6 h vs 16 h (green). Plotted values 

correspond to the summatory of LogFCs of 

all differentially expressed genes assigned 

to a determined GO category.  
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With this approach, we detected those genes that increased at late times post infection (Ctrlvs16hpi 

FC) respect to early times (Ctrlvs6hpi FC). We could conclude that NF-κB pathway is tightly regulated 

by ASFV infection through several inhibitors and activators of immune response (Figure R31B). 

 

9.3 Expression of transcripts related to translation 

Given the importance of the regulation of host translation described in our results, we analysed in 

depth the elements of the translation process that could be differentially expressed upon ASFV 

infection in porcine macrophages. We presented data as the fold change of these transcripts on 

heat maps. To this respect, it is worth highlighting that eIF2B1, eIF4E2, eIF3A and eIF2B2 were 

downregulated at Ctrl vs 6 hpi or 16 hpi, although decreases were less significant at later time points 

(Figure R32A, B).  In contrast, we found overexpressed components of the small ribosome subunit 

RPS27 and initiation translation factors such as eIF1, eIF3J and eIF4G2 at Ctrl vs 6 hpi or 16 hpi 

comparisons (Figure R32A). An exception was the eIF4G2 that decreased when we scaled the results 

by gene (Figure R32B). We should also emphasise the overexpression detected in many 40S 

ribosome transcripts such as RPS20, RPS18, RPS15 and RPS23 as well as 60S ribosome transcripts 

RPL38, RPL35 and RPL12 upon ASFV infection in all comparisons (Figure R32A, B).  

Figure R31. Analysis of 
expression of transcripts 
related to NF-κB pathway. 
(A) Heat map representation 
of differential FC transcripts 
expression. The relative 
abundance is expressed as 
graded of colours from red 
(high abundance) to blue 
(low abundance).  (B) After 
normalization, we scaled 
differential expression of 
individual genes that were 
expressed in the heat maps 
of Ctrl vs 16 hpi and Ctrl vs 6 
hpi comparisons.  
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9.4 Analysis of transcripts related to ubiquitylation 

In view of our results, we also examined the relevance of transcripts related with the ubiquitylation 

process.  We detected overexpression of E3 ligases related with innate immune signalling such as 

TRAF2, 3 and 4, at Ctrl vs 6 or 16 hpi, as occurred with other E3 ligases e.g. RNF165 (Figure R33A). 

However, several genes were downregulated at Ctrl vs 6 and Ctrl vs 16 hpi, such as TRIM62, TRIM68 

and RNF135 or SIAH2 at Ctrl vs 6 hpi comparison (Figure R33A, B). Cellular E2 enzymes were also 

important with the decrease of UBE2D4 at 6 hpi and UBE2G1 at 6 and 16 hpi while UBE2C was 

overexpressed at 16 hpi and UBE2L6 at 6 and 16 hpi. Another component of the process, the E1 

enzyme UBA7 also increased its expression at 6 and 16 hpi as occurred with transcript UBB, one of 

the genes that codify for polyubiquitin precursors (Figure R33A). In general, the overexpression of 

Figure R32. Analysis of transcripts expression related to translation machinery. (A) Heat map 

representation of differential fold change of transcripts expression. The relative abundance is expressed as 

graded of colours from red (high abundance) to blue (low).  (B) After normalization, we scaled differential 

expression of individual genes that were expressed in the heat maps of Ctrl vs 16 hpi and Ctrl vs 6 hpi 

comparisons. 
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most of the transcripts related with ubiquitin would corroborate the relevance of this process along 

ASFV infection. (Figure 33B). 

 

 

9.5 Analysis of transcripts associated with the proteasome system 

Proteasome also seemed to have an important role in ASFV infection. Transcripts related with this 

complex showed an increase of some immunoproteasome subunits like PSME1 and PSME2 at Ctrl 

vs 6 and 16 hpi. The 20S core proteasome transcript PSMB4 also increased at 6 hpi (Figure R34A) 

while PMSB8 and PSMB9 at 16 hpi. We also detected a decrease at Ctrl vs 6 and 16 hpi of the 26S 

component PSMD12 (Figure R34A, B).  

Figure R33. Analysis of transcripts expression related to ubiquitination process. (A) Heat map 

representation of differential FC transcripts expression. The relative abundance is expressed as graded 

of colours from red (high abundance) to blue (low).  (B) After normalization, we scaled differential 

expression of individual genes that were expressed in the heat maps of Ctrl vs 16 hpi with Ctrl vs 6 hpi 

comparisons. 
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9.6 Multiparametric analysis  

For a multiparametric analysis of this study, we used real-time PCR to double-check some transcripts 

abundance. Also, real time PCR yielded positive results, both in abundantly overexpressed 

transcripts such as IFN (interferon alpha-omega), TNF (tumor necrosis factor), or others in which the 

differences were less marked but relevant, such as UBE2C (ubiquitin conjugating enzyme E2C), 

ISG15 (ubiquitin-like modifier), NFκBIA (NFκB inhibitor alpha), CCL4 (C-C motif Chemokine Ligand 4) 

or CXCL8 (C-X-C motif Chemokine Ligand 8, IL-8). Sus scrofa glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as control. Some of these transcripts were found overexpressed 

at one of the comparisons but not at the others, e.g. UBE2C was overexpressed in Ctrl vs 6 hpi 

comparison. The relative abundance of transcripts was also conserved in this analysis (Figure R35). 

 

 

Figure R34. Analysis of 

transcripts expression related 

to proteasome elements. (A) 

Heat map representation of 

differential FC transcripts 

expression. The relative 

abundance is expressed as 

graded of colours from red 

(high abundance) to blue (low).  

(B) After normalization, we 

scaled differential expression 

of individual genes that were 

expressed in the heat maps of 

Ctrl vs16 hpi with Ctrl vs6 hpi 

comparisons. 

Figure R35. Multiparametric analysis of 

transcriptomic analysis. Quantification of 

several transcripts expression by qPCR. 

Macrophages were infected for 6 or 16 hpi.  

After RNA isolation, we obtained the cDNA 

and analysed the quantity of those 

transcripts in comparison with uninfected 

macrophages.   
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Several pathogens, particularly viruses, take advantage of the cellular machinery to fulfil their 

infectious cycle. They manage to accomplish different steps of the infection using diverse 

strategies to manipulate the host cell to their own advantage, to promote viral genome 

replication and translation and the evasion of the cell immune system response. 

A handful of virus-host interactions modulate host response to ASFV infection. The viral Bcl2 

homologue A179L is an early/late expression gene that interacts with the cellular Bcl2 

proapoptotic machinery to inhibit apoptosis (Galindo et al., 2008) and with Beclin1 to inhibit 

autophagy (Hernaez et al., 2013). Another is the interaction between early phosphoprotein p30 

(CP204L) and ribonucleoprotein-K (hnRNP-K), with implications in cellular mRNA translation 

(Hernaez et al., 2008).  Also, the viral protein CD2v (EP402R) interacts with actin-binding adaptor 

protein SH3P7 (Kay-Jackson et al., 2004) and with AP-1 protein (Perez-Nunez et al., 2015).  These 

and other reports identified several molecular targets for this virus, which are required for a 

successful infection. 

In order to better understand the ASF viral cycle, we studied the virus-host interaction related to 

ubiquitylation, a posttranslational modification that controls almost every cell process 

(Komander and Rape, 2012). Possibly, the first candidate viral gene that could manipulate the 

ubiquitin system would be the early viral protein UBCv1, the only known viral E2 ubiquitin 

conjugating (UBC) enzyme. Recombinant UBCv1 can be self-ubiquitinated in vitro and it can also 

ubiquitinate histones as well as the ASFV virion core shell protein pp62 (polyprotein pp62), which 

is posttranslationally processed resulting in two major structural proteins of 35 kDa (p35 or PIG1) 

and 15 kDa (p15) (Simon-Mateo et al., 1997).  However, UBCv1 in vivo substrate(s) for the enzyme 

are not known yet. Hence, we designed several strategies to analyse different virus-host 

interactions in the context of ASFV infection.  

1. The UPS in ASFV infection 

The diversity of UBC enzymes functions suggests a variety of possible roles for UBCv1 in either 

regulating the virus replication cycle or modulating host cell function. It is conceivable that UBCv1 

enzyme could act at the onset of viral DNA replication, at the switch from early to late expression, 

or at virus morphogenesis. Alternatively, UBCv1 may target molecules for proteolysis and thus 

modulate host cell functions. 

The UPS plays an important role in the degradation of intracellular proteins and regulates the 

cellular signalling pathway (Luo, 2016). Many viruses have manipulated this system to their own 
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advantage (Cheng et al., 2014; Fernandez-Garcia et al., 2011; Lin et al., 2014; Lupfer and Pastey, 

2009). In the present study, we found that proteasome inhibition impacts ASF infection leading 

to infectivity reduction, as determined by the decrease in the number of cells expressing late 

protein p72. To ensure the specificity of pharmacological inhibition due to suppression of the 

proteasome activity, we tested several proteasome inhibitors such as MG132, Lactacystin (Teale 

et al., 2009) and Bortezomib (Fernandez-Garcia et al., 2011; Keck et al., 2015; Neznanov et al., 

2008). Bortezomib has been used for the clinical treatment of multiple myeloma and mantle cell 

lymphoma (Groll et al., 2009) and due to its inhibitory effects in viral infections enabled this drug 

repositioning as antiviral. Moreover, several viral infections are sensitive to proteasome 

inhibitors, among these, herpesvirus (Delboy et al., 2008), vaccinia (Satheshkumar et al., 2009), 

influenza (Widjaja et al., 2010), human immunodeficiency virus (Schubert et al., 2000), 

cytomegalovirus (Tran et al., 2010), hepatitis B (Zheng et al., 2016), and dengue virus (Byk et al., 

2016). 

Our data indicate that viral DNA replication was affected by proteasome inhibition. We observed 

that proteasome inhibitors decreased the number of viral DNA copies, reduced viral late protein 

synthesis, and also total viral production. These results are similar to those described for closely 

related viruses when the proteasome is inhibited (Cheng et al., 2014; Lopez et al., 2011; Tran et 

al., 2010)  

 

Our findings indicated that inhibition of proteasome function causes arrest at an early stage of 

ASFV infection, which was also supported by the observations of a statistically significant 

accumulation of complete viral cores retained in the cytoplasm by confocal microscopy. Then, 

uncoating inhibition could underlie ASFV replication reduction as it does in VACV infection 

(Satheshkumar et al., 2009). According to our results, the impairment of ASFV genome replication 

by proteasome inhibitors could be consistent with an interference with the complete uncoating 

Figure D1. Model of ASFV uncoating 

process. Viral decapsidation relies in 

low endosomal pH. The inhibition of 

endosomal acidification with 

bafilomycin A1 inhibits viral 

decapsidation. Viral cores without 

the capsid are found in late 

endosomes. Inhibition of the 

proteasome blocks further 

breakdown of the core shell 

inhibiting the release of viral DNA. 
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of the core, which would eventually prevent access of the replication machinery and subsequent 

replication (Figure D1). 

Vaccinia virus (VACV) requires proteasome activity for the complete uncoating of the viral 

particle (Mercer et al., 2012; Satheshkumar et al., 2009). The mechanism by which the 

proteasome mediates viral uncoating occurs is not completely clear. Apparently, the proteasome 

recognizes as substrates one or more viral proteins, hence the core particle is destroyed and the 

viral DNA genome is released to the cytoplasm. In fact, previous studies showed the presence of 

ubiquitin in the core of the ASFV particles (Hingamp et al., 1995a). Also, we have detected the 

presence of a Lys48-polyubiquitinated viral protein in the viral particle that could be the signal 

for proteasome degradation.  Also, viral core protein polyprotein pp62 could be a potential 

substrate for UBCv1 as it was shown in vitro (Hingamp et al., 1995a). Monoubiquitinated 

conjugates are poor substrates for ubiquitin-dependent degradation. However, it is also possible 

that monoubiquitinated structural proteins could act upon virus entry as primers for the 

formation of a polyubiquitin chain. This could target polyubiquitinated proteins for degradation, 

hence participating in virus uncoating and viral degradation. This would imply, that a mechanism 

to prevent newly formed virion degradation should coexist for the completion of the previous 

replication cycle. Alternatively, ubiquitination may play a role in virus morphogenesis late during 

infection.  

 A possible role of UBCv1 protein in regulating a host nuclear function has been previously 

reported (Bulimo et al., 2000; Hingamp et al., 1992a) and this would be in accordance with the 

fact that we have found UBCv1 mainly in the nucleus. For instance, ICP0 of HSV-1 is a nuclear 

protein that regulates NF-κB and JNK activation (Daubeuf et al., 2009) . Indeed, virus replication 

sites contain ubiquitinated proteins and also, UBCv1 has been shown to ubiquitinate the viral 

core polyprotein pp62 to give rise to two major structural proteins of 35 kDa (p35) and 15 kDa 

(p15) which also could be ubiquitinate in vitro (Hingamp et al., 1995a; Simon-Mateo et al., 1997). 

In our work, degradative ubiquitination signals were found in the nucleus of infected cells and 

regulatory signals both in the nucleus and in the cytoplasm of infected cells, especially close to 

viral factories. Viral factories revealed strong peripheral deposition of Lys63-Ub rather than the 

Lys48-Ub, which is typically associated with proteasomal degradation. Lys63-Ub chains connect 

components of NF-κB signalling in a highly regulated manner and genetic evidence indicates a 

role for Lys63-Ub in stress response and DNA repair (Haglund and Dikic, 2005). The complexity of 

the interactions carried out by E2 enzymes contradicts their function as simple carriers of 

activated ubiquitin. It is now evident that E2 conjugating enzymes are able to determine the 
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linkage specificity and length of ubiquitin chains and can influence the processivity of chain 

formation (van Wijk and Timmers, 2010). Consequently, the ASFV ubiquitin-conjugating enzyme 

could be expected to exert multiple roles in the infective cycle.  

We found that ASFV infection itself modestly increased proteasome activity at early times even 

considering the important role that this system appears to play at these times. It is conceivable 

that a basal proteasome activity could be sufficient for early infection while the saturation of the 

system in the presence of a high amount of viral proteins might require further increases in 

activity late at infection. The importance of different components of the proteasome was also 

verified by the transcriptome analysis of ASFV infected macrophages. It is hardly surprising that 

the immunoproteasome, constitutively expressed in hematopoietic cells and induced in non-

immune cells during viral infection by interferon signalling, presented the most relevant role in 

macrophages (McCarthy and Weinberg, 2015).  

Altogether, our results indicate that inhibition of the proteasome function causes an arrest at an 

early stage of ASFV entry into Vero cells. In addition, we have analysed the potential infection 

stages where the viral particle could be arrested upon the inhibition of the UPS. This study has 

also demonstrated that the UPS plays an important role at early ASFV infection at a stage 

comprised between the entry of the virus through the plasma membrane and the replication of 

the viral genome. Once completed the first stages of infection, there might be other potential 

roles for early viral protein UBCv1. Hence, we studied its capability for ubiquitylation as well as 

its interactor proteins in the host cell.   

2. The viral ubiquitin conjugating enzyme UBCv1 and the translation machinery 

To date, UBCv1 is the only known ubiquitin-conjugating E2 enzyme reported to be encoded by a 

virus (Hingamp et al., 1992b) and we hypothesized it could play a role in ubiquitin-mediated 

degradation (or regulation) of several factors required for ASFV infection.  

Viral genome expression is regulated in a temporal fashion, being early viral proteins responsible 

for exploiting host cell machinery at the beginning of the infection. Using several drugs, we could 

conclude that UBCv1 is an early viral protein with a similar profile of expression to early p30 

protein, that it is also detected at late times, independent of viral DNA replication. Previous 

conflicting reports had described UBCv1 localization confined to the cytoplasm of infected cells 

(Hingamp et al., 1995a) or in contrast to others localising this protein to the nucleus and the viral 

factories (Freitas et al., 2018). Nevertheless, we found UBCv1 distributed predominantly in the 
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nucleus of infected cells at early times, while at late times it was also found in the cytoplasm, in 

less amounts. This suggested that UBCv1 shuttles between nucleus and cytoplasm. 

As it occurred with p30 (Afonso et al., 1992), we could not detect UBCv1 inside the VFs. To further 

characterize UBCv1, we recognized the presence of this protein in the viral particle in purified 

virions by western blot and colocalising it with the viral core protein p150 in virions in infected 

Vero cells.  

It is well known that the limited size of virus genomes, forced them to develop mechanisms to 

take advantage of the cellular translation activity in order to synthesize their own proteins 

(Schneider and Mohr, 2003). Each virus family devises a different mechanism to induce a cellular 

shut-off directing preferentially the host machinery to favour viral translation, as it occurs in 

VACV infection (Cao et al., 2017; Parrish and Moss, 2007; Parrish et al., 2007; Yang et al., 2010).   

Some of these viral strategies are based on switching on/off the activity of key initiation factors 

that are essential for the host protein synthesis. Upon VACV infection, eukaryotic translation 

initiation factors (eIFs) get redistributed to viral factories (Katsafanas and Moss, 2007; Walsh et 

al., 2008). For instance, alpha- and gamma-herpesviruses, influenza viruses or SARS coronavirus 

encode viral endonucleases that eliminate cellular mRNAs (Abernathy and Glaunsinger, 2015), 

while picornaviruses, calciviruses or retroviruses express proteases that cleave eukaryotic 

initiation factors impairing cellular protein synthesis while facilitating viral protein expression 

(Castello et al., 2006; Lloyd, 2006).    

In particular, ASFV viral infection modulates two important events in the initiation of translation: 

the phosphorylation of eIF2α (Rivera et al., 2007)and the targeting of eIF4F and 4E-BPs to recruit 

the ribosome and components of the translation machinery to the viral mRNAs in the VFs 

(Sanchez et al., 2013b). Also, ASFV decapping protein (DP) interacted with cellular poly (A) RNAs 

and with the ribosomal protein RPL23a (Quintas et al., 2017). 

Preliminary studies in our laboratory characterized an interaction between UBCv1 and the 40s 

ribosomal protein S23 (RPS23) that was further corroborated by pull down assays. The 

consequences of ubiquitylation depend on chain topology, as well as the timing and reversibility 

of the reaction, enzyme or substrate localization, and finally on interactions between E3 ligases 

and effectors (Kim et al., 2011). Then, the viral UBCv1 interaction with 40S ribosomal protein 

RPS23 could target this subunit to impair cell host proteins synthesis for the virus benefit. For 

these reasons, the implications of this interaction were further investigated to find out whether 

UBCv1 could be a viral factor modulating cellular translation control. In contrast to what could 

be expected from cellular mRNA decrease (Quintas et al., 2017), we found that the 40S ribosomal 
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protein RPS23 did not suffer degradation during ASFV infection, even increasing its expression at 

the first hours postinfection.  Another possibility is that the viral protein occupied a position at 

the 40s ribosomal subunit, with the displacement of potential mRNAs or factors that could no 

longer take this position with subsequent ribosomal stalling or pausing. Ribosomes do not build 

all proteins at a constant rate, there are many examples of proteins that stall when they are in 

the ribosome exit tunnel. It is thought that this stalling is how cells control the expression of 

proteins and could be induced by the viral protein binding (Walsh et al., 2013). The overall cell 

capacity for protein synthesis would be reduced and stalled proteins would be degraded by 

protein quality control. 

Indeed, RPS23 protein was localized in the cytoplasm and the endoplasmic reticulum in Vero cells 

and presented a weak expression in the nucleus in those infected cells. However, as described 

before, the expression of transfected UBCv1 showed mainly nuclear location. For the 

aforementioned reason, we decided to screen both proteins in nuclear and cytoplasmic fractions 

of Vero infected cells. Our data showed that both UBCv1 and RPS23 were expressed both in the 

nucleus and cytoplasm of infected cells, indicating that the interaction could be possible in both 

localizations. To further confirm where this interaction occurred at the cellular level, we 

demonstrated by ribosomal fractionation that UBCv1 co-migrates in the same fractions than 

RPS23, while unrelated viral protein p72 did not show that profile. Taking all this in consideration 

we could conclude that this interaction most probably occurs in the cytoplasm of infected cells. 

The initiation of the translation is one of the most regulated steps of gene expression. The 

eukaryotic initiation factors (eIFs) play an essential function in the recruitment of the ribosome 

to the mRNA, which means they are potential targets for viruses. Increasing evidences show how 

cap-binding factor eIF4E and its regulatory cellular proteins are manipulated during viral 

infections (Montero et al., 2015). Complex DNA viruses are an uncommon group of viruses that 

promote eIF4F assemblage while they are able to block cellular protein synthesis (Walsh et al., 

2008; Walsh et al., 2013; Walsh et al., 2005).The cap-dependent translation initiation relies on 

the eIF4F complex, composed by three proteins: eukaryotic translation initiation factors 4A 

(eIF4A), 4E (eIF4E) and 4G (eIF4G). , ASFV A224L induced eIF4E and eIF4G1 expression upon 

infection cooperating with c-Myc and promoting viral protein synthesis (Sanchez et al., 2013a). 

Apparently, A224L could need another viral protein that would complement its function.  
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The phosphorylation of eIF4G, eIF4E and 4E-BP1 are concomitant with an increase of eIF4F 

assembly (Castello et al., 2009b). Nevertheless, phosphorylation of eIF4G, eIF4E and 4E-BP1 is 

important but not essential to ASFV infection in cultured Vero cells. 

ASFV triggers the phosphorylation of eIF4E at Ser209 by Mnk-1 (Sanchez et al., 2013a). During 

ASFV infection, eIF4E phosphorylation takes places after 8 hpi and is related to an enhancement 

of the viral replication and protein synthesis (Castello et al., 2009b). However, no direct 

interaction has been previously demonstrated between this factor and any viral protein. In this 

work we have identified UBCv1 interaction with eIF4E by a mass spectrometry analysis 

developed. We designed several strategies to characterize this interaction to find that eIF4E 

increased its expression upon viral infection and, that this factor was preferentially found close 

to the viral factory as well as inside the nucleus of infected cells. UBCv1 could bind eIF4E and 

induce this factor overexpression in order to increase viral protein synthesis, as it was found for 

Epstein-Barr virus latent membrane protein 1 (LMP1) (Zhao et al., 2014). On the other hand, 

there are viral proteins that bind to eIF4E in order to stimulate its function as translational factor, 

which is the case of the viral protein VPG in sapovirus (Hosmillo et al., 2014).  

ASFV has another regulation mechanism which induces mammalian target of rapamycin (mTOR)-

mediated phosphorylation of eIF4G at Ser1108 (Castello et al., 2009b). In parallel with this 

finding, we also found that UBCv1 was able to directly bind eIF4G1. This factor, also described as 

eIF4G, is a scaffolding protein between the mRNA and the small ribosomal subunit 40S. It is 

noteworthy that eIF4G had been described as a target for caspase-3 activity (Prevot et al., 2003). 

Following infection by certain picornaviruses such as rhinovirus or poliovirus, eIF4G is cleaved by 

the viral protease 2A-pro, shutting down the capped cellular mRNA transcription (Joachims et al., 

1999; Kerekatte et al., 1999).  

However, in ASFV infection this factor avoided this proteolytic effect by an unknown mechanism 

(Castello et al., 2009b). It is conceivable that eIF4G could be hidden from the protease during 

infection because UBCv1 would protect it from degradation by this protein-protein interaction. 

Interestingly, cellular eIF4G and eIF4E as well as viral UBCv1 are essential for ASFV infection, since 

the deletion of both factors decreases the number and size of viral factories and reduces viral 

titres (Castello et al., 2009b; Freitas et al., 2018).  

These findings pave the way to further verify this hypothesis as schematised in the following 

proposed model of the interaction between UBCv1 and the cellular initiation machinery (Figure 

D2). 
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In parallel, we also screened the expression of genes related to translation in swine alveolar 

macrophages upon ASFV infection. Next Generation Sequencing allowed us to determine the 

overexpression of several genes during the first 6 h of infection such as the initiations translation 

factor eIF1, one of the subunits of the eIF3 complex (eIF3J) and the eIF4G2 gene. Accordingly, 

eIF2B repressor of translation initiation decreased (Morita et al., 2012) as well as the subunits α 

and β of GTP exchange protein eIF2B (eIF2B1, eIF2B2). These results might vary depending on 

the time point of infection taken for the comparisons. In Ctrl vs 6 hpi and 16 hpi comparisons, 

structural constituents of the ribosome such as RPS27, RPS20, RPL38, RPL12, RPL22 and RPS23 

were significantly overexpressed. All these data verified the importance of the cellular 

translational machinery for ASFV protein synthesis during infection. ASFV would be able to 

manipulate this machinery, avoiding its inactivation for the virus advantage. 

3. UBCv1 acts as a ubiquitin conjugating enzyme 

Although a complete study of all human E2s has not yet been reported, most Ub E2s examined 

to date showed certain propensity to transfer Ub to free lysine, although they can also react with 

a Cys, Ser, Thr, or N-terminus on a substrate to form the diverse ubiquitin linkages with the help 

of the E3 ligases (Stewart et al., 2016).   

There are a growing number of examples of E2s that are themselves the target of ubiquitylation. 

The SUMO E2 UBE2I is the best-characterized E2 that is able to transfer an Ub to a target residue 

in the absence of an E3 ligase (Bernier-Villamor et al., 2002; Pichler et al., 2005). Traditionally, 

addition of polyubiquitin chains was thought to be a cyclical process, which required a “priming 

E2” and an elongation E2 to extend the chain (Windheim et al., 2008). However, some studies 

demonstrated in vitro the assembly of polyubiquitin chains on the active site cysteine of the 

Figure D2. ASFV UBCv1 and the cellular protein synthesis machinery proposed model. The figure 

shows a schematic representation of a typical mammalian mRNA with the cap-dependent translation-

initiation complex. ASFV UBCv1 interacts with eIF4E blocking the translational machinery.  
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cellular E2G2 and later the action of a RING E3 ligase that catalysed the transfer of the 

polyubiquitin chain to the substrate (Li et al., 2009). Indeed, in vivo analysis showed that E2G2 

polyubiquitination was detected by the proteasome as a degradation signal (David et al., 2010). 

Consistent with the abovementioned, UBCv1 was able of catalyse polyubiquitin chains in vivo 

while UBCv1mut, carrying a mutation in its catalytic domain had lost this activity. We detected 

that this viral E2 was capable of binding several kinds of polyubiquitin chains.  Our results 

suggested that UBCv1 bound Lys48-Ub chains or other types of chains with degradative signal as 

Lys11- or Lys29- (Baboshina and Haas, 1996; Johnson et al., 1995) with the consequence of the 

degradation of UBCv1. Nevertheless, when UBCv1 bound chains with a regulatory signal (as 

Lys63-Ub), our viral protein remained unaltered.  

Probably, most of the ubiquitin conjugates were in the form of autoubiquitination of the viral E2. 

We were unable to catalyse the transfer of ubiquitin to a substrate and although we performed 

our experiment in the absence of E1 and E3 ligases during the ubiquitylation assay, we cannot 

rule out a possible implication of the ubiquitous E1 and E3 enzymes of our cells. One hypothesis 

would be that UBCv1 would have E3 ligase activity. Previous studies showed that the UBCv1 

expressed in E.coli was able to ubiquitinate protein substrates without requiring an E3 ubiquitin 

ligase enzyme (Hingamp et al., 1995a). Another hypothesis would be that E2-Ub did not form a 

complex with the target and thus, the activated Ub produced E2 self-ubiquitination. Based on 

this hypothesis, we also explored possible cellular E3 ligases that could bind our viral E2 by mass 

spectrometry.  

A moderate-to-weak affinity characterizes most E2-E3 complexes, which complicates detection. 

Studies related with this interaction after Ub transfer has been made to analyse the properties 

of E2-Ub conjugates as well as the structure of RING-type E3 ligases (van Wijk and Timmers, 

2010).  Interestingly, we found that both UBCv1 and UBCv1mut bound the Cullin RING ligase CUL-

4B. Although UBCv1mut lacked conjugating activity, it is possible that the binding site between 

these enzymes do not require the cysteine of the catalytic domain. Further assays with this E3 

ligase and its potential substrates will be done in the laboratory to complete the characterization 

of this pathway. 

Additional support of the importance of the component of the ubiquitylation process was 

obtained from the transcriptome analysis in macrophages. In this parallel study, we found a 

decrease in the expression of CUL4B during infection, maybe because of its implication in the 

response to DNA damage. Furthermore, cellular E2 UBE2G1 and UBE2D4 were found 
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downregulated in the Ctrl versus 6 hpi comparison, while UBE2C was overexpressed at 16hpi. We 

also detected and the importance of the cellular E1 UBE1L (UBA7). A multiparametric analysis of 

UBE2C and ISG15, among others, corroborated these results using qPCR. This Ub-like protein, 

ISG15, is involved in the regulation of several virus infections (Eduardo-Correia et al., 2014; 

Gonzalez-Sanz et al., 2016; Yanguez et al., 2013). 

4. UBCv1 and the innate immune response 

More than half of the 150 genes encoded by ASFV are not required for virus replication, thus they 

have an important role in virus survival and transmission to evade host defence (Dixon et al., 

2004).  

In this thesis, our interest was directed towards the study of the viral protein UBCv1 because of 

the importance of ubiquitin enzymes in the regulation of the immune response (Ebner et al., 

2017). For instance, the E3 ligase TRAF6 probably uses UBE2D to initiate and UBE2N-UBE2V1 to 

elongate Lys63-linked ubiquitin chains at the activation of the transcription factor NF-κB (Petroski 

et al., 2007). 

Sensing the invading viral pathogen through the appropriate PRR(s) detonates multiple and 

different intracellular signalling pathways, activating the nuclear factor-kappa B (NF-κB), the 

interferon regulatory factor 3 (IRF-3) which mediates the induction of IFN-β and the activating 

protein-1 (AP-1) transcription factor. It has been described that ASFV protein A238L acts as a 

homologue of IκB and inhibits NF-κB as well as NFAT transcription factor activation. However, it 

apparently did not affect AP-1 transcription factor (Powell et al., 1996; Revilla et al., 1998).  

Here, we provided evidence demonstrating that UBCv1 is a previously unrecognized inhibitor NF-

κB activation after several stimuli including TNFα and IL-1β. In order to map at which level this 

viral protein was blocking NF-κB pathway, we overstimulated it with different inducers. Our data 

suggested that UBCv1 could be acting downstream TAK1 protein or even more accurately, 

downstream IKKβ.  This would concur with the NF-κB inhibition detected in the presence of 

cytosolic acid nucleic sensors such as cGAS/STING, TRIF and RIG-I, given that their signalling 

pathways induce NF-κB activation through TAK1 and IKKβ. Based on the results obtained, we 

could also conclude that UBCv1 mutated in the catalytic domain had no effect in the NF-κB 

inhibitory role of UBCv1. This conclusion could have various explanations; on the one hand, it is 

possible that the function of viral UBCv1 in the ubiquitylation process could be unrelated to the 

NF-κB pathway and other cellular E2 enzymes can substitute it for this purpose (Ebner et al., 

2017; Patel et al., 2011). On the other hand, we detected an intrinsic degradation of UBCv1 that 
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was not evident for UBCv1mut. This could be the reason why, UBCv1 did not show a significant 

inhibitory effect compared to the mutated form.  

We also assessed whether UBCv1 was able to modulate IFN I responses. Previously, it was shown 

that the viral protein as I329L, a viral TLR3 homologue, inhibits IFN-β induction and IRF3 

activation at the level of TRIF (Correia et al., 2013). In contrast with the inhibitory capacity of 

genes such as VACV C6 (Unterholzner et al., 2011) , both UBCv1 and UBCv1mut were not able to 

interfere with IFN-β promoter activation. These observations correlated with IRF-3 activation in 

cells overexpressing UBCv1 or UBCv1mut. Furthermore, the inhibition of the impact of type I IFN 

by ISRE elements additionally confirmed these results.  

Among the adaptor proteins (named as “inducers” in our assays) some of them are able to 

terminate in the activation of more than one signalling pathway (Yamamoto et al., 2002). 

Interestingly, AP-1 transcription factor also suffered inactivation under the overexpression of 

UBCv1. Consistent with this, extracellular PMA stimuli caused a similar effect confirming the 

involvement of UBCv1.  Moreover, these data further confirmed that UBCv1 could play a relevant 

role at the level of IKK given that this kinase is found at the point of divergence of NF-κB and AP-

1 signalling pathways. 

With respect to the inhibitory effect of UBCv1 in NF-κB activation, it is important to mention the 

relevance of phosphorylation in this signalling pathway. In resting cells, NF-κB appears retained 

in the cytoplasm through direct interaction with an inhibitor protein of the IκB family, IκBα. The 

activation of an IκB kinase of the IKK family (IKKα or IKKβ) leads to phosphorylation of IκBα, 

triggering its ubiquitylation by an E3 and subsequent degradation by the proteasome (Christian 

et al., 2016). Numerous studies have demonstrated the ability of various kinases to 

phosphorylate IκBα (Kato et al., 2003; Lin et al., 1996; Takada et al., 2003). The stimulation 

through IL-1β or TNFα imply the phosphorylation in Ser32 and Ser36 of the N-terminal domain 

of IκBα and the NF-κB activation (Zandi et al., 1997).   

We demonstrated that ASFV UBCv1 prevented IL-1β induced IκBα phosphorylation although IκBα 

degradation remained unaltered. VACV A49 acts at this level, it is able to inhibit IκBα degradation 

producing accumulation of this factor which retains p65 in the cytoplasm and maintains NF-κB 

inactive.  As described before, previous to its degradation by the proteasome IκBα must be 

phosphorylated (Chen et al., 1995). UBCv1, which we proposed as an inhibitor at the level of IKK, 

could be acting against these kinases to block its phosphorylation. UBCv1 could be promoting the 

ubiquitylation of this kinase to regulate its activity or even to induce its degradation. Although 
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this hypothesis could explain the inhibition of the phosphorylation, we could not conclude the 

mechanism by which IκBα is degraded even without being phosphorylated.  It is possible that 

IKKβ would be able to phosphorylate IκBα in another serine residue or that UBCv1 could be 

blocking the degradation of another IκB inhibitor such as IκBβ, both impossible to detect by our 

western blot (Wu and Ghosh, 2003). This sets the stage for further studies trying to solve this 

puzzle.  

Even though, we could not determine the exact mechanism developed by UBCv1 to inhibit NF-

κB activation, we successfully analysed the abolition of p65 translocation from the cytoplasm to 

the nucleus, which means the activation of NF-κB transcription factor. This translocation was 

impaired in the presence of the viral protein UBCv1.   

In parallel with the aforementioned experiments, we also performed a global transcriptome 

study of swine alveolar macrophages after infection in order to find transcripts related to this 

pathway. We detected an overexpression of TRAF2 and TRAF4 genes, some genes of the complex 

of NF-κB transcription factor, such as REL and RELB as well as p52 (NFKB2) and p105 (NFKB1) at 

Ctrl vs 6 hpi comparisons. At 16 hpi we found a significant decrease in the NF-κB repressing factor 

(NKRF), what would increase the expression of certain NF-κB responsive genes. Although we 

found a global increase in genes related with NF-κB pathway at determined timepoint 

comparisons, this would not be against our results. Our studies were focused in the activity of 

just UBCv1 gene alone, therefore, the general outcome in the context of infection where all ASFV 

genes are expressed might yield contradictory results. 

The complex and strong inflammatory effect of ASFV infection could be the reason why this virus 

needs several inhibitors of NF-κB activation. Also, it should be taken in account that one signalling 

pathway or component can be different depending on the cell type studied and even on the time 

of infection analysed. Indeed, a viral protein alone could need additional factors coming from the 

viral particle or the infection proteins to exert its complete function. Overall, the identification 

and characterization of novel inhibitory viral proteins of the immune response is an important 

feature for the development of effective vaccines.   

Collectively, these results illustrate the importance of the viral UBCv1 protein for several steps of 

the infection as well as the relevance of the ubiquitin and the ubiquitylation process in many 

aspects of the infection. 
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1. La actividad del proteasoma es necesaria en fases tempranas de la infección por VPPA, en el 

desenvolvimiento y rotura del core viral para la liberación final del genoma vírico.  

2. El gen de VPPA I215L codifica para una E2 o enzima conjugadora de la ubiquitina denominada 

UBCv1, presente en la partícula viral. UBCv1 es la única E2 de origen viral descrita, una 

proteína temprana que se sintetiza en las primeras horas de infección tras la decapsidación 

del virión en el endosoma tardío pero antes del último paso del desenvolvimiento viral.  

3. UBCv1 tiene actividad E2 conjugadora de la ubiquitina, necesita de su centro catalítico para 

esta función y une diferentes tipos de cadenas de ubiquitina como son las cadenas ligadas por 

K63, K11 y K48. 

4. UBCv1 interactúa con proteínas relacionadas con la traducción celular como la proteína 

ribosomal RPS23 de la subunidad 40S o eIF4E. La expresión de RPS23 aumenta a tiempos 

tempranos (1-4 hpi) y está presente en las mismas fracciones ribosomales que UBCv1. 

También hemos demostrado que UBCv1 se une a la E3 ligasa Cul4B y a Arf3. 

5. UBCv1 es un nuevo gen de evasión del sistema inmune en VPPA. UBCv1 inhibe la activación 

de NF-κB en respuesta a IL-1β o TNFα. Esta inhibición se produce por debajo de TRAF6 y TRAF2 

y por encima o a nivel and de IKKβ. UBCv1 no es capaz de inhibir la activación de NF-κB por 

debajo de TAK1, IKKβ o p65. 

6. UBCv1 inhibe la activación de NF-κB mediante sensores de ácidos nucleicos citosólicos como 

cGAS-STING, TRIF y el sensor de RNA RIG-I, pero no afecta a la activación de IRF3 ni la inducción 

de IFN-β en respuesta a estimulación. La activación del elemento sensible a la respuesta del 

interferón (ISRE) confirma estos resultados. 

7. La expresión de UBCv1 inhibe la actividad transcripcional de AP-1 bajo la inducción de TAK1 y 

la estimulación mediante PMA. 

8. UBCv1 impide la acumulación de p-IκBα tras la activación con IL-1β. Sin embargo, no afecta a 

la degradación de IκBα total. UBCv1 inhibe la activación dependiente IL-1β de p65 y su 

translocación al núcleo. 

9. El análisis transcriptómico revela  la importancia global de la vía de señalización de NF-κB, de 

la manipulación de la maquinaria de traducción y de la relevancia de los procesos de 

ubiquitinación en macrófagos infectados por VPPA.  
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1. Cellular proteasome activity is required at an early stage of ASFV infection for viral DNA 

uncoating, possibly at the virion core breakdown for the release of the viral genome. 

2. ASFV gene I215L encodes for an E2 ubiquitin conjugating enzyme named UBCv1, present in 

the viral particle. As the only virally encoded E2 enzyme described, it is an early viral gene 

synthesized in the first hours of infection, after viral decapsidation in the late endosome but 

before last step of viral uncoating. 

3. UBCv1 acts as an E2 conjugating enzyme, requires its catalytic site for this function and 

assembles several types of ubiquitin chains such as K63-, K11- and K48-linked chains. 

 
4. UBCv1 interacts with host protein translation elements, the ribosomal subunit protein RPS23 

and eIF4E. RPS23 expression increased early (1-4 hpi) and was present in the same ribosomal 

fractions than UBCv1. UBCv1 also interacts with Ub ligase Cul4B and Arf3. 

 
5. UBCv1 has been characterized as a new immune system evasion ASFV gene. It inhibits NF-κB 

pathway in response to IL-1β or TNFα downstream TRAF6 and TRAF2 and upstream or at the 

level of IKKβ. UBCv1 fails to inhibit the induction of TAK1, IKKβ or p65.  

 
6. UBCv1 inhibits NF-κB activation by cytosolic nucleic acid sensing mechanisms as cGAS-STING 

axis, the dsRNA-activated TRIF and the RNA cytosolic sensor RIG-I but not IRF3 activation nor 

IFN-β induction in response to stimulation. The activation of interferon-sensitive response 

element (ISRE) confirms these results.  

 
7. Expression of UBCv1 inhibits transcriptional activity of activating protein-1 (AP-1) under TAK1  

inducers or PMA stimulation.  

 
8. UBCv1 impairs p-IκBα accumulation under IL-1β activation while has no effect in total IκBα 

degradation. UBCv1 inhibits IL-1β dependent p65 activation and nuclear translocation.  

9. Transcriptomic analysis provides a global view of the importance of NF-κB pathway at ASFV 

infection, the virus induced manipulation of the host translation and overall relevance of 

ubiquitylation mechanism in ASFV infected macrophages.  
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