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1.	Zusammenfassung	

Die großen dsDNA-Genome der Herpesviren enthalten bis zu 200 offene Leserahmen (ORFs), die eine 

Vielzahl von Proteinen codieren, von denen viele homolog zu zellulären Enzymen sind. Die virale 

Ribonukleotidreduktase (RNR) ist normalerweise an der Synthese von 

Desoxyribonukleosidtriphosphaten (dNTPs) beteiligt, aber mehrere Herpesviren haben die 

katalytische große Untereinheit (R1) der RNR umfunktioniert, um der Immunantwort des Wirts 

entgegenzuwirken. 

Das Maus-Cytomegalovirus (MCMV), ein murines β-Herpesvirus, verwendet sein R1-Protein M45, 

um Immunmediatoren des Wirts in zytoplasmatischen punktförmigen Aggregaten zu sequestrieren, 

die anschließend durch selektive Autophagie abgebaut werden. Dieser Mechanismus erfordert ein 

konserviertes C-terminales Induced	 Protein	 Aggregation	Motif (IPAM), das in R1-Proteinen aller 

Herpesvirus-Unterfamilien vorkommt. Eine ähnliche Strategie wird vom humanen α-Herpesvirus 

Herpes-simplex-Virus Typ 1 (HSV-1) zur Umgehung der Immunabwehr eingesetzt. In der γ-

Herpesvirus-Unterfamilie verwendet das Epstein-Barr-Virus (EBV) sein R1-Protein, um die zelluläre 

mutationserzeugende Cytosin-Desaminase APOBEC3B (A3B) zu binden und aus dem Zellkern ins 

Zytoplasma zu verlagern. Ob die R1-abhängige A3B-Umverteilung ein konserviertes Merkmal der γ-

Herpesvirus-Infektion darstellt und eine IPAM-abhängige Aggregation beinhaltet, wurde bisher nicht 

erforscht. 

Die vorliegende Studie hatte zum Ziel, das R1-Protein ORF61 des humanpathogenen γ-Herpesvirus 

Kaposi-Sarkom-assoziierten Herpesvirus (KSHV) und des verwandten murinen 

Gammaherpesvirus 68 (MHV-68) zu untersuchen. Beide Proteine bilden Aggregate, wie durch eine 

fluorescence	 recovery	 after	 photobleaching (FRAP) Analyse von fluoreszenzmarkierten R1-

Fusionsproteinen nachgewiesen wurde. Anders als die äquivalenten Proteine bei α- und β-

Herpesviren wurden ORF61-Aggregate nicht in nennenswertem Maße durch Autophagie abgebaut. 

Eine weiterführende strukturelle Charakterisierung mittels korrelativer Licht- und 

Elektronenmikroskopie (CLEM) zeigte, dass die ORF61-Aggregate in infizierten Zellen aus 

Filamentbündeln bestanden, im Gegensatz zu den eher globulären Aggregaten, die für ihr MCMV-

Homolog charakteristisch sind. Während der lytischen KSHV-Infektion verlagerte das ORF61-Protein 

den nukleären A3B auf IPAM-abhängige Weise in zytoplasmatische Aggregate, um das replizierende 

virale Genom zu schützen. Eine KSHV IPAM-Mutante, die A3B nicht umverteilen konnte, zeigte eine 

erhöhte A3B-vermittelte Deaminierung des Genoms sowie verminderte Virustiter im Vergleich zum 

Ursprungsvirus. Im Gegensatz dazu sequestrierte MHV-68 ORF61 weder menschliche noch murine 

APOBEC3-Proteine, was darauf hindeutet, dass es auf andere Interaktionspartner abzielt. In ihrer 

Gesamtheit zeigen die Ergebnisse, dass die R1-Proteine von KSHV und MHV-68 filamentöse, IPAM-

abhängige Aggregate in infizierten Zellen bilden, um zelluläre Zielproteine wie APOBEC3B zu binden 

und zu neutralisieren. 	
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2.	Abstract	

The large dsDNA genomes of herpesviruses contain up to 200 open reading frames (ORFs) that 

encode a vast array of proteins, many of which are homologous to cellular enzymes. The viral 

ribonucleotide reductase (RNR) normally plays a role in deoxyribonucleoside triphosphate (dNTP) 

synthesis, but several herpesviruses have repurposed the RNR catalytic large subunit (R1) to 

counteract the host immune response.  

Murine cytomegalovirus (MCMV), a mouse β-herpesvirus, uses its R1 protein M45 to sequester host 

immune mediators in cytoplasmic dot-like aggregates that are subsequently degraded via selective 

autophagy. This mechanism relies on a conserved C-terminal Induced Protein Aggregation Motif 

(IPAM) that is found in R1 proteins across all herpesvirus subfamilies. A similar strategy is employed 

by the human α-herpesvirus herpes simplex virus type 1 (HSV-1) to evade host immunity. In the γ-

herpesvirus subfamily, Epstein-Barr virus (EBV) utilizes its R1 protein to bind and relocalize the 

cellular mutagenic cytosine deaminase APOBEC3B (A3B) from the nucleus to the cytoplasm. 

However, whether R1-dependent A3B targeting is a conserved feature in γ-herpesvirus infection, and 

whether it involves IPAM-dependent aggregation, remains unexplored. 

The present study aimed to investigate the R1 protein ORF61 of the human γ-herpesvirus Kaposi’s 

sarcoma-associated herpesvirus (KSHV) and the related murine gammaherpesvirus 68 (MHV-68). 

Both proteins form aggregates, as shown by fluorescence recovery after photobleaching (FRAP) of 

fluorescently labeled R1 fusion proteins. Unlike their α- and β-herpesvirus counterparts, ORF61 

aggregates were not substantially degraded by autophagy. Further structural characterization by 

correlative light and electron microscopy (CLEM) revealed that the ORF61 aggregates in infected 

cells were composed of filament bundles, in contrast to the more globular aggregates characteristic 

of their MCMV homolog. During lytic KSHV infection, the ORF61 protein relocalized nuclear A3B to 

cytoplasmic aggregates in an IPAM-dependent manner to protect the replicating viral genome. An 

IPAM mutant KSHV, that failed to redistribute A3B, displayed increased A3B-mediated genome 

deamination and reduced viral titers compared to the parental virus. In contrast, MHV-68 ORF61 did 

not sequester human or mouse APOBEC3 proteins, suggesting that it engages different targets. Taken 

together, the results show that KSHV and MHV-68 R1 proteins form filamentous, IPAM-dependent 

aggregates in infected cells to sequester and neutralize cellular targets proteins, such as APOBEC3B.
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3.	Introduction	

3.1	Common	characteristics	of	herpesviruses	
Herpesviruses (Orthoherpesviridae) are ubiquitous pathogens that infect diverse mammalian, avian 

and reptilian species, to which they are intricately adapted as a result of extensive host-pathogen co-

evolution. Of the more than 100 herpesviruses described to date, nine are human pathogenic. While 

herpesvirus infections are typically mild or asymptomatic, they can lead to severe and life-

threatening disease in immunocompromised individuals, such as newborns, the elderly, and organ 

transplant recipients. 

The Orthoherpesviridae family is further divided into three subfamilies: Alpha‐, Beta‐ and 

Gammaherpesvirinae, that differ from each other in terms of genome organization, host range and 

tissue tropism. The human pathogenic members of the subfamilies include the α-herpesviruses 

herpes simplex virus type 1 and 2 (HSV-1 and -2) and varicella zoster virus (VZV), the β-

herpesviruses human cytomegalovirus (HCMV), human herpesviruses 6A, 6B and 7, as well as the γ-

herpesviruses Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV) (1, 2). 

 

3.1.1	Herpesvirus	particle	

The key features common to all herpesviruses are their virion structure and biphasic replication 

cycle. A single copy of their large, linear double-stranded DNA (dsDNA) genome is surrounded by a 

nucleocapsid of icosahedral symmetry. The capsid is covered by the tegument, an amorphous protein 

layer, which is in turn enclosed by a host membrane-derived lipid bilayer envelope with protruding 

virus-encoded membrane glycoproteins (1) (Fig. 1). 

 

 
	

Figure	1. Schematic representation of the herpesvirus virion highlighting the key structural elements. The 
linear dsDNA genome is surrounded by an icosahedral nucleocapsid, which is in turn enclosed by a 
proteinaceous tegument layer. A lipid bilayer envelope with embedded membrane glycoproteins constitutes 
the outermost part of the particle. Adapted from Zheng et	al., Viruses, 2022 (3). 
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3.1.2	Herpesvirus	replication	cycle	

Viral glycoproteins first mediate virion attachment to the host cell membrane via interaction with 

surface proteoglycans, after which they bind to cellular receptors to facilitate particle entry by 

membrane fusion. Upon cell entry, the released capsid is transported to the nucleus where it deposits 

the viral genome. Viral genes are then transcribed in a temporally regulated cascade. First, 

immediate-early (IE) genes produce regulatory proteins that in turn initiate the transcription of early 

(E) genes required for viral DNA replication. Viral DNA replicates in the nucleus by a rolling-circle 

mechanism followed by transcription of late (L) genes mainly encoding virion components, such as 

capsid and tegument proteins. Capsids containing the newly replicated viral DNA assemble in the 

nucleus and acquire the tegument and envelope when exiting the nucleus and passing through the 

endoplasmic reticulum (ER) and Golgi apparatus before being released from the cell in exocytic 

vesicles that fuse with the host cell membrane (4) (Fig. 2).  

 
Figure	2. Simplified view of the herpesviral replication cycle. 1. Viral membrane glycoproteins mediate particle 
attachment and binding to cellular surface receptors. Upon particle entry by membrane fusion, the capsid is 
delivered to the nucleus and the linear dsDNA genome injected through the nuclear pore. 2. In the nucleus, the 
viral genome circularizes, and the temporally regulated viral transcription cascade commences with the 
transcription of immediate-early (IE) genes (yellow). 3. IE gene products initiate the transcription of early (E) 
genes (green) required for viral DNA replication. The viral DNA replicates by a rolling-circle mechanism 
followed by late (L) gene transcription. 4. L proteins (blue) serve as structural components of the assembling 
viral particles. In the nucleus, the newly replicated viral genome is enclosed by the capsid, after which the 
nucleocapsid buds into the perinuclear space. The new particle acquires its lipid envelope by passing through 
the nuclear, ER and Golgi membranes. Finally, the mature virion is released from the cell by exocytosis. Adapted 
from Coen & Schaffer, Nat Rev Drug Discov., 2003 (5). 
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This productive stage of the herpesviral replication cycle, known as the lytic cycle, is characterized 

by genome-wide viral gene transcription and production of infectious progeny causing rupture of the 

infected cell. In addition to lytic replication, all herpesviruses share the ability to establish latency in 

the infected host. This non-productive phase of the replication cycle allows the virus to evade 

immune recognition, since only a limited number of viral genes are expressed, and no viral particles 

are produced. Some herpesviruses integrate into the host genome for latent replication, whereas 

most persist as extrachromosomal circular episomes that are replicated by the cellular machinery 

and passed to the daughter cells during cell division. The ability to enter latency allows herpesviruses 

to establish lifelong infections in varying host tissues specific to each virus. Certain stimuli, such as 

changes in the cellular microenvironment or in the host’s immune status, can cause the latent virus 

to reactivate and to re-enter the lytic cycle, facilitating viral spread within the infected host as well 

as transmission to a new host (2). 

 

3.2	γ‐Herpesviruses	
Members of the γ-herpesvirus subfamily (Gammaherpesvirinae) are characterized by their 

lymphotropism, i.e., their ability to establish infection and persist in lymphocytes, their narrow host 

range, which is often restricted to only a few related species, as well as their capacity to induce 

lymphoproliferation and tumorigenesis. The subfamily includes two human pathogenic viruses (6). 

Epstein-Barr virus (EBV), which belongs to the genus Lymphocryptovirus, was the first γ-herpesvirus 

and the first human tumor virus to be discovered. With a global seroprevalence of approximately 

95%, it is one of the most prevalent human viruses (7). EBV is primarily transmitted through saliva. 

The virus establishes primary infection in epithelial cells of the oropharynx, from where it spreads 

to infect circulating B cells. Although often asymptomatic in young children, primary infection during 

adolescence can lead to infectious mononucleosis, characterized by fever, pharyngitis, 

lymphadenopathy, and fatigue (8). EBV persists in a latent state within memory B cells (9), and 

chronic EBV infection is linked to various human malignancies, including the B cell lymphomas 

Burkitt’s lymphoma (10) and Hodgkin lymphoma (11), and the epithelial tumors nasopharyngeal 

carcinoma (10) and gastric carcinoma (12). 

 

3.2.1	Kaposi’s	sarcoma‐associated	herpesvirus	(KSHV)	

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8, is the other 

human pathogenic representative of the γ-herpesvirus subfamily and a member of the genus 

Rhadinovirus. Similar to the related EBV, KSHV is an oncogenic virus, a property that among human 

herpesviruses is unique to the γ-subfamily. KSHV is associated with three human malignancies: 

Kaposi’s sarcoma (KS) (13), primary effusion lymphoma (PEL) (14) and a type of multicentric 

Castleman’s disease (MCD) (15). KS is an endothelial lymphatic neoplasm typically forming 
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cutaneous lesions on the trunk and the extremities, whereas PEL and MCD are of B cell origin. All 

these KSHV-associated malignancies are usually observed in an immunocompromised setting, e.g., 

human immunodeficiency virus (HIV)-infection, with KS being considered an acquired 

immunodeficiency syndrome (AIDS)-defining condition in HIV-positive individuals (16). 

KSHV was discovered in 1994 by Chang and Moore who detected novel herpesviral DNA sequences 

in KS lesion biopsies using PCR-based representational difference analysis (13). The KSHV genome 

consists of a 140 kb long unique coding region (LUR) flanked by 35-45 copies of 0.8 kb GC-rich 

tandem repeat sequences at both termini (17, 18). The LUR contains at least 89 open reading frames 

(ORFs) that are numbered according to their positional homologs conserved in herpesvirus saimiri 

(HVS), a prototype rhadinovirus infecting squirrel monkeys. The ORFs termed K1 to K15 do not share 

any apparent amino acid homology with HVS genes (6, 18).  

In contrast to the ubiquitously present EBV, KSHV seroprevalence exhibits marked geographic 

variation. In high-level endemic areas, such as Central and Eastern Africa, seroprevalence rates 

exceeding 50% among general adult population are reported, whereas in Europe, North America and 

other non-endemic areas only 1-6% of the population is KSHV-positive (19). The virus is mainly shed 

in saliva (20) and transmitted in close contact between family members in endemic areas and 

through sexual contact in non-endemic areas. 

In patient samples KSHV has been detected in endothelial and epithelial cells, B cells, and monocytes 

(21-23). In contrast to α- and β-herpesviruses, the default mode of KSHV replication is latency, during 

which the viral latency-associated nuclear antigen (LANA) tethers the viral episome to the host 

chromosome at the terminal repeat region, thereby ensuring equal distribution of episomes to the 

daughter cells upon DNA replication (24, 25). Various environmental stimuli can reactivate KSHV 

from latency by inducing expression of the viral replication and transcription activator (RTA), the 

major lytic switch protein encoded by ORF50 (26). In cell culture, KSHV lytic replication can be 

chemically induced by applying sodium butyrate or phorbol ester treatment (27, 28). 

 

3.2.2	Murine	gammaherpesvirus	68	(MHV‐68)	

As the limited host range of human γ-herpesviruses precludes experimental animal studies, infection 

of laboratory mice with murine gammaherpesvirus 68 (MHV-68) is used instead to model γ-

herpesvirus pathogenesis and the host immune response to infection. MHV-68 is a rodent 

rhadinovirus that was first isolated from the bank vole (Clethrionomys	glareolus) in Slovakia in 1980 

(29, 30). The viral genome contains a 118 kb unique coding region flanked by variable numbers of 

1.23 kb GC-rich tandem repeats, and it encodes approximately 80 proteins, most of which have 

homologous counterparts in KSHV and other rhadinoviruses (31, 32). 

In the wild, MHV-68 infection is thought to occur intranasally. In contrast to the related KSHV that 

establishes latency by default, MHV-68 first enters the lytic replication cycle mainly targeting 

alveolar epithelial cells of the lung. The acute lung infection resolves within 10-12 days and is 



Introduction
 

27 
 

followed by a lifelong persistent infection with B cells being the main latent reservoir of the virus (33, 

34). At two weeks post-infection, B and T cell expansion in the spleen results in splenomegaly (35), 

and an infectious mononucleosis-like syndrome, reminiscent of that caused by EBV, is observed. In 

the long term, approx. 10% of persistently infected mice develop a lymphoproliferative disease with 

the incidence increasing to 60% following immunosuppressive treatment (36), thus reflecting some 

aspects of KSHV and EBV pathology in humans. 

In contrast to the human γ-herpesviruses, the host range of MHV-68 is less restricted in	vitro, and the 

virus is capable of productively infecting epithelial and fibroblast cell lines originating from several 

mammalian species, including humans and other primates (37). 

 

3.3	Protein	aggregation	and	degradation	
Protein aggregation is a common cellular occurrence often resulting from protein misfolding due to 

mutations, perturbed translation, defective protein assembly, or cellular stress caused by, for 

instance, a viral infection. Misfolding exposes aggregation-prone hydrophobic surfaces of the protein 

that are usually buried within the tertiary structure. Since aggregation has the potential to impair 

normal protein function, cellular protein quality control machinery is responsible for preventing 

aggregation and disposing of already formed aggregates. Molecular chaperones, such as heat shock 

proteins, prevent aggregation by repairing misfolded proteins and assisting in proper folding (38). 

Damaged proteins that are beyond chaperone-mediated repair are targeted for degradation either 

by the proteasome or by the lysosome via autophagy (Fig. 3). 

 

3.3.1	Degradation	of	soluble	proteins	

Degradation by the ubiquitin-proteasome system (UPS) requires substrate ubiquitination, a three-

step enzymatic process mediated by a ubiquitin-activating E1 enzyme, a ubiquitin-conjugating E2 

enzyme and an E3 ubiquitin ligase resulting in a covalent linkage of ubiquitin to a lysine residue (K) 

either on the target or on ubiquitin itself to form a polyubiquitin chain (39). The canonical signal for 

degradation by the 26S proteasome is K48-linked polyubiquitin (40) that is first recognized by the 

proteasomal 19S regulatory particle. The substrate is then deubiquitinated and finally degraded by 

the 20S catalytic core of the proteasome. Due to the narrow central channel of the 20S catalytic core, 

the UPS can only degrade soluble, monomeric peptides and polypeptides (41). 

Monomeric protein substrates can also be degraded by chaperone-mediated autophagy (CMA). To 

initiate CMA, heat shock cognate protein 70 (Hsc70) recognizes the misfolded, cytosolic substrate 

containing a KFERQ-like motif and delivers it to the lysosome-associated membrane protein 2A 

(LAMP-2A) (42, 43). The LAMP-2A receptor then multimerizes and forms a translocation complex 

allowing the substrate to enter the lysosomal lumen, where it is eventually degraded. Oxidative stress 

conditions increase LAMP-2A expression, thereby inducing CMA activity that is proportional to the 

LAMP-2A levels on the lysosomal membrane (43, 44). 
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3.3.2	Degradation	of	protein	aggregates	

Protein aggregates, bacteria, damaged organelles, and other intracellular inclusions that are too large 

to be processed by UPS or CMA, are degraded by selective autophagy. Selective autophagy substrates 

are often marked by K63-linked polyubiquitin and tend to assemble into larger aggregates (45). They 

attract p62/sequestosome 1 (SQSTM1), neighbor of BRCA1 gene 1 (NBR1), and other autophagy 

receptors that bind the ubiquitinated cargo. Together with adaptor proteins, such as autophagy-

linked FYVE protein (ALFY), the receptors recruit the cargo to the forming crescent-shaped isolation 

membrane, known as the phagophore (46, 47). Phagophore elongation requires ubiquitin-like 

conjugation reactions mediated by gene products of autophagy-related (Atg) genes. ATG12 first 

conjugates to ATG5 to form an oligomeric ATG5-ATG12-ATG16L complex (48, 49), which in turn 

conjugates ATG8 protein homologs, such as microtubule-associated protein 1 light chain 3 (LC3), to 

the lipid phosphatidylethanolamine (PE) present on the inner phagophore membrane (50, 51). 

Lipidated ATG8 proteins are involved in membrane biogenesis that closes the phagophore 

membrane to form a double-membrane vesicle, the autophagosome (51, 52). The autophagosome 

then fuses with a lysosome or a late endosome to form an autophagolysosome, in which both the 

ubiquitinated cargo and the cargo receptors are degraded by intracellular acid hydrolases. The 

resulting macromolecules are released back to the cytosol for recycling (53).  
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Figure	3.	Schematic overview of cellular protein degradation pathways. Misfolded proteins recognized by 
chaperones can be degraded by selective autophagy, the ubiquitin-proteasome system (UPS), or chaperone-
mediated autophagy (CMA). 1. In selective autophagy, ubiquitinated protein aggregates attract p62, NBR1, and 
other autophagy receptors. Together with adaptor proteins such as ALFY, the receptors recruit the cargo to the 
nascent phagophore via interaction with LC3 on the phagophore membrane. The phagophore membrane closes 
to form a double-membrane autophagosome that subsequently fuses with a lysosome. The sequestered 
material is degraded by acid hydrolases within the resulting autophagolysosome. 2. In the UPS, the 26S 
proteasome, composed of a 20S catalytic core and a 19S regulatory particle, degrades soluble protein 
substrates marked by K48-linked polyubiquitin. 3. In CMA, misfolded soluble proteins containing a KFERQ-like 
motif are recognized by Hsc70 and delivered to the lysosomal lumen for degradation via the LAMP-2A receptor. 
Adapted from Lamark & Johansen, Int J Cell Biol., 2012 (54). 

 

3.4	APOBEC	family	of	cellular	cytosine	deaminases	
Apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like (APOBEC) protein family 

comprises the cellular RNA- and/or DNA-editing cytosine deaminases APOBEC1-4 and activation-

induced deaminase (AID). APOBEC proteins share a conserved cytosine deaminase fold, in which the 

zinc-coordinating active site is surrounded by three loops (L1, L3, and L7) of varying size and amino 

acid composition. The loop residues mediate substrate binding and consequently influence catalytic 

rate and target sequence preference of the APOBEC proteins (55, 56). 

The first APOBEC family member to be characterized was the name-giving APOBEC1 (A1), a 

mammalian RNA-editing enzyme that edits apolipoprotein B pre-mRNA in the small intestine by 

deaminating a cytosine (C) base at position 6666 to uracil (U), thereby producing a truncated protein 

required for lipid metabolism (57, 58). 

AID, that is considered one of the ancestral members of the APOBEC family due to its conservation in 

jawed vertebrates (59), is expressed in germinal center B cells where it is responsible for antibody 

diversification by deaminating cytosine residues in the DNA of the immunoglobulin locus to facilitate 

somatic hypermutation, gene conversion, and class-switch recombination (60, 61). 

The less studied members of the APOBEC family are APOBEC2 (A2) (62) and APOBEC4 (A4) (63). 

The A2 gene is expressed in skeletal and cardiac muscle tissue of jawed vertebrates (64) and displays 

in	vitro RNA deamination activity (62), but does not act on a DNA substrate	(65). Instead, A2 was 

recently shown to act as a transcriptional regulator of muscle cell development and differentiation 

by mediating epigenetic control of cell fate (66). The A4 gene was identified based on sequence 

similarity to the APOBEC family (63), but despite containing a predicted deaminase domain, the 

absence of conserved key residues surrounding the catalytic site suggests that the gene product is 

most likely devoid of deaminase activity (67). In contrast to the other APOBEC family members that 

are restricted to vertebrates, genomic analyses have identified A4 orthologs also in aquatic 

invertebrates and in some algal lineages, suggesting an early emergence of the A4 gene during 

metazoan evolution (68).  
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3.4.1	The	APOBEC3	subfamily	

The APOBEC3 (A3) genes originate from diversification events in the ancestral A3 locus in placental 

mammals. The expanded A3 locus contains a varying number of genes organized in a tandem array 

between two vertebrate-conserved flanking genes, resulting in a varying number of corresponding 

A3 gene products in different mammalian species (59, 69). A3 proteins are innate immune effectors 

that induce C-to-U deamination in a single-stranded DNA (ssDNA) substrate resulting in guanine (G) 

to adenine (A) mutations on the complementary strand (70). Similar to other catalytically active 

members of the APOBEC family, A3 proteins deaminate their substrate by a zinc-dependent 

hydrolytic mechanism (58, 69, 71), but differ in their target dinucleotide sequence preferences (72), 

tissue-specific expression patterns (64, 73), as well as subcellular localization (74-76). In humans 

and other Old World anthropoids there are seven A3 proteins (A3A to –D and A3F to –H) (59, 69, 73) 

which display a steady-state nuclear, cytoplasmic or cell-wide localization (77, 78). In contrast, sheep 

and cattle encode four A3 proteins that are present either cell-wide or in the cytoplasm (79), whereas 

rodents only have a single cytoplasmic A3 protein (59, 69). 

 

3.4.2	APOBEC3	proteins	as	viral	restriction	factors	

Due to their mutagenic potential, human A3 proteins function as restriction factors for several 

viruses with ssDNA replication intermediates. The first A3 family member this property was ascribed 

to was APOBEC3G (A3G), a restriction factor for HIV-1. A3G is packaged into HIV-1 viral particles 

where it induces C-to-U deamination in the reverse-transcribed viral cDNA that in turn results either 

in the degradation of viral cDNA prior to integration or in the production of defective viral proteins 

(70, 80). Reciprocally, HIV-1 has evolved to overcome A3G-mediated restriction by using its virion 

infectivity factor (Vif) protein to exclude A3G from nascent virions and to target it for degradation 

via the ubiquitin-proteasome pathway (81, 82). Subsequently, it was discovered that APOBEC3D, -3F 

and -3H similarly interfere with HIV-1 replication and are counteracted by the viral Vif protein (83-

85). Besides HIV-1, human A3 proteins have been shown to target a number of different DNA-based 

viruses, such as hepatitis B virus (86-88), parvoviruses (89, 90), papillomaviruses (91), and 

polyomaviruses (92), as well as endogenous transposable elements (77, 93), by either deamination-

dependent or –independent mechanisms. 

The antiviral functions of A3 proteins are not restricted to humans, as illustrated by the sole murine 

A3 (mA3) protein that is involved in counteracting mouse retroviruses. mA3 is packaged into mouse 

mammary tumor virus (MMTV) particles where it inhibits the viral reverse transcriptase leading to 

a reduced viral replication and spread in	vivo	(94, 95). Furthermore, mA3 restricts Friend murine 

leukemia virus (F-MuLV) replication and pathogenesis in	vivo in a deaminase-independent manner 

by contributing to the production of neutralizing antibodies to control viremia (96, 97). 

Although beneficial in host defense against parasitic elements, the DNA-editing ability of A3 proteins 

is a double-edged sword, as it can also target genomic DNA. In fact, A3-associated mutational 
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signatures have been identified in 50% of human cancer genomes and were recently shown to stem 

mainly from A3A deaminase activity (98). Besides A3A, A3B and A3H also have access to the cell 

nucleus and are believed to contribute to the observed A3-associated mutagenesis in human cancers 

(99-101). 

	

3.5	Ribonucleotide	reductase	in	herpesviruses	
Despite the genomic variation between herpesviruses reflecting their adaptation to different 

biological niches, genes involved in core processes of the viral replication cycle, such as DNA 

replication and particle assembly, are conserved across all three Orthoherpesviridae subfamilies. One 

of these conserved gene products is the large subunit of the viral ribonucleotide reductase (RNR), an 

enzyme involved in nucleotide metabolism. RNR catalyzes the substitution of the 2'OH-group of a 

ribonucleotide di- or triphosphate by a hydrogen atom in the de	 novo synthesis of 

deoxyribonucleoside triphosphates (dNTPs) (102, 103). All living organisms and large DNA viruses 

encode an RNR to supply dNTPs required for DNA replication and repair.  

Herpesviral RNR structurally resembles its eukaryotic homologs and has most likely been captured 

from the host genome during co-evolution. It is characterized as a class I RNR based on its 

heterotetrameric structure composed of homodimers of the large (R1) and small subunit (R2) (104). 

The genes encoding each of the subunits are expressed with early kinetics during the lytic viral 

replication cycle. The R1 protein is the catalytic subunit that also contains the allosteric site for 

substrate specificity facilitating a balanced supply of all four dNTPs (105). The R2 protein is an iron-

coordinating regulatory subunit that generates a free protein radical required for substrate 

activation (102). The virus-encoded RNR uncouples herpesvirus replication from cellular DNA 

replication, enabling productive infection of differentiated, non-dividing cells with low dNTP pools 

(106, 107).  

The class I R1 subunits from herpesviruses to eukaryotes, including humans, share a conserved C-

terminal homology domain (Fig. 4A). In contrast to the heterotetrameric, enzymatically active RNR 

of α- and γ-herpesviruses, β-herpesviruses lack a gene encoding the small R2 subunit. Moreover, 

their large R1 subunit displays only partial conservation of the catalytic residues and the nucleotide-

binding site, resulting in a catalytically inactive enzyme (108-110). Instead of encoding their own 

nucleotide metabolic enzymes, β-herpesviruses manipulate the host cell cycle to ensure a sufficient 

supply of dNTPs. For instance, human cytomegalovirus (HCMV) inhibits cellular DNA synthesis by 

blocking cell cycle progression at the transition to the synthesis (S) phase, thereby exploiting the 

active cellular nucleotide metabolism for its own DNA replication (111-113). 
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Figure	4. (A) Schematic representation of selected herpesvirus R1 proteins and the human R1 homolog with 
aligned R1 homology regions. The N-terminal RIP Homotypic Interaction Motif (RHIM) and the C-terminal 
Induced Protein Aggregation Motif (IPAM), as well as the nucleotide-binding site GxGxxG and the catalytic 
cysteine (C) and tyrosine (Y) residues are indicated. Adapted from Muscolino et	al., Int J Mol Sci., 2021 (114). 
(B) Localization of the IPAM in the KSHV ORF61 amino acid sequence and an alignment of the IPAM sequences 
within selected herpesvirus R1 proteins across all three subfamilies (α, β, γ) and in the human R1 homolog. 
Adapted from Luoto et	al., J Virol., 2025 (115). 

 

3.5.1	Immune	evasion	functions	of	MCMV	and	HSV‐1	R1	proteins	

Interestingly, several herpesviruses have repurposed their R1 proteins for functions independent of 

nucleotide metabolism, a property that was first described for M45, the R1 protein of murine 

cytomegalovirus (MCMV) (116). M45 interferes with cellular innate immune signaling and promotes 

survival of infected cells by binding the cellular adaptor protein receptor-interacting protein kinase 1 

(RIPK1) (117, 118) and nuclear factor (NF)-κB essential modulator (NEMO), a subunit of the NF-κB-

activating IκB kinase (119). This leads to inhibition of a type of programmed cell death, known as 

necroptosis, and of NF-κB-mediated pro-inflammatory signaling. The inhibition mechanism involves 

sequestration of RIPK1 and NEMO in cytoplasmic protein aggregates that are subsequently recruited 

to autophagosomes for degradation by selective autophagy (119, 120). The M45 aggregate formation 

and target protein binding is dependent on a C-terminal Induced Protein Aggregation Motif (IPAM) 

that is conserved in the herpesviral R1 proteins across all three subfamilies (Fig. 4B). M45 

aggregation most likely requires oligomerization, as mutating the IPAM abolishes both aggregation 

and M45 self-interaction (120). Besides IPAM, M45 interaction with RIPK1 involves a RIP Homotypic 

Interaction Motif (RHIM) that is present in the extended N-terminal domain of M45 (118) (Fig. 4A). 

Of note, UL45, the M45 homolog of HCMV, contains only a partially conserved IPAM (Fig. 4B). 
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IPAM-dependent R1 protein aggregation as a means to counteract the host immune response is not 

restricted to MCMV M45. The HSV-1 R1 protein ICP6, that contains both an N-terminal RHIM (121) 

and a C-terminal IPAM (120), also binds RIPK1 (122) and sequesters it in protein aggregates, thereby 

inhibiting necroptotic cell death. Similar to M45, the ICP6 aggregates form in an IPAM-dependent 

manner and are subject to autophagic degradation (120) (Fig. 5). 

 
Figure	5. MCMV and HSV-1 R1 proteins are involved in counteracting the host immune response. The C-
terminal IPAM mediates self-interaction of the R1 proteins and their binding to cellular targets. The R1-induced 
aggregation of the target proteins prevents downstream immune signaling. The aggregates are recruited to the 
forming phagophore and subsequently degraded by fusion of the mature autophagosome with the lysosome. 
Adapted from Muscolino et	al., Nat Microbiol., 2020 (120). 

 

3.5.2	APOBEC3B	inhibition	by	the	EBV	R1	protein	

Herpesvirus dsDNA genome replication in the cell nucleus creates ssDNA intermediates that are 

suitable targets for deamination by nuclear A3 proteins. Indeed, the only constitutively nuclear A3 

protein, APOBEC3B (A3B), has been shown to target the γ-herpesvirus EBV. In response, EBV has 

repurposed its R1 protein, BORF2, to shield the viral genome from deleterious deamination events 

during lytic replication. Consequently, a recombinant EBV lacking the BORF2 gene exhibits reduced 

viral titers, decreased infectivity, and an accumulation of A3B-signature C/G-to-T/A mutations 

compared to the parental virus (123). 

Among γ-herpesvirus R1 proteins, BORF2 was the first to be assigned a function beyond dNTP 

synthesis. BORF2 achieves A3B neutralization by a combination of two distinct mechanisms. It 

directly inhibits A3B deaminase activity by engaging a large surface of the A3B C-terminal catalytic 
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domain (ctd), primarily loop 7 (L7) and loop 1 (L1) residues, thereby precluding A3B interaction 

with the ssDNA substrate (123, 124). Furthermore, it relocalizes A3B out of the nucleus and 

sequesters it in large, pleomorphic condensates in the cytoplasm (123). The cryo-electron 

microscopy (-EM) structure of the BORF2-A3Bctd complex, together with subsequent mutagenesis 

experiments, suggests that BORF2 dimerization at the N-terminal interface is required for higher-

order condensate formation but not for A3B relocalization. Intriguingly, this interface does not 

overlap with the region that is involved in canonical R1 dimerization required for RNR activity, 

suggesting that BORF2 exists in cells in at least two different dimeric complexes (124). 

The BORF2 residues L133 and Y134, that make contact with A3Bctd, map to a novel short helix 

insertion (SHI), whereas the interacting residues Y481 and R484 are part of an additional helical loop 

structure (HLS). BORF2 SHI and HLS are not conserved in eukaryotic R1 proteins but likely represent 

evolutionary viral adaptations to facilitate efficient A3B neutralization (124). 

R1-mediated herpesviral A3B countermeasures are not unique to EBV. In fact, this host-pathogen 

interaction likely dates back to the emergence of the ancestral A3B gene in the primate lineage 

leading to humans and other Old World anthropoids. In support of this hypothesis, only the R1 

proteins of γ-herpesviruses that infect A3B-encoding primate species are capable of binding to 

human A3B and altering its subcellular localization (125). Accordingly, the R1 protein ORF61 of the 

human pathogenic KSHV alone is sufficient to confer A3B accumulation in cytoplasmic condensates 

in transfected cells (126). 

Reminiscent of lytic EBV infection, the α-herpesvirus HSV-1 relocalizes A3B from the nucleus to the 

cytoplasm in an R1-dependent manner in infected cells, supporting a mechanistic conservation 

beyond the γ-subfamily, albeit with less prominent cytoplasmic R1 condensate formation (126). In 

contrast to BORF2-null EBV, the presence of A3B does not impair HSV-1 ΔICP6 replication compared 

to the parental virus, suggesting that HSV-1 might encode additional A3B inhibitors or be less 

susceptible to A3B-mediated deamination (126). Interestingly, A3B relocalization is also induced by 

the β-herpesvirus HCMV, but the approach differs mechanistically from that observed with HSV-1 

and γ-herpesviruses. Instead of the viral R1 protein UL45, which is dispensable for A3B 

relocalization, an as-yet-undefined mechanism involving at least one viral protein present early in 

HCMV infection appears to mediate A3B relocalization to the cytoplasmic compartment (127). 
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4.	Aim	of	the	study	

The large dsDNA genomes of herpesviruses encode a vast array of proteins, many of which have 

multiple functions. In addition to its role in nucleotide metabolism, several herpesviruses have 

repurposed the large, catalytic R1 subunit of the viral ribonucleotide reductase to subvert cellular 

immune defenses. 

The MCMV R1 protein M45 induces aggregation and subsequent autophagic degradation of cellular 

RIPK1 and NEMO to prevent necroptosis and NF-κB-mediated inflammatory signaling. This process 

requires a C-terminal Induced Protein Aggregation Motif (IPAM) that is conserved in herpesviral R1 

homologs across all subfamilies. HSV-1 similarly employs its R1 protein ICP6 to bind and sequester 

RIPK1 in an IPAM-dependent manner, whereas the γ-herpesvirus EBV uses its R1 protein BORF2 to 

relocalize the cellular cytosine deaminase APOBEC3B (A3B) from the nucleus, the site of viral DNA 

replication, to the cytoplasm to prevent deleterious mutations. Whether R1-mediated 

countermeasures of the host immune response are a conserved feature in γ-herpesvirus infection 

has not been investigated. 

The aim of the present work was the first detailed characterization of the R1 protein ORF61 of KSHV 

and MHV-68, two γ-herpesviruses of the genus Rhadinovirus. The study aimed to uncover whether 

rhadinovirus R1 proteins aggregate in an IPAM-dependent manner during infection and whether the 

aggregates are subject to autophagy. Furthermore, the study pursued to visualize structural details 

of R1 aggregates in infected cells and to investigate the conservation of R1-mediated A3B 

countermeasures in rhadinovirus infection. To identify as-yet-unknown targets of rhadinovirus R1 

proteins, a proteomics-based approach was employed. 
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5.	Results	

5.1	Rhadinovirus	R1	proteins	form	elongated	cytoplasmic	condensates	
MCMV and HSV-1 R1 proteins are known to aggregate in the cytoplasm of infected cells to sequester 

cellular target proteins. This process is dependent on a C-terminal IPAM motif that is conserved in 

the R1 proteins across all three herpesvirus subfamilies (Fig. 4). To test if the R1 protein of KSHV, a 

human pathogenic γ-herpesvirus of the genus Rhadinovirus,	forms similar condensates in infected 

cells in an IPAM-dependent manner, fluorescently tagged recombinant KSHVs were constructed 

using en	passant mutagenesis (see 8.1.11). To create a lytically replicating KSHV mNeon-ORF61, a 

green fluorescent protein (mNeonGreen) was N-terminally fused to the KSHV R1 protein ORF61 in a 

KSHV bacterial artificial chromosome (BAC) clone (KSHVLyt) that is engineered to constitutively 

express the viral replication and transcription activator (RTA) protein (128). This virus in turn 

served as a backbone for KSHV mNeon-ORF61mutIPAM, in which the IPAM was disrupted by two 

alanine substitutions (PFVDQ to PFVAA). ARPE-19 human epithelial cells were then infected with 

both viruses and the mNeon-positive structures imaged by confocal laser scanning microscopy 

(cLSM). As shown in Fig. 6A, mNeon-ORF61 underwent dynamic morphological changes in the 

course of infection from small dot-like perinuclear structures at 24 hours post-infection (hpi) to 

elongated condensates of considerable size at 48 hpi. In contrast, when the IPAM was mutated, 

ORF61 did not form large condensates even at later times (72 hpi) but instead stayed mainly 

dispersed across the cytoplasm apart from occasional small dots (Fig. 6A, lower panels). This 

suggests that the formation of elongated KSHV ORF61 condensates is an IPAM-dependent process. 

To ensure that the condensate formation was not dependent on a specific cell type, telomerase-

immortalized microvascular endothelial (TIME) cells were infected with KSHV mNeon-ORF61 and 

imaged by cLSM (Fig. 6B). In line with the observations in epithelial cells, small mNeon-positive dots 

were detected after 24 h and larger elongated condensates later in infection, suggesting that ORF61 

condensate formation is not restricted to a certain cell type. 
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Figure	6.	KSHV	ORF61	forms	IPAM‐dependent	elongated	cytoplasmic	condensates	independent	of	the	
cell	type. Confocal microscopy images of (A) ARPE-19 epithelial cells infected with KSHV mNeon-ORF61 or 
mNeon-ORF61mutIPAM and (B) TIME endothelial cells infected with KSHV mNeon-ORF61. Cells were fixed at 
indicated times post-infection, and nuclei were counterstained with Hoechst 33342. Fluorescence images were 
acquired by cLSM. Scale bar, 20 µm. 

 

To test whether the peculiar morphology of the ORF61 condensates is a conserved feature of γ-

herpesviruses, ORF61 of MHV-68, a related rodent rhadinovirus, was analyzed. Analogous to the 

KSHV mutant described above, an MHV-68 ORF61-mNeon recombinant virus was created using en	

passant mutagenesis. As N-terminal tagging of MHV-68 ORF61 altered the morphology of the protein 

(data not shown), the tag was instead introduced to the C-terminus. Upon infection of mouse 

fibroblasts, MHV-68 ORF61-mNeon formed condensates that appeared as small dot-like structures 

early in infection (6 hpi), as observed by cLSM, and grew to acquire an elongated shape at 24 hpi 

(Fig. 7A), structurally resembling KSHV ORF61 (Fig. 6). To ensure that the observed ORF61 

morphology was not an artifact caused by the mNeonGreen tag, a small FLAG epitope tag was C-

terminally fused to MHV-68 ORF61 to create an ORF61-FLAG recombinant virus. Mouse fibroblasts 

were then infected with MHV-68 ORF61-FLAG, FLAG-positive structures were visualized by 

immunofluorescence staining early and late in infection and analyzed by cLSM. As shown in Fig. 7B, 

the morphology of ORF61-FLAG condensates resembled that of their mNeon-tagged counterparts. 

To investigate the importance of IPAM for MHV-68 ORF61 condensate formation, an 
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ORF61mutIPAM-FLAG virus was constructed by introducing two alanine substitutions (PFIDQ to 

PFVAA) to the IPAM amino acid sequence. Reminiscent of the KSHV IPAM mutant, MHV-68 

ORF61mutIPAM lost the ability to form large condensates, and ORF61 was instead present 

throughout the cytoplasm even at a later time point (Fig. 7B). This indicated that an intact IPAM is a 

prerequisite for MHV-68 ORF61 condensate formation. 

	
Figure	7.	MHV‐68	ORF61	accumulates	in	IPAM‐dependent	elongated	cytoplasmic	condensates. Confocal 
microscopy images of (A) MEF cells infected with MHV-68 ORF61-mNeon and (B) murine 10.1 fibroblasts 
infected with MHV-68 ORF61- or ORF61mutIPAM-FLAG. Cells were fixed at indicated times post-infection, and 
nuclei were counterstained with Hoechst 33342. 10.1 cells were immunostained with an anti-FLAG antibody. 
Fluorescence images were acquired by cLSM. Scale bar, 20 µm. 

 

5.2	Rhadinovirus	R1	proteins	become	insoluble	during	infection	
As shown in Figs. 6 and 7, KSHV and MHV-68 R1 proteins undergo dynamic structural changes during 

infection, and this reorganization requires an intact IPAM. To assess the impact of these changes on 

the solubility of the R1 proteins, ARPE-19 cells were infected with KSHV expressing mNeon-tagged 

ORF61 (Fig. 8A) and mouse fibroblasts with MHV-68 expressing FLAG-tagged ORF61 (Fig. 8B). The 

infected cell lysates were then separated into soluble and insoluble fractions by centrifugation at 

different times post-infection, and ORF61 detected by immunoblot. At early times, the ORF61 protein 

of both viruses was predominantly soluble but accumulated in the insoluble fraction as the infection 

proceeded. In contrast, such a change in solubility was not observed with ORF61mutIPAM which 

stayed soluble throughout the infection, further illustrating the importance of the IPAM for the 

structural properties of ORF61. Although a small amount of insoluble KSHV ORF61mutIPAM was 
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detected, the levels were considerably lower compared to ORF61 and remained constant over time 

without a gradual increase. 

 
	
Figure	8. Rhadinovirus	R1	proteins	become	insoluble	during	infection. (A)	ARPE-19 cells were infected 
with KSHV mNeon-ORF61 or mNeon-ORF61mutIPAM (MOI 0.1 TCID50/cell) and harvested at different times 
post-infection. The detergent-soluble (S) and -insoluble (I) fractions were analyzed by immunoblot. GAPDH 
was used as a fractionation control and β-Actin as a loading control.	(B)	Murine 10.1 fibroblasts were infected 
with MHV-68 ORF61-FLAG or ORF61mutIPAM-FLAG (MOI 2 TCID50/cell) and harvested at different times post-
infection. Total cell lysates and the detergent-soluble (S) and insoluble (I) fractions were analyzed by 
immunoblot.  

 

5.3	Rhadinovirus	R1	protein	condensates	are	not	subject	to	autophagy	
MCMV and HSV-1 R1 protein aggregates have been shown to be degraded by autophagy (120). To 

test if insoluble ORF61 is similarly targeted to autophagic degradation, ARPE-19 cells were infected 

with KSHV mNeon-ORF61 and mouse fibroblasts with MHV-68 ORF61-FLAG in the presence or 

absence of the autophagy inhibitor 3-methyladenine (3-MA). At 24 hpi, the infected cell lysates were 

separated into soluble and insoluble fractions, and ORF61 was detected by immunoblot (Fig. 9A). In 

contrast to the MCMV R1 protein M45, which accumulated in the insoluble fraction upon 3-MA 

treatment and was used as a positive control, the amount of insoluble KSHV and MHV-68 ORF61 was 

not altered by autophagy inhibition, suggesting that autophagy does not play a crucial role in the 

turnover of ORF61 aggregates.  

To further corroborate these findings in a genetic knockout setting, autophagy-deficient Atg5-/- 

mouse fibroblasts and corresponding Atg5+/+ control cells were infected with MHV-68 ORF61-FLAG, 

and the accumulation of insoluble ORF61 was compared by immunoblot using MCMV M45-HA 

infection as a control. Consistent with the outcome of pharmacologic autophagy inhibition, the 

amount of insoluble MHV-68 ORF61 in Atg5-/- cells was not increased compared to control cells 

(Fig. 9B), confirming that autophagy is not substantially involved in the turnover of ORF61 

aggregates.  
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Figure	9.	Rhadinovirus	R1	proteins	are	not	subject	to	autophagy.	(A) ARPE-19 cells were infected with 
KSHV mNeon-ORF61 at MOI 0.1 TCID50/cell and NIH/3T3 mouse fibroblasts with either MHV-68 ORF61-FLAG 
or MCMV M45-HA at MOI 5 TCID50/cell. At 6 hpi, cells were treated with 5 mM 3-methyladenine (3-MA) until 
lysate collection to inhibit autophagy or left untreated. Cell lysates were collected at 24 hpi and separated into 
soluble (S) and insoluble (I) fractions. (B) Atg5+/+ and Atg5-/- MEF cells were infected with either MHV-68 
ORF61-FLAG or MCMV M45-HA at MOI 3 TCID50/cell. At 24 hpi, cell lysates were harvested and separated into 
soluble (S) and insoluble (I) fractions. 

 

5.4	ORF61	protein	condensates	are	solid	filamentous	aggregates	
For a further structural characterization of the strikingly shaped KSHV and MHV-68 ORF61 

condensates, they were expressed as mCherry-tagged fusion proteins in U2OS cells and analyzed by 

fluorescence recovery after photobleaching (FRAP) in collaboration with Enrico Caragliano 

(CSSB/LIV). At 24 h post-transfection, 1 µm-diameter areas of the fluorescent condensates were 

bleached with a 563 nm laser and the recovery of fluorescence recorded at 2 frames per second for 

6 min (Fig. 10A). In contrast to the liquid mCherry-Nucleolin condensates, that recover fluorescence 

rapidly upon bleaching (120, 129) and served as a soluble control, no recovery was observed with 

the mCherry-tagged ORF61 condensates (Figs. 10B and 10C), suggesting that they are indeed solid 

protein aggregates. 

 



Results
 

42 
 

	

	
Figure	 10.	 Rhadinovirus	 ORF61	 protein	 condensates	 display	 properties	 of	 solid	 aggregates. (A) 
Fluorescence recovery after photobleaching (FRAP) analysis of mCherry-tagged R1 proteins. KSHV and MHV-
68 ORF61-pmCherry were expressed in U2OS cells by plasmid transfection. 24 h later, mCherry-positive 
structures were half-bleached, and fluorescence recovery was recorded at 2 frames per second for 6 min. 
pmCherry-Nucleolin was used as a soluble control. Scale bar, 10 µm. (B and C) Relative fluorescence intensity 
(RFI) of bleached areas over time in at least ten different cells per sample. The shaded areas are the mean values 
± SEM. Data generated in collaboration with Enrico Caragliano (CSSB/LIV). 

 

To gain more insight into the structure of ORF61 aggregates in the context of infection, correlative 

light and electron microscopy (CLEM) was used to analyze cells infected with either KSHV or MHV-

68 expressing an mNeon-tagged ORF61 (in collaboration with Carola Schneider and Rudolph Reimer, 

LIV). At 40 hpi (KSHV) and 20 hpi (MHV-68), the cells were fixed and fluorescent Z-stacks of the 

mNeon-positive aggregates acquired by cLSM. Ultrathin serial sections of the same cells were then 

prepared and imaged by transmission electron microscopy (TEM). Finally, the EM images were 

correlated with the mNeon-positive structures observed in the confocal images to obtain a high-

resolution view of individual aggregates. Interestingly, the CLEM analysis showed that the elongated 

ORF61 aggregates of both KSHV and MHV-68 were composed of filament bundles. In the case of KSHV 

ORF61, the filaments were rather loosely packed with single filaments being clearly visible (Fig. 11A), 

whereas MHV-68 ORF61 formed more compact stacks of filaments (Fig. 11B).  
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Figure	 11.	Rhadinovirus	ORF61	 aggregates	 are	 composed	 of	 filament	 bundles. Correlative light and 
electron microscopy (CLEM) of ORF61 aggregates. (A) ARPE-19 cells were infected with KSHV mNeon-ORF61, 
and (B) MEF cells with MHV-68 ORF61-mNeon. At 40 hpi (KSHV) or 20 hpi (MHV-68), cells were fixed, and 
nuclei were stained with Hoechst 33342. Fluorescent Z-stacks were acquired by cLSM. Ultrathin 50 nm serial 
sections of the samples were prepared and imaged by transmission electron microscopy (TEM). Representative 
overview images and magnified views of the indicated areas are shown. Data generated in collaboration with 
Carola Schneider and Rudolph Reimer (LIV). 

 

5.5	Filamentous	ORF61	aggregates	do	not	contain	F‐actin	or	vimentin	
To investigate whether cellular cytoskeletal filaments are present in the ORF61 aggregates, F-actin 

was visualized by rhodamine phalloidin staining in cells infected with either KSHV or MHV-68 

expressing mNeon-tagged ORF61. At 48 hpi (KSHV) or 18 hpi (MHV-68), cells were fixed and stained 

with rhodamine phalloidin. As shown in Fig. 12A, the phalloidin signal did not co-localize with the 

mNeon-positive aggregates, suggesting that the filamentous ORF61 aggregates do not contain F-

actin. To test if ORF61 aggregates are associated with the intermediate filament protein vimentin 

that is present in mesenchymal cells, such as fibroblasts (130), human foreskin fibroblasts (HFF) 

were infected with KSHV mNeon-ORF61. At 24 and 48 hpi, cells were fixed to visualize vimentin by 

indirect immunofluorescence. Vimentin encircles cellular deposits for aggregated and misfolded 

proteins termed aggresomes (131), but it was not detected within or surrounding ORF61 aggregates 

(Fig. 12B). Taken together, these data suggested that the elongated filamentous aggregates formed 

by the rhadinovirus ORF61 proteins do not contain F-actin or vimentin. 
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Figure	12.	Filamentous	ORF61	aggregates	do	not	contain	F‐actin	or	vimentin.	(A) Confocal microscopy 
images of ARPE-19 cells infected with KSHV mNeon-ORF61 and MEF cells infected with MHV-68 ORF61-
mNeon. At 48 hpi (KSHV) or 18 hpi (MHV-68), cells were fixed, F-actin was stained with rhodamine phalloidin, 
and nuclei were stained with Hoechst 33342. Fluorescence images were acquired by cLSM. (B) HFF cells were 
infected with KSHV mNeon-ORF61, fixed at 24 or 48 hpi, stained with an anti-vimentin antibody and Hoechst 
33342, and analyzed by cLSM. Scale bar, 20 µm. 

 

5.6	APOBEC3B	localizes	to	KSHV	ORF61	aggregates	in	transfected	cells	
Previous studies have demonstrated that the EBV and HSV-1 R1 proteins, BORF2 and ICP6, relocalize 

the cellular cytosine deaminase APOBEC3B (A3B) out of the nucleus and sequester it in the cytoplasm 

to protect the replicating viral genome from its mutagenic effect (123, 126). To test if A3B similarly 

localizes to the KSHV ORF61 aggregates and if the IPAM is involved in the process, U2OS cells were 

transfected with FLAG-tagged KSHV ORF61 or ORF61mutIPAM and HA-tagged A3 expression 

plasmids. A3G, a cytoplasmic A3 enzyme, was included as a control to rule out a general effect on A3 

proteins, and the tagged proteins were detected by indirect immunofluorescence. As shown by the 

confocal microscopy images in Fig. 13, A3B was excluded from the nuclei and co-localized with 

ORF61 aggregates in the cytoplasm of co-transfected cells, whereas A3G did not. In contrast, 

ORF61mutIPAM, that was unable to form cytoplasmic aggregates, did not alter A3B localization. 
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Figure	13.	A3B	relocalizes	from	the	nucleus	to	the	cytoplasmic	KSHV	ORF61	aggregates	in	transfected	
cells.	U2OS cells were transfected with plasmids expressing A3B-HA or A3G-HA and KSHV ORF61-FLAG or 
ORF61mutIPAM-FLAG. Cells were fixed, immunostained with anti-HA and anti-FLAG antibodies and 
counterstained with Hoechst 33342. Fluorescence images were acquired by cLSM. Scale bar, 20 µm. 

 

5.7	MHV‐68	ORF61	does	not	relocalize	human	or	mouse	APOBECs	
To investigate whether the observed structural similarity between KSHV and MHV-68 ORF61 

aggregates (Fig. 11) also translates to their cellular interaction partners, U2OS cells were transfected 

with FLAG-tagged MHV-68 ORF61 and either HA-tagged A3B or A3G, followed by indirect 

immunofluorescence analysis of protein localization. As shown by the confocal microscopy images 

in Fig. 14, A3B did not localize to the cytoplasmic MHV-68 ORF61 aggregates but instead remained 

in the nucleus, suggesting that MHV-68 ORF61 does not share the ability of its KSHV homolog to 

sequester human A3B. This observation reflects the cellular environment naturally encountered by 

the virus during infection, since the rodent host species of MHV-68 lack A3B and only express a single 

cytoplasmic APOBEC3 protein (59). However, as the immunofluorescence staining of co-transfected 

U2OS cells in Fig. 14 shows, neither the cytoplasmic murine APOBEC3 (mA3) nor the more distantly 

related mA1 with a cell-wide localization co-localized with MHV-68 ORF61, suggesting that MHV-68 

ORF61 does not sequester the tested APOBEC proteins of its host in cytoplasmic aggregates. 
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Figure	14.	MHV‐68	ORF61	does	not	relocalize	human	or	mouse	APOBECs.	U2OS cells were transfected 
with plasmids expressing A3B-HA, A3G-HA, mA1-HA, or mA3-HA and MHV-68 ORF61-FLAG. Cells were fixed, 
immunostained with anti-HA and anti-FLAG antibodies and counterstained with Hoechst 33342. Fluorescence 
images were acquired by cLSM. Scale bar, 20 µm. 

 

5.8	Rhadinovirus	R1	proteins	do	not	interact	with	RIPK1	or	NEMO	
Apart from A3B, herpesviral R1 proteins are known to interact with other cellular factors: HSV-1 

ICP6 binds RIPK1, and MCMV M45 binds both RIPK1 and NEMO to prevent necroptosis and NF-κB 

signaling (117-120, 122). To test whether rhadinovirus R1 proteins share the same cellular targets, 

KSHV and MHV-68 ORF61-HA were co-expressed with either FLAG-tagged human or murine RIPK1 

or murine NEMO in HEK-293A cells. At 24 h post-transfection, the R1 proteins were 

immunoprecipitated using an anti-HA antibody, and the co-precipitating proteins were visualized by 

immunoblot (Fig. 15). While RIPK1 and NEMO co-precipitate with MCMV M45, they were not 

detected in ORF61 precipitates, indicating that these interactions are not conserved in 

rhadinoviruses. 
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Figure	15.	Unlike	the	homologous	MCMV	M45,	rhadinovirus	R1	proteins	do	not	interact	with	RIPK1	or	
NEMO.	HEK-293A cells were transfected with plasmids encoding HA-tagged R1 proteins and FLAG-tagged 
human or murine RIPK1 or murine NEMO. At 24 h post-transfection, cells were lysed and R1 proteins 
precipitated using an anti-HA antibody. Co-precipitating proteins were visualized by immunoblot. MCMV M45 
was used as a positive control. 

 
5.9	 KSHV	 ORF61	 requires	 an	 intact	 IPAM	 for	 A3B	 binding	 and	
relocalization	during	lytic	infection	
To overcome the lack of a commercially available anti-A3B antibody suitable for 

immunofluorescence and to be able to study the interplay between ORF61 and A3 proteins in an 

infectious context, RPE-1 human epithelial cells stably expressing doxycycline-inducible tagged A3B 

and A3G were generated. A3B and A3G, under the control of a tetracycline-responsive element (TRE) 

promoter, were fused to the red fluorescent protein mScarlet and an HA epitope tag for detection by 

fluorescence microscopy and immunoblot, respectively. The Tet-inducible expression of mScarlet-

HA-tagged A3B or A3G was verified by treating the cells with increasing concentrations of 

doxycycline for 24 h and detecting the A3 proteins by immunoblot (Fig. 16A). The cells were then 

infected with KSHV mNeon-ORF61, mNeon-ORF61mutIPAM or MHV-68 ORF61-mNeon, and A3 

expression was induced 16 h later with 1 µg/ml doxycycline. At 40 hpi, cell lysates were collected 

and the mNeon-tagged ORF61 proteins precipitated. As shown by the immunoblot of co-precipitating 

proteins, A3B co-precipitated only with KSHV ORF61 but not with KSHV ORF61mutIPAM or MHV-68 

ORF61 (Fig. 16B), thereby confirming the phenotype observed in transfected cells (Figs. 13 and 14). 

A3G did not co-precipitate with either of the ORF61 proteins. 

To corroborate the immunoprecipitation results, A3B- and A3G-mScarlet-expressing cells were 

infected with either KSHV mNeon-ORF61 or mNeon-ORF61mutIPAM. At 16 hpi, A3 expression was 

induced with 1 µg/ml doxycycline, and at 48 hpi cells were fixed and imaged by cLSM (Fig. 16C). To 

determine the co-localization rate between ORF61 and A3 proteins, Pearson’s correlation coefficient 

was calculated for ORF61 and A3 signals using Z-stacks (n = 10) acquired for each condition. To 
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assess changes in the subcellular localization of A3B, nuclear A3B intensity (%) of each sample 

(n = 12) was determined as a percentage of the sum A3B fluorescence intensity of the whole cell 

(both analyses in collaboration with Enrico Caragliano, CSSB/LIV). As shown in Figs. 16C to E, A3B-

mScarlet was relocalized out of the nucleus to the cytoplasm where it accumulated in the filamentous 

ORF61 aggregates. Consistent with the immunoprecipitation data, disruption of the IPAM precluded 

co-localization, and the ORF61mutIPAM virus failed to relocalize A3B that remained in the nucleus 

(Figs. 16C to E). Similarly, the localization of cytoplasmic A3G was not altered and it did not localize 

to the ORF61 aggregates (Figs. 16C and 16D). Taken together, the immunoprecipitation and 

fluorescence microscopy results indicate that KSHV ORF61 sequesters A3B in cytoplasmic 

aggregates in an IPAM-dependent manner during lytic infection. 
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Figure	16. KSHV	ORF61	binds	and	relocalizes	A3B	in	an	IPAM‐dependent	manner	in	infected	cells. (A) 
Immunoblot of the Tet-inducible expression of mScarlet-HA-tagged A3B and A3G in stably transduced RPE-1 
cells 24 h after treatment with varying concentrations of doxycycline. (B) TetOn A3B and A3G RPE-1 cells were 
infected with either KSHV mNeon-ORF61, KSHV mNeon-ORF61mutIPAM (MOI 0.1 TCID50/cell) or MHV-68 
ORF61-mNeon (MOI 5 TCID50/cell). A3 expression was induced 16 h later with 1 µg/ml doxycycline and cell 
lysates were used for mNeon pulldown at 40 hpi. Co-precipitating proteins were detected by immunoblot. (C) 
TetOn A3B and A3G RPE-1 cells infected with KSHV mNeon-ORF61 or KSHV mNeon-ORF61mutIPAM. A3 
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expression was induced at 16 hpi with 1 µg/ml doxycycline. At 48 hpi, cells were fixed, nuclei were 
counterstained with Hoechst 33342, and fluorescence images were acquired by cLSM. Scale bar, 20 µm. (D) Co-
localization was quantified by calculating Pearson’s correlation coefficient for ORF61 and A3 signals using Z-
stacks acquired for each condition (n = 10). Mean values ± SEM are shown. Significance was calculated using 
an unpaired Student’s t-test. ***, P	<0.001. (E) The percentage of nuclear A3B fluorescence intensity was 
determined by dividing the nuclear by the total A3B intensity for each infected cell (n = 12). Mean values ± SEM 
are shown. Significance was calculated using an unpaired Student’s t-test. ***, P	<0.001. Quantitative image 
analysis (panels D and E) performed by Enrico Caragliano (CSSB/LIV). 
 

5.10	KSHV	ORF61	is	crucial	for	efficient	replication	and	protection	from	
A3B‐mediated	genome	editing	
Upon observing that the IPAM is a prerequisite for KSHV and MHV-68 ORF61 aggregation (Figs. 6A 

and 7B) and, in the case of KSHV ORF61, for A3B relocalization and sequestration (Figs. 13, 16C and 

16E), the importance of both processes for viral replication was investigated. To this end, multistep 

replication kinetics of KSHV and MHV-68 carrying an intact or a mutated IPAM were determined by 

infecting cells at a low MOI in triplicate and quantifying the amount of infectious virus in the 

supernatant at different time points. As shown in Fig. 17A, MHV ORF61mutIPAM viral titers in MEF 

cells were similar to those of the parental virus, suggesting that the ability to form ORF61 aggregates 

was not required for efficient MHV-68 replication in these cells. In contrast, KSHV showed a 

discernible replication defect upon IPAM disruption in TetOn A3B RPE-1 cells with a nearly 100-fold 

titer reduction compared to the parental virus (Fig. 17B). Interestingly, the IPAM mutant replicated 

to reduced titers even without A3B induction but displayed a more pronounced replication defect 

upon A3B overexpression. These results suggested that ORF61 aggregation has an impact on KSHV 

replication and that the observed replication defect can be partially attributed to impaired A3B 

sequestration. 

Next, differential DNA denaturation PCR (3D-PCR) was applied to test if the inability of KSHV 

ORF61mutIPAM to sequester A3B renders the virus more susceptible to A3B-mediated deamination. 

3D-PCR allows differential amplification of template DNA based on the GC content by making use of 

the lower temperature required to denaturate AT-rich templates, such as viral genome fragments 

deaminated by APOBEC3 proteins (132). Since A3 proteins deaminate ssDNA cytosine residues to 

uracil, which corresponds to a G-to-A mutation on the complementary strand (70), the GC content of 

edited sequences is reduced, allowing their amplification by 3D-PCR at lower denaturation 

temperatures. 

TetOn A3B RPE-1 cells were infected with KSHV mNeon-ORF61 or ORF61mutIPAM with or without 

doxycycline-induced A3B overexpression. Viral DNA was extracted from supernatants on day 7 post-

infection, and a previously described nested-PCR approach (133) was adapted to amplify a fragment 

of the viral immediate-early gene ORF45, which contains several 5'-TC-dinucleotides suitable for 

A3B-mediated deamination (72). Following a first amplification of a 577-bp-fragment of ORF45, 

equal amounts of the resulting PCR products served as a template for a second-round PCR 

amplification of a smaller 411 bp fragment using a denaturation temperature gradient from 84.4 to 
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86°C. As shown in Fig. 17C, the ORF45 fragment of KSHV ORF61mutIPAM was amplified at lower 

denaturation temperatures compared to that of the parental virus (left panel), corresponding to an 

increased accumulation of deamination events upon IPAM disruption. Doxycycline-induced A3B 

overexpression led to a shift in the minimal denaturation temperature for both viruses (right panel), 

suggesting that genome deamination by overexpressed A3B was incompletely counteracted by 

ORF61 in infected RPE-1 cells. These results confirmed that the sequestration of A3B in filamentous 

cytoplasmic ORF61 aggregates serves to protect the KSHV genome from A3B-mediated genome 

editing. 

 

 
	
Figure	17.	Requirement	of	the	KSHV	ORF61	IPAM	 for	efficient	replication	and	protection	 from	A3B‐
mediated	genome	editing.	(A) Multistep MHV-68 replication kinetics. MEF cells were infected with MHV-68 
ORF61-FLAG or ORF61mutIPAM-FLAG at MOI 0.01 TCID50/cell. Viral titers in the supernatants were 
determined. Mean values ± SEM of triplicates are shown. DL, detection limit. (B) Multistep KSHV replication 
kinetics. TetOn A3B RPE-1 cells were infected with either KSHV mNeon-ORF61 or mNeon-ORF61mutIPAM at 
MOI 0.025 TCID50/cell. At 4 hpi, the cells were treated with 1 µg/ml doxycycline to induce A3B expression or 
left untreated. Viral titers were determined in the supernatants. Mean values ± SEM of triplicates are shown. 
DL, detection limit. (C) Differential DNA denaturation PCR (3D-PCR) of KSHV mNeon-ORF61 and mNeon-
ORF61mutIPAM with (induced) or without (uninduced) A3B overexpression in TetOn A3B RPE-1 cells. DNA 
extracted from supernatants at 7 dpi was used to PCR-amplify a fragment of the viral ORF45 by a nested 
approach. A PCR with a denaturation temperature gradient was used to determine the lowest denaturation 
temperature that allowed amplification. The dotted lines indicate the lowest denaturation temperature for the 
ORF45 fragment of KSHV mNeon-ORF61 without A3B induction. M, DNA size marker. 
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5.11	 LC‐MS/MS	 screen	 to	 identify	 cellular	proteins	present	 in	MHV‐68	
ORF61	aggregates	
Despite the obvious structural similarities between MHV-68 and KSHV R1 protein aggregates (Figs. 6 

and 7), MHV-68 ORF61 was shown to differ from its KSHV homolog in terms of cellular interactors. 

It did not bind the KSHV ORF61 target protein A3B nor did it sequester mA3 or the related mA1 

(Figs. 14 and 16B). However, it seemed likely that the distinctively shaped ORF61 aggregates would 

be involved in sequestering cellular restriction factors or immune modulators. In an attempt to 

identify proteins accumulating in MHV-68 ORF61 aggregates, a liquid chromatography-tandem mass 

spectrometry (LC-MS/MS)-based screen was carried out (in collaboration with Bente Siebels, 

Antonia Gocke, and Hartmut Schlüter, Core Facility Mass Spectrometric Proteomics, University 

Medical Center Hamburg-Eppendorf). As MHV-68 ORF61mutIPAM does not form aggregates but 

instead remains soluble throughout infection (Figs. 7B and 8B), it was hypothesized that the 

sequestered ORF61 target proteins would be enriched in the insoluble fraction of ORF61-infected 

cell lysates compared to ORF61mutIPAM-infected lysates. The abundance of the remaining insoluble 

cellular material would be comparable between the samples, and it could therefore be excluded from 

the analysis as background.  

To test this approach, MEF cells were infected with either MHV-68 ORF61- or ORF61mutIPAM-FLAG 

at MOI 3 TCID50/cell in five replicates. At 24 hpi, cells were lysed in a mild lysis buffer and the soluble 

and insoluble fractions separated by centrifugation. The detergent-insoluble cell pellets were 

collected in SDS-PAGE sample buffer, sonicated to improve dissolution, boiled at 95°C and submitted 

to LC-MS/MS analysis (Fig. 18A). The log2-transformed and normalized protein abundances in the 

insoluble fractions of MHV-68 ORF61-infected cells were compared to those in ORF61mutIPAM-

infected cells. To identify statistically significant differences, the Student’s t-test with Benjamini-

Hochberg false discovery rate (FDR)-correction was applied on proteins found in at least 30% of all 

samples (1455 proteins). After defining a log2-fold change ≥ 1 and a P	value ≤ 0.05 as cut-offs for 

significance, a total of 120 proteins were identified as being enriched in the insoluble fraction of 

MHV-68 ORF61-infected cells compared to ORF61mutIPAM-infected cells (Fig. 18B). The presence of 

ORF61 itself among the most enriched proteins served as a technical validation of the approach. 

To verify a possible sequestration by ORF61, the genes encoding some of the most abundant proteins 

were cloned into expression plasmids. U2OS cells were then transfected with these HA-tagged 

constructs either alone or together with ORF61-FLAG, the proteins were visualized by indirect 

immunofluorescence, and the cells imaged by cLSM. Among the proteins selected for a first round of 

testing were the E3 ubiquitin ligase UHRF1, the most abundant protein of the screen (Fig. 18B), as 

well as the ubiquitin-binding protein Tax1-binding protein 1 (TAX1BP1) and bone marrow stromal 

antigen 2 (BST2/tetherin), an antiviral factor that has been shown to inhibit the release of several 

enveloped viruses by tethering the viral particles to the cell membrane (134-136). As seen in Fig. 18C, 

none of these proteins co-localized directly with the ORF61 FLAG-signal. TAX1BP1 dots and BST2 
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condensates localized adjacent to the ORF61 filaments, thus suggesting a possible interaction, but 

with no evidence of sequestration, these findings were not investigated further. 

 

 
	
Figure	 18.	 LC‐MS/MS	 screen	 to	 identify	 proteins	 sequestered	 in	 MHV‐68	 ORF61	 aggregates.	 (A) 
Experimental setup of the LC-MS/MS screen. MEF cells were infected with either MHV-68 ORF61- or 
ORF61mutIPAM-FLAG at MOI 3 TCID50/cell in five replicates. At 24 hpi, cells were lysed and lysates separated 
into detergent-soluble and -insoluble fractions. The insoluble pellets were collected in SDS-PAGE sample buffer, 
sonicated, boiled, and submitted to LC-MS/MS analysis. Image created with BioRender.com. (B) Volcano plot 
representing the pairwise, two-tailed Stundent’s t-test results comparing protein abundances in the insoluble 
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fractions of MHV-68 ORF61- and ORF61mutIPAM-infected cells with and without false discovery rate (FDR) 
correction by Benjamini-Hochberg. Cut-offs for significance were set to a log2-fold change ≥ 1 and a P value 
≤ 0.05 and are indicated by the dashed lines. Data generated and statistical analysis performed by Bente Siebels, 
Antonia Gocke, and Hartmut Schlüter (Core Facility Mass Spectrometric Proteomics, University Medical Center 
Hamburg-Eppendorf). (C) U2OS cells were transfected with plasmids expressing HA-tagged mouse UHRF1, 
BST2 or TAX1BP1 and MHV-68 ORF61-FLAG. Cells were fixed, immunostained with anti-HA and anti-FLAG 
antibodies and counterstained with Hoechst 33342. Fluorescence images were acquired by cLSM. Scale bar, 
20 µm. 
 

5.12	RNF213	localizes	to	rhadinovirus	R1	aggregates	in	transfected	cells	
Among the five most abundant proteins detected in the insoluble fraction of MHV-68 ORF61-infected 

cells by LC-MS/MS, RING finger protein 213 (RNF213) was the most intriguing interactor candidate. 

RNF213 (also termed mysterin in humans) is a large, interferon-inducible cytoplasmic protein of 

approximately 590 kDa in size. RNF213 harbors both a RING and a RZ finger ubiquitin ligase domain 

at its C-terminus, and mutations around and within the RING finger domain have been associated 

with the onset of Moyamoya disease, a rare cerebrovascular disorder mainly affecting the East Asian 

population (137, 138). In addition to its antimicrobial role involving ubiquitination of intracellular 

bacteria, such as Salmonella	and Listeria	monocytogenes	(139, 140),	RNF213 functions as a restriction 

factor for γ-herpesviruses. It has been shown to polyubiquitinate the RTA lytic switch protein of both 

KSHV and MHV-68 and to target it for degradation through the ubiquitin-proteasome system, thereby 

restricting de	novo infection and lytic reactivation (141). It would therefore be advantageous for the 

virus to be able to efficiently neutralize RNF213, e.g., by sequestering it in aggregates. To test if 

RNF213 truly accumulates in KSHV and MHV-68 ORF61 aggregates, HEK-293A cells were transfected 

with fluorescently tagged mouse or human RNF213 expression plasmids and either MHV-68 ORF61-

pmCherry or KSHV ORF61-pEGFP, respectively. As shown by the cLSM images in Figs. 19A and 19B, 

the RNF213 signal did indeed co-localize with the ORF61 aggregates, suggesting that the two proteins 

might interact. Although these preliminary data are encouraging, additional experiments are 

required to verify the interaction and to characterize its functional consequences in the context of 

infection.  
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Figure	19.	RNF213	localizes	to	ORF61	aggregates	in	transfected	cells.	HEK-293A cells were transfected 
with plasmids expressing either (A) eGFP-mRNF213 and MHV-68 ORF61-mCherry or (B) mCherry-hRNF213 
and KSHV ORF61-eGFP. After 24 h, cells were fixed, and nuclei were counterstained with Hoechst 33342. 
Fluorescence images were acquired by cLSM. Scale bar, 20 µm. 
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6.	Discussion	

The present work set out to elucidate the role of KSHV and MHV-68 ORF61 in counteracting the host 

immune response, and whether the underlying mechanism involves IPAM-mediated aggregation and 

subsequent aggregate degradation by autophagy. The results show that both proteins form distinct, 

filamentous aggregates in infected cells. The ORF61 aggregates are not substantially degraded by 

autophagy, but their sequestration function is involved in subverting host defenses, as illustrated by 

KSHV ORF61 that relocalizes A3B out of the nucleus to cytoplasmic aggregates in an IPAM-dependent 

manner. An IPAM mutant KSHV, that fails to form ORF61 filaments and to alter A3B localization, is 

more susceptible to genome deamination, suggesting that A3B sequestration serves to protect the 

replicating viral genome from detrimental mutations.  

 

6.1	 KSHV	 and	 MHV‐68	 R1	 proteins	 display	 a	 distinct,	 filamentous	
morphology	
R1 proteins of the β-herpesvirus MCMV and the α-herpesvirus HSV-1 have been shown to accumulate 

in the insoluble fraction of infected cell lysates and to form dot-like aggregates in the cytoplasm of 

infected cells. In electron micrographs, MCMV M45 aggregates appear as amorphous, electron-dense 

condensates (120). The present work structurally characterized the R1 protein ORF61 of the γ-

herpesviruses KSHV and MHV-68. Similar to M45, ORF61 becomes increasingly insoluble in the 

course of infection (Fig. 8) and does not recover fluorescence after photobleaching (Fig. 10), a 

property indicative of a solid structure. As shown by CLEM analysis of infected cells, KSHV and MHV-

68 R1 proteins are both composed of filament bundles that measure up to several microns in length 

(Fig. 11). This striking morphology is in sharp contrast to the small, globular aggregates formed by 

their MCMV and HSV-1 homologs (120). Detailed structural studies of the EBV homolog BORF2 in an 

infectious context are lacking, but the structure of purified BORF2 bound to the A3B catalytic C-

terminal domain (ctd) has been solved by cryo-EM (124). Intriguingly, transfected BORF2 often 

forms large, elongated condensates that resemble the filamentous ORF61 aggregates, and an in	silico 

structural model of KSHV ORF61 overlays well with the BORF2 cryo-EM structure (125), collectively 

suggesting conservation of the R1 protein structure within the γ-subfamily. Admittedly, the 

condensates formed by R1 proteins of other related primate γ-herpesviruses upon overexpression 

do not acquire filamentous morphology (125), but rather resemble the more globular KSHV ORF61 

aggregates observed in transfected cells (Fig. 13), thus implying a key role for a viral factor or a virus-

induced process in filament formation. 

As the BORF2 dimerization interface in the BORF2-A3Bctd complex differs from the predicted 

canonical R1 dimerization interface, Shaban et	 al.	 conclude that BORF2 exists in two dimeric 

complexes in cells: as a canonical dimer forming part of the enzymatically active, heterotetrameric 

RNR, and as a non-canonical dimer giving rise to large, A3B-binding oligomers. In the BORF2-A3Bctd 

complex, BORF2 dimerization is mediated by electrostatic interactions between the N-terminal 
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residues E8, D26 and R39. R39 of each monomer thereby interacts with E8 of the same monomer and 

with D26 of the opposing monomer (124). These residues are only partially conserved in KSHV and 

MHV-68 ORF61, but both ORF61 proteins contain similarly charged residues in the vicinity of these 

positions, raising the possibility that they similarly dimerize at a non-canonical, N-terminal interface. 

In contrast, M45 and ICP6, that do not form filamentous aggregates, lack charged residues at the 

corresponding positions and most likely do not share the dimerization interface of γ-herpesvirus R1 

proteins. 

 

6.2	Cellular	processing	of	KSHV	and	MHV‐68	R1	proteins	
The dot-like MCMV M45 and HSV-1 ICP6 aggregates are targeted to autophagosomes for degradation 

by selective autophagy (119, 120) (Fig. 5). In contrast, autophagy does not seem to play a key role in 

the turnover of KSHV and MHV-68 ORF61 proteins, since they do not accumulate in the insoluble 

fraction upon pharmacologic or genetic inhibition of autophagosome formation (Fig. 9). The large, 

filamentous ORF61 aggregates, that appear later during infection (Figs. 6 and 7), are potentially 

impervious to autophagic degradation due to their size and shape. The dot-like ORF61 condensates, 

that rather resemble M45 and ICP6 aggregates and are observed before filament formation (Figs. 6 

and 7), might be more suitable autophagy targets, but perhaps grow and nucleate ORF61 filament 

formation too rapidly, thereby exceeding the degradation capacity of the cell. As the autophagy cargo 

receptors preferably bind ubiquitinated cargo (45), it is also conceivable that the ubiquitination 

status or other post-translational modifications might make ORF61 aggregates less accessible to the 

autophagy machinery. As for other degradation pathways, the sheer size of the ORF61 filaments is 

likely to render them resistant to degradation by the ubiquitin-proteasome system or other pathways 

that only process monomeric, soluble proteins. 

 

6.3	Herpesvirus‐induced	filament	formation	
The present study is the first to report the formation of filamentous aggregates by the KSHV and 

MHV-68 ORF61 proteins in virus-infected cells. The ORF61 aggregate architecture, consisting of 

filament bundles that measure up to several hundred nanometers in width and several microns in 

length (Fig. 11), represents a unique morphology among herpesviral proteins. However, smaller 

herpesviral filaments have been previously described.  

The HSV-1 ssDNA-binding protein ICP8, that is required for prereplication site and replication 

compartment (RC) formation in infected cell nuclei (142, 143), has been shown to form 10-20 nm-

wide filaments in	vitro (144, 145). Interestingly, these ICP8 filaments seem to be indispensable for 

the assembly of HSV-1 RCs. ICP8 mutants that have lost the ability to form filaments are unable to 

nucleate RC formation, despite retaining all essential interactions with other viral replication 

proteins. It is hypothesized that the ICP8 filaments contribute to the assembly of HSV-1 RCs by 

providing a scaffold onto which other necessary viral and cellular proteins can be recruited (146). 
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Since the ORF61 aggregates are exclusively cytoplasmic, they are unlikely to contribute to RC 

formation. Due to their large size and dispersed distribution in the cytoplasm, it seems equally 

unlikely that they serve as a scaffold to locally concentrate cellular or viral factors.   

In addition to filament-forming viral proteins, herpesvirus infection is known to cause a profound 

reorganization of the cellular cytoskeleton, thereby giving rise to filamentous cellular structures. The 

viral US3 kinase of the porcine α-herpesvirus pseudorabies virus (PRV) induces the formation of 

actin- and microtubule-containing cell projections that enhance the intercellular spread of viral 

particles shielding them from the effect of neutralizing antibodies (147). Furthermore, α-herpesvirus 

infection leads to the accumulation of actin filaments in infected nuclei. These filaments, that are 

observed in PRV- and HSV-1-infected neurons and to a lesser extent in epithelial cells, facilitate the 

formation of viral capsid assembly sites. Capsids also seem to migrate along the nuclear actin 

filaments by myosin-mediated transport to reach the nuclear envelope for budding (148). 

Although neither F-actin nor the intermediate filament vimentin was detected in ORF61 aggregates 

by immunofluorescence (Fig. 12), the involvement of other cellular cytoskeleton constituents in 

ORF61 filament formation cannot be excluded. The filament bundles might also be resistant to 

staining, albeit not inherently impermeable, as demonstrated by the successful immunofluorescence 

staining of the ORF61-FLAG fusion protein in infected cells (Fig. 7B). 

 

6.4	ORF61‐like	filaments	in	RNA	virus	infection	
The present study provides the first evidence that KSHV ORF61 forms prominent, filamentous 

aggregates in infected cells to sequester cellular target proteins (Figs. 16B and 16C) and additionally 

implies a similar function for the homologous MHV-68 ORF61 (Fig. 19A). Intriguingly, 

morphologically similar filament bundles have been previously observed in the nuclei of cells 

infected by the mosquito-borne RNA virus Rift Valley fever virus (RVFV). These nuclear filaments are 

formed by the RVFV non-structural small (NSs) protein (149), and when analyzed by EM, they 

assemble to 0.5 µm wide bundles that consist of thinner parallel fibrils (150), strikingly resembling 

KSHV and MHV-68 ORF61 aggregates (Fig. 11). Similar to ORF61, RVFV NSs filaments seem to exert 

a sequestration function to subvert the host antiviral response. Subunits of transcription factor II H, 

that is required for transcription initiation by RNA Pol II, are present in the nuclear NSs filaments 

(151). Furthermore, a subunit of a chromatin-remodeling corepressor complex regulating 

transcriptional activation of the interferon-β (IFN-β) promoter interacts with NSs filaments, 

resulting in sequestration of the complex in the IFN-β promoter region and subsequent repression 

of IFN‐β gene expression (152). Thus, unrelated viral proteins of RNA and DNA viruses form very 

similar, prominent filaments to counteract cellular restriction factors and immune mediators. 
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6.5	Importance	of	the	IPAM	for	herpesviral	R1	protein	structure	
Despite the apparent morphological differences between herpesvirus R1 protein aggregates from 

different subfamilies, the conserved C-terminal Induced Protein Aggregation Motif (IPAM) seems to 

be a key structural determinant shared by these proteins. In MCMV and HSV-1, the IPAM mediates 

both self-interaction of the R1 proteins as well as their interaction with the cellular target proteins. 

Consequently, IPAM disruption renders MCMV M45 and HSV-1 ICP6 unable to oligomerize and to 

form dot-like aggregates (120). Similarly, an IPAM mutant EBV BORF2 loses its ability to form large 

condensates in transfected cells (114). Reminiscent of this phenotype, the present study shows that 

an intact IPAM is required for KSHV (Fig. 6A) and MHV-68 (Fig. 7B) ORF61 filament formation, as 

well as for APOBEC3B sequestration and relocalization by KSHV ORF61 (Figs. 16B and 16C). 

Although transfection experiments did not permit definitive conclusions regarding the role of the 

IPAM in ORF61 self-interaction (data not shown), the findings presented here collectively underline 

the importance of the IPAM for the structural architecture of herpesvirus R1 proteins independent 

of the subfamily. 

Among the viral R1 proteins, only the structure of BORF2 has been determined. Cryo-EM analysis of 

the purified BORF2-A3Bctd complex revealed a large binding interface between the two proteins and 

identified the BORF2 residues L133, Y134, Y481 and R484 as crucial for the interaction. A single 

amino acid substitution in each of the positions was sufficient to abolish the interaction (124). 

Considering that KSHV ORF61 only shares around 42% primary amino acid identity with BORF2 

(125), it is not surprising that only the first two of these residues are conserved in ORF61. However, 

as the predicted structure of KSHV ORF61 displays a high degree of similarity to the cryo-EM 

structure of BORF2 bound to A3Bctd (125), both γ-herpesvirus R1 proteins probably bind A3B in a 

similar manner. HSV-1 ICP6, that also binds and relocalizes A3B (126) but forms globular aggregates 

instead of filaments (120), does not share any of the aforementioned A3B-interacting residues, 

suggesting that it binds A3B by a different mechanism.  

Although the aggregation of MCMV, HSV-1, KSHV, and MHV-68 R1 proteins is an IPAM-dependent 

process ((120) and this study), a property that also seems to be conserved in BORF2 (114), the IPAM 

residues do not contribute to the formation of the non-canonical dimerization interface in the BORF2 

cryo-EM structure, but are instead buried within the structure. A possible explanation is that the 

IPAM forms part of the structural core of the R1 proteins and is therefore only indirectly involved in 

dimerization and subsequent higher-order oligomerization. In line with this, the observed loss of 

target protein binding by IPAM mutant R1 proteins ((120) and this study) likely stems from a 

compromised overall structure rather than alterations at the binding interface. 
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6.6	Biological	relevance	of	IPAM‐dependent	A3B	relocalization	by	KSHV	
ORF61	
As shown in the present work, the KSHV R1 protein ORF61 binds A3B and relocalizes it out of the 

nucleus to filamentous, cytoplasmic aggregates in an IPAM-dependent manner during lytic infection. 

Disruption of the IPAM by two alanine substitutions (PFVDQ to PFVAA) not only abolishes A3B 

binding and redistribution (Figs. 16B and 16C) but also impairs KSHV replication in RPE-1 human 

epithelial cells (Fig. 17B). Although the temporal kinetics are not affected, the peak titers of KSHV 

ORF61mutIPAM are considerably reduced compared to the parental virus. Doxycycline-mediated 

A3B overexpression further restricts ORF61mutIPAM replication but has no impact on the parental 

virus. The observed increased deamination of the ORF61mutIPAM viral genome upon A3B 

overexpression (Fig. 17C) suggests that the incapability of the mutant to remove the mutagenic A3B 

from the nucleus or to inhibit its deaminase activity is at least partially responsible for the observed 

replication defect. However, as the IPAM lies in the vicinity of the C-terminal R1 catalytic residues 

(Fig. 4A), a compromised RNR function could also contribute to the observed impaired replication. 

In support of this hypothesis, the replication defect of the IPAM mutant only becomes apparent on 

day 7 (Fig. 17B) when the cells have most likely entered quiescence due to contact inhibition, 

resulting in low cellular dNTP pools. A KSHV ORF61 mutant unable to redistribute A3B while 

retaining all other protein functions would allow distinction between A3B-dependent and -

independent effects. It would also be worthwhile to test whether knocking out A3B could alleviate or 

reverse the increased genome deamination and reduced replication of KSHV ORF61mutIPAM. 

The observation that KSHV with an intact IPAM is also susceptible to deamination upon A3B 

induction, albeit to a lesser extent than the mutant (Fig. 17C), suggests that the increased 

deamination activity resulting from A3B overexpression likely overwhelms the counteracting 

capacity of the virus. However, since A3B overexpression does not lead to reduced replication of the 

KSHV ORF61 virus (Fig. 17B), this degree of genome deamination appears to fall short of a critical 

threshold detrimental for viral replication. 

 

6.7	The	function	of	MHV‐68	ORF61	filaments	remains	enigmatic	
The IPAM-dependent MHV-68 ORF61 aggregates observed in infected cells (Fig. 7B) closely resemble 

those formed by their KSHV homolog (Fig. 6A) and are similarly composed of filament bundles 

(Fig. 11). However, in contrast to the IPAM mutant KSHV, MHV-68 ORF61mutIPAM replicates to 

titers comparable to the parental virus (Fig. 17A). On the one hand, this suggests that IPAM 

disruption does not affect MHV-68 RNR function, although the effect might be negligible in rapidly 

dividing immortalized cells, such as MEFs, and more pronounced in another cell type. On the other 

hand, the efficient replication of the ORF61mutIPAM virus suggests that in case MHV-68 ORF61 

aggregates share the ability of many of their homologs to counteract cellular targets, this function is 

either generally redundant, i.e., shared by another viral protein, only relevant in	vivo, or cell type-
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dependent. Maybe the target is only present at low levels or even completely absent in fibroblasts, 

which were the cell type used to determine the replication kinetics. 

Despite the morphological similarities with its A3B-interacting KSHV counterpart, MHV-68 ORF61 

does not sequester or alter the localization of A3B or the murine A3 protein (mA3) (Figs. 14 and 16B). 

Since mA3 is a cytoplasmic protein, it does not pose an imminent threat to the replicating viral 

genome and, accordingly, does not restrict MHV-68 replication in	 vivo (153, 154). Interestingly, 

human A3A and A3B have been shown to impair MHV-68 replication when co-transfected with the 

infectious viral genome, but the restriction is lost when the cells are infected using intact viral 

particles. This suggests that A3A and A3B, although present in the nucleus (77), either do not have 

access to viral ssDNA substrate in RCs of infected cells due to compartmental separation, or are 

antagonized by a viral protein other than ORF61, such as a structural virion component (153). 

It seems unlikely that MHV-68 ORF61 forms such prominent aggregates in infected cells without 

using them to sequester cellular immune mediators or antiviral factors. Apart from a single study 

postulating a possible link between MHV-68 ORF61 and an altered track-like morphology of the 

antiviral promyelocytic leukemia nuclear bodies (155), no cellular targets or interaction partners of 

the MHV-68 R1 protein have been described. Thus, an LC-MS/MS interactor screen was performed 

as a part of this study to identify ORF61 binding partner candidates. Since attempts to 

immunoprecipitate insoluble ORF61 were unsuccessful, an experimental setup without an 

enrichment step was employed (Fig. 18A). The drawback of this approach is that it detects all 

proteins that are more abundant in the MHV-68 ORF61-infected insoluble cell fraction compared to 

the ORF61mutIPAM-infected control, independent of a direct interaction with ORF61. Strikingly, 

several of the most abundant proteins identified by the screen are either associated with RNA 

metabolism, e.g., RNA-binding protein 8A (RBM8A), Zinc finger CCCH domain-containing protein 14 

(ZC3H14), and Protein mago nashi homolog (MAGOH), or with the ubiquitin system, e.g., the E3 

ubiquitin ligases UHRF1 and RNF213, and the ubiquitin adaptor protein Tax1-binding protein 1 

(TAX1BP1) (Fig. 18B). While components of the spliceosome were not intuitive sequestration targets 

for ORF61, the focus was placed on the ubiquitin system proteins and the known antiviral factor bone 

marrow stromal antigen 2 (BST2)/tetherin (134). Despite being the most abundant protein 

identified in the MS screen, the ubiquitin ligase UHRF1 was solely detected in the nucleus and did not 

exhibit relocalization upon co-transfection with MHV-68 ORF61 (Fig. 18C), suggesting that it is not 

sequestered in ORF61 aggregates. It is also conceivable that the lack of additional viral factors in 

transfected cells precludes sequestration, but this would distinguish MHV-68 from its KSHV homolog 

which alone is sufficient to relocalize and sequester nuclear A3B (Fig. 13). Similar to UHRF1, none of 

the other tested interactor candidates localized to the MHV-68 ORF61 aggregates in co-transfection 

experiments (Fig. 18C), except for RNF213 (Fig. 19A).  

As an inhibitor of KSHV and MHV-68 lytic replication (141), RNF213 is an intriguing target candidate 

for ORF61-mediated sequestration and neutralization, and, indeed, it seems to be present in KSHV 
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and MHV-68 ORF61 aggregates in transfected cells (Fig. 19). Another explanation for the observed 

co-localization is that, rather than being selectively targeted by ORF61, RNF213 instead ubiquitinates 

or otherwise targets ORF61 aggregates, in analogy to its mode of action against intracellular 

pathogens, such as Salmonella (139) and Toxoplasma	gondii (156). In support of this hypothesis, the 

ubiquitin-binding protein TAX1BP1 that RNF213 recruits to the ubiquitin-decorated T.	 gondii 

parasitophorous vacuoles (156), is among the top hits in the MHV-68 ORF61 interactor screen 

(Fig. 18B) and is found in the vicinity of ORF61 aggregates in transfected cells (Fig. 18C). Further 

investigation is required to elucidate whether the multifunctional RNF213 targets ORF61 or, 

conversely, whether KSHV and MHV-68 have repurposed ORF61 to neutralize the antiviral effect of 

RNF213.  

 

6.8	Concluding	remarks	
Despite differences in morphological features and cellular processing, herpesviral R1 proteins across 

all subfamilies share the property of aggregation to counteract distinct, albeit partially overlapping 

sets of cellular target proteins. MCMV M45 sequesters RIPK1 and NEMO in cytoplasmic IPAM-

dependent aggregates and targets them for subsequent degradation by selective autophagy. HSV-1 

ICP6 similarly binds and targets RIPK1 for autophagic degradation in an IPAM-dependent manner. 

In addition, ICP6 binds the cytosine deaminase A3B and relocalizes it out of the nucleus to the 

cytoplasmic compartment. Mutagenic A3B is also counteracted by EBV BORF2, which inhibits its 

deaminase activity and redistributes it from the nucleus to cytoplasmic condensates. As shown in the 

present work, KSHV ORF61 utilizes a similar strategy and relocalizes A3B to the cytoplasm in an 

IPAM-dependent manner. While it is probable that the observed MHV-68 ORF61 aggregates likewise 

aid in sequestering and neutralizing target proteins, the identity of these targets and of additional 

proteins potentially present in other herpesviral R1 aggregates remains to be determined.
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7.	Materials	

7.1	Cells	
Name	 Description	 Reference	

ARPE-19 
Spontaneously immortalized human retinal 

pigment epithelial cells ATCC (CRL-2302) 

TIME 
Human telomerase reverse transcriptase 

(hTERT)-immortalized human microvascular 
endothelial cells 

(157) 

MEF Mouse embryonic fibroblasts immortalized with 
the SV40 large T antigen 

Riken BRC 
(RCB2710) 

10.1 
Spontaneously immortalized embryonic 

fibroblasts isolated from BALB/c mice, defect in 
p53 

(158) 

NIH/3T3 
Spontaneously immortalized embryonic 

fibroblasts isolated from NIH/Swiss mice ATCC (CRL-1658) 

Atg5-/- MEF 
Atg5 knockout mouse embryonic fibroblasts 
immortalized with the SV40 large T antigen 

Riken BRC 
(RCB2711) 

U2OS 
Human osteosarcoma-derived cells with 

epithelial morphology ATCC (HTB-96) 

HFF Life-extended human foreskin fibroblasts (159) 

HEK-293A Human embryonic kidney epithelial cells 
immortalized with hAdV5 E1A and E1B 

Invitrogen 

HEK-293T 
Human embryonic kidney epithelial cells 

immortalized with the SV40 large T antigen ATCC (CRL-11268) 

RPE-1 puro 
hTERT-immortalized human retinal pigment 

epithelial cells (ATCC CRL-4000), in which the 
PuroR gene was knocked out using CRISPR/Cas9 

E. Ostermann, 
unpublished data 

TetOn A3B RPE-1 
RPE-1 puro cells stably expressing APOBEC3B-
mScarlet-HA under the control of a tetracycline 

responsive element (TRE) promoter 
This study 

TetOn A3G RPE-1 
RPE-1 puro cells stably expressing APOBEC3G-

mScarlet-HA under the control of a TRE 
promoter 

This study 

	

7.2	Viruses	
Name	 Description	 Reference	

KSHVLyt 
Constitutively lytic, BAC16-derived KSHV BAC 

clone expressing RTA under the control of a 
cellular PGK promoter 

(128) 

KSHV mNeon-ORF61 
KSHVLyt, in which the eGFP-HygroR cassette was 

replaced by a ZeoR cassette and mNeonGreen 
introduced to the N-terminus of ORF61 

This study 

KSHV mNeon-
ORF61mutIPAM 

KSHV mNeon-ORF61 with a mutated IPAM 
(PFVDQ to PFVAA) This study 

MHV-68 ORF61-mNeon 

MHV-68 BAC pHA3 (160), in which the eGFP 
cassette was replaced by a ZeoR cassette and 
mNeonGreen introduced to the C-terminus of 

ORF61 

This study 

MHV-68 ORF61-FLAG 
MHV-68 BAC pHA3 (160), in which a 3xFLAG-tag 

was fused C-terminally to ORF61 This study 

MHV-68 
ORF61mutIPAM-FLAG 

MHV-68 ORF61-FLAG with a mutated IPAM 
(PFIDQ to PFIAA) 

This study 



Materials
 

66 
 

MCMV M45-HA 
MCMV Smith pSM3fr-MCK-2fl BAC, in which M45 

ORF carrying a C-terminal HA-tag was 
reintroduced after a deletion 

(161) 

 

7.3	Bacteria	

Name	 Genotype	
Growth	

temperature	(°C)	 Reference	

E.	coli DH10B 

F– mcrA Δ(mrr‐hsdRMS-mcrBC) 
φ80lacZΔM15 ΔlacX74 recA1 endA1 
araD139 Δ (ara‐leu)7697 galU galK λ–

rpsL(StrR) nupG 

37 
Life 

Technologies 

E.	coli GS1783 DH10B λ cI857 ∆(cro‐bioA)<>araC-
PBADI‐sceI 

30 (162) 

 

7.4	Plasmids	
Name	 Description	 Reference	

pEPkan-S 
Template plasmid for en	passant mutagenesis 

encoding an I‐SceI-aphAI cassette, KanR (163) 

pcDNA3 Expression vector, AmpR Invitrogen 

pmCherry-N1 Cloning vector for creating a fusion protein with a 
C-terminal mCherry, KanR 

Clontech 
Laboratories 

peGFP-N1 Cloning vector for creating a fusion protein with a 
C-terminal eGFP, KanR 

Clontech 
Laboratories 

peGFP-C1 Cloning vector for creating a fusion protein with 
an N-terminal eGFP, KanR 

Clontech 
Laboratories 

pLIX402 
Lentiviral vector for Tet-inducible expression, 

AmpR, PuroR 
Addgene 
(#41394) 

pMD2.G 
Lentiviral packaging plasmid encoding the viral 

env gene, AmpR 
Robert J. Lebbink, 

UMC Utrecht 

pCMV-dR8.91 Lentiviral packaging plasmid encoding the viral 
gag, pol and rev genes, AmpR 

Robert J. Lebbink, 
UMC Utrecht 

pcDNA3-
mNeonGreen-kan 

Shuttle plasmid for en	passant mutagenesis 
encoding mNeonGreen and an I‐SceI-aphAI	

cassette 
(129) 

pmCherry-
Nucleolin 

Expression plasmid encoding human nucleolin N-
terminally tagged with mCherry 

(120) 

pcDNA3-A3B-HA 
Expression plasmid encoding APOBEC3B with a C-

terminal 3xHA-tag (164) 

pcDNA3-A3G-HA 
Expression plasmid encoding APOBEC3G with a C-

terminal 3xHA-tag (165) 

pCMV-mA1-BE3 Expression plasmid encoding murine APOBEC1, 
AmpR 

Addgene 
(#113421) 

pCMV-mA3-BE3 Expression plasmid encoding murine APOBEC3, 
AmpR 

Addgene 
(#113419) 

pcDNA3-MCMV 
M45-HA 

Expression plasmid encoding MCMV M45 with a 
C-terminal HA-tag 

(117) 

pcDNA3.1-hRIPK1-
Flag 

Expression plasmid encoding human RIPK1 with 
an N-terminal FLAG-tag 

Addgene 
(#112487) 

pcDNA3-mRIPK1-
Flag 

Expression plasmid encoding murine RIPK1 with 
an N-terminal FLAG-tag Patricia M. Fliss 

pcDNA3-Flag-
mNEMO 

Expression plasmid encoding murine NEMO with 
an N-terminal FLAG-tag Patricia M. Fliss 
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mRNF213-
pFastBAC1 

Expression plasmid encoding codon-optimized 
murine RNF213 for expression in insect cells, 

AmpR 
(166) 

mCherry-hRNF213-
3xFLAG 

Expression plasmid encoding human RNF213 
(mysterin) with an N-terminal mCherry- and a C-

terminal 3xFLAG-tag, AmpR 
(167) 

 

The following plasmids were generated for this study: 

Name	 Description	 Cloning	approach	

KSHV ORF61-
pmCherry 

Expression plasmid encoding 
KSHV ORF61 C-terminally tagged 

with mCherry 

KSHV ORF61 sequence from 
KSHVLyt was introduced into 

pmCherry-N1 using EcoRI and 
BamHI 

MHV-68 ORF61-
pmCherry 

Expression plasmid encoding 
MHV-68 ORF61 C-terminally 

tagged with mCherry 

MHV-68 ORF61 sequence from 
MHV-68 BAC pHA3 was 

introduced into pmCherry-N1 
using BglII and SalI 

pcDNA3-KSHV 
ORF61-FLAG 

Expression plasmid encoding 
KSHV ORF61 with a C-terminal 

3xFLAG-tag 

KSHV ORF61 sequence from 
KSHVLyt was introduced into 

pcDNA3 using BamHI and EcoRI. 
Tag sequence was included in the 

reverse primer 

pcDNA3-KSHV 
ORF61mutIPAM-

FLAG 

Expression plasmid encoding 
KSHV ORF61 with a C-terminal 

3xFLAG-tag and a mutated IPAM 
(PFVDQ to PAAAA) 

PFVDQ to PAAAA IPAM mutation 
was introduced into pcDNA3-

KSHV ORF61-FLAG using overlap 
extension PCR 

pcDNA3-MHV-68 
ORF61-FLAG 

Expression plasmid encoding 
MHV-68 ORF61 with a C-terminal 

3xFLAG-tag 

MHV-68 ORF61 sequence from 
MHV-68 BAC pHA3 was 

introduced into pcDNA3 using 
EcoRV and XbaI. Tag sequence 

was included in the reverse 
primer 

pcDNA3-mA1-HA 
Expression plasmid encoding 

murine APOBEC1 with a C-
terminal 3xHA-tag 

mA1 sequence from pCMV-mA1-
BE3 and 3xHA sequence from 

pcDNA3-A3B-HA were 
introduced into pcDNA3 using 

homology-based DNA assembly 

pcDNA3-mA3-HA 
Expression plasmid encoding 

murine APOBEC3 with a C-
terminal 3xHA-tag 

mA3 sequence from pCMV-mA3-
BE3 and 3xHA sequence from 

pcDNA3-A3B-HA were 
introduced into pcDNA3 using 

homology-based DNA assembly 

pcDNA3-KSHV 
ORF61-HA 

Expression plasmid encoding 
KSHV ORF61 with a C-terminal 

HA-tag 

KSHV ORF61 sequence from 
KSHVLyt was introduced into 

pcDNA3 using BamHI and EcoRI. 
Tag sequence was included in the 

reverse primer 

pcDNA3-MHV-68 
ORF61-HA 

Expression plasmid encoding 
MHV-68 ORF61 with a C-terminal 

HA-tag 

MHV-68 ORF61 sequence from 
MHV-68 BAC pHA3 was 

introduced into pcDNA3 using 
EcoRV and XbaI. Tag sequence 

was included in the reverse 
primer 
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pLIX402-A3B-
mScarlet-HA 

Lentiviral expression plasmid 
encoding APOBEC3B fused C-
terminally to mScarlet and a 

3xHA-tag 

A3B sequence (amplified from 
pcDNA3-A3B-HA), mScarlet- and 
3xHA-sequences were introduced 

into pLIX402 using homology-
based DNA assembly 

pLIX402-A3G-
mScarlet-HA 

Lentiviral expression plasmid 
encoding APOBEC3G fused C-
terminally to mScarlet and a 

2xHA-tag 

A3G sequence (amplified from 
pcDNA3-A3G-HA), mScarlet- and 
2xHA-sequences were introduced 

into pLIX402 using homology-
based DNA assembly 

p3xHA-N1 
Cloning vector for creating a 

fusion protein with a C-terminal 
3xHA-tag, KanR 

3xHA-sequence was introduced 
into peGFP-N1 in place of eGFP 

using homology-based DNA 
assembly 

p3xHA-UHRF1 
Expression plasmid encoding 
mouse UHRF1 C-terminally 

tagged with 3xHA 

Mouse UHRF1 sequence 
(amplified from mouse cDNA) 

was introduced into p3xHA-N1 
using EcoRI and KpnI 

pcDNA3-HA-BST2 
Expression plasmid encoding 

mouse BST2 with an N-terminal 
HA-tag 

Mouse BST2 sequence (amplified 
from mouse cDNA) was 

introduced into pcDNA3 using 
KpnI and EcoRI. Tag sequence 
was included in the forward 

primer 

p3xHA-TAX1BP1 
Expression plasmid encoding 
mouse TAX1BP1 C-terminally 

tagged with 3xHA 

Mouse TAX1BP1 sequence 
(amplified from mouse cDNA) 

was introduced into p3xHA-N1 
using EcoRI and KpnI 

KSHV ORF61-peGFP 
Expression plasmid encoding 

KSHV ORF61 C-terminally tagged 
with eGFP 

KSHV ORF61 sequence from 
KSHV ORF61-pmCherry was 

introduced into peGFP-N1 using 
EcoRI and BamHI  

peGFP-mRNF213 
5,892 

Shuttle plasmid for constructing 
N-terminally eGFP-tagged 

mRNF213 for expression in 
mammalian cells 

The first 5,892 nt of mRNF213 
sequence from mRNF213-

pFastBAC1 were introduced into 
peGFP-C1 using BamHI and HpaI 

eGFP-mRNF213-
pFastBAC1 

Expression plasmid encoding N-
terminally eGFP-tagged 

mRNF213 for expression in 
mammalian cells 

VspI (blunted)-XbaI fragment of 
peGFP-mRNF213 5,892 was 
introduced into mRNF213-

pFastBAC1 digested with BpiI 
(blunted) and XbaI 

	

7.5	Primers	

7.5.1	Primers	for	molecular	cloning	

Name	 Sequence	5'‐3'	 Application	
KSHV ORF61-

pmCherry EcoRI 
fwd 

TATAGAATTCCCACCATGTCTGTCCGG
ACATTTTG Cloning KSHV ORF61 into 

pmCherry using EcoRI and BamHI 
restriction sites KSHV ORF61-

pmCherry BamHI 
rev 

TTAAGGATCCTTCTGACAGACCAGGCA
CTC 
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MHV-68 ORF61-
pmCherry BglII 

fwd 

TATAAGATCTCCACCATGGCGACCCAA
ACCATG  Cloning MHV-68 ORF61 into 

pmCherry using BglII and SalI 
restriction sites MHV-68 ORF61-

pmCherry SalI rev 
TTAAGTCGACTTTTGACAGTGCAGACA

AGAAGC 
KSHV ORF61 

pcDNA3 BamHI 
fwd 

TATAGGATCCCCACCATGTCTGTCCGG
ACATTTTG 

Cloning KSHV ORF61-3xFLAG into 
pcDNA3 using BamHI and EcoRI 

restriction sites KSHV ORF61-
3xFLAG pcDNA3 

EcoRI rev 

TTAAGAATTCCTA 
CTTGTCGTCGTCGTCCTTGTAGTCGAT
GTCGTGGTCCTTGTAGTCACCGTCGTG
GTCCTTGTAGTCCTGACAGACCAGGCA

CTC 
KSHV 

ORF61mutIPAM 
fwd 

GGGCTCGTGCCAGGGCGCCGGCAGCAG
CAGCA AGCCAGTCCATGAGCTTCTT 

Introducing IPAM mutation 
(PFVDQ to PAAAA) into pcDNA3-

KSHV ORF61-FLAG by overlap 
extension PCR 

BGH rev TAGAAGGCACAGTCGAGG 
pcDNA3 fwd CGTGTACGGTGGGAGGTC 

KSHV 
ORF61mutIPAM 

rev 

AAGAAGCTCATGGACTGGCTTGCTGCT
GCTGC CGGCGCCCTGGCACGAGCCC 

MHV-68 ORF61 
pcDNA3 EcoRV 

fwd 

TATAGATATCCCACCATGGCGACCCAA
ACCATG 

Cloning MHV-68 ORF61-3xFLAG 
into pcDNA3 using EcoRV and XbaI 

restriction sites MHV-68 ORF61-
3xFLAG pcDNA3 

XbaI rev 

TTAATCTAGACTA 
CTTGTCGTCGTCGTCCTTGTAGTCGAT
GTCGTGGTCCTTGTAGTCACCGTCGTG
GTCCTTGTAGTCTTGACAGTGCAGACA

AGAAGC 
mA1-3xHA 

pcDNA3 Gibson 1 
fwd 

ATAGGGAGACCCAAGCTTGGTACCGAG
CTCATGAGTTCCGAGACAGGCCCT 

Cloning mA1- and mA3-3xHA into 
pcDNA3 by homology-based DNA 

assembly 

mA1-3xHA 
pcDNA3 Gibson 1 

rev 

GTCAGGAACATCGTATGGGTACATGAA
TTGTTTCAACCCTGTAGCCCAAAGGA 

mA3-3xHA 
pcDNA3 Gibson 1 

fwd 

ATAGGGAGACCCAAGCTTGGTACCGAG
CTCATGGGACCATTCTGTCTGGGATG 

mA3-3xHA 
pcDNA3 Gibson 1 

rev 

GTCAGGAACATCGTATGGGTACATGAA
TTGAGACATCGGGGGTCCAAGCTG 

3xHA pcDNA3 
Gibson 2 fwd 

CAATTCATGTACCCATACGATGTTCCT
GACTATGCGGGCTATCCCTATGACG 

3xHA pcDNA3 
Gibson 2 rev 

GAGCGGCCGCCAGTGTGATGGATATCT
GCATTAAGCAGCGTAATCTGGAACGT 

KSHV ORF61-HA 
pcDNA3 EcoRI rev 

TTAAGAATTCCTA 
AGCGTAATCTGGAACATCGTATGGGTA

CTGACAGACCAGGCACTC 

Cloning KSHV ORF61-HA into 
pcDNA3 with KSHV ORF61 

pcDNA3 BamHI fwd using BamHI 
and EcoRI restriction sites 

MHV-68 ORF61-
HA pcDNA3 XbaI 

rev 

TTAATCTAGACTA 
AGCGTAATCTGGAACATCGTATGGGTA

TTGACAGTGCAGACAAGAAGC 

Cloning MHV-68 ORF61-HA into 
pcDNA3 with MHV-68 ORF61 

pcDNA3 EcoRV fwd using EcoRV 
and XbaI restriction sites 
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A3B-mScarlet-HA 
pLIX402 Gibson 1 

fwd 

AGTGAACCGTCAGATCGCCTGGAGAAT
TGGATGAATCCACAGATCAGAAATCC 

Cloning A3B- and A3G-mScarlet-
HA into pLIX402 by homology-

based DNA assembly 

A3B-mScarlet-HA 
pLIX402 Gibson 1 

rev 

CACCTGATCCACCGGATCCACCTGATC
CACCGGATCCACCGTTTCCCTGATTCT

GGAGAATG 
A3G-mScarlet-HA 
pLIX402 Gibson 1 

fwd 

AGTGAACCGTCAGATCGCCTGGAGAAT
TGGATGAAGCCTCACTTCAGAAACAC 

A3G-mScarlet-HA 
pLIX402 Gibson 1 

rev 

CACCTGATCCACCGGATCCACCTGATC
CACCGGATCCACCGTTTTCCTGATTCT

GGAGAATGG 
A3-mScarlet-HA 

Gibson 2 fwd 
GTGGATCAGGTGGATCCGGTGGATCAG
GTGGATCCGGTGGATCAACTAGTGTG 

A3-mScarlet-HA 
Gibson 2 rev 

AGTGGTGGTGGTGGTGGTGGACCGGAC
GCGTCAAGCGTAGTCTGGGACGTC 

p3xHA-N1 Gibson 
fwd 

AATTCTGCAGTCGACGGTACCGCGGGC
CCGGGATCCACCGGTCGCCACCATGTA

CCCATACGATGTTCCTGAC 
Cloning 3xHA into peGFP-N1 in 

place of eGFP by homology-based 
DNA assembly p3xHA-N1 Gibson 

rev 
ATGTGGTATGGCTGATTATGATCTAGA
GTCTTAAGCAGCGTAATCTGGAACGT 

Mouse UHRF1 
p3xHA EcoRI fwd  

TATAGAATTCACCATGTGGATCCAGGT
TCGAACTATG Cloning mouse UHRF1 into p3xHA-

N1 using EcoRI and KpnI 
restriction sites Mouse UHRF1 

p3xHA KpnI rev 
TTAAGGTACCTTCCGGCCGCTGCCATA

GCCAG 

HA-Mouse BST2 
pcDNA3 KpnI fwd 

TATAGGTACCACCATGTACCCATACGA
TGTTCCAGATTACGCTGCGCCCTCTTT

CTATCACTATCT 
Cloning HA-Mouse BST2 into 

pcDNA3 using KpnI and EcoRI 
restriction sites HA-Mouse BST2 

pcDNA3 EcoRI rev 
TTAAGAATTCTCAAAAGAGCAGGAACA

GTGACACTT 
Mouse TAX1BP1 
p3xHA EcoRI fwd 

TATAGAATTCACCATGACATCCTTTCA
AGAAGTCC Cloning mouse TAX1BP1 into 

p3xHA-N1 using EcoRI and KpnI 
restriction sites Mouse TAX1BP1 

p3xHA KpnI rev 
TTAAGGTACCTTGTCGAAGTTGAGAAC

ATTCTG 

	

7.5.2	Primers	for	en	passant	mutagenesis	

Name	 Sequence	5'‐3'	 Application	

KSHVLyt ∆GFP 
Zeo BAC fwd 

TGATAAGCTGTCAAACATGAGAATTGGTCG
ACGGCCCAACTGTTGACAATTAATCATCGG

CAT 
Replacing the eGFP-HygroR 

cassette in KSHVLyt with a ZeoR 
cassette KSHVLyt ∆GFP 

Zeo BAC rev 
GCTCCGGTGCCCGTCAGTGGGCAGAGCGCA
CATCGCCCACTCAGTCCTGCTCCTCGGCCA 

KSHV mNeon-
ORF61 BAC fwd 

GGACAGCTCCCAAGTGAACCTGACAAAATG
TCCGGACAGATGATCCACCGGATCCACCCTT

GTACAGCTCGTCCATGCCC 

Introducing mNeonGreen 
followed by a linker to the N-
terminus of ORF61 in KSHVLyt 

∆GFP BAC KSHV mNeon-
ORF61 BAC rev 

GCCGCGTGTGGCCCCTGGACTGTGTTTCTGT
AAGGTCATGGTGAGCAAGGGCGAGGAGGA 

KSHV ORF61 
PFVAA IPAM 
mut BAC fwd 

TGACTCTGTCCTCCTTGAGGAAGAAGCTCA
TGGACTGGCTAGCTGCTACAAACGGCGCCC
TGGCACGAGCCCTAGGGATAACAGGGTAAT

CGATTT 
Mutating the IPAM (PFVDQ to 

PFVAA) in KSHV mNeon-ORF61 
BAC KSHV ORF61 

PFVAA IPAM 
mut BAC rev 

TAAGCTACTGGATAGGGCTCGTGCCAGGGC
GCCGTTTGTAGCAGCTAGCCAGTCCATGAG

CTTCTTGCCAGTGTTACAACCAATTA 
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MHV-68 ∆GFP 
Zeo BAC fwd 

ATAGTAATCAATTACGGGGTCATTAGTTCA
TAGCCCATATTCAGTCCTGCTCCTCGGCCA Replacing the eGFP cassette in 

MHV-68 BAC pHA3 with a ZeoR 
cassette MHV-68 ∆GFP 

Zeo BAC rev 

GTAAAACCTCTACAAATGTGGTATGGCTGA
TTATGATCAGTGTTGACAATTAATCATCGG

CAT 

MHV-68 ORF61-
mNeon BAC fwd 

CATGGTAAATTTTACTGATTTTATTGAGAG
CAATCAGTTACTTGTACAGCTCGTCCATGC

CC 
Introducing mNeonGreen 

preceded by a linker to the C-
terminus of ORF61 in MHV-68 

∆GFP BAC MHV-68 ORF61-
mNeon BAC rev 

GTGTTCACTATCTGTGGGTGCTTCTTGTCT
GCACTGTCAAGGTGGATCCGGTGGATCAGT

GAGCAAGGGCGAGGAGGAC 

MHV-68 ORF61-
3xFLAG BAC fwd 

ATCCATGGTAAATTTTACTGATTTTATTGA
GAGCAATCAGCTACTTGTCGTCGTCGTCCT
TGTAGTCGATGTCGTGGTCCGCCAGTGTTA

CAACCAATTA 

Introducing a 3xFLAG-tag 
preceded by a linker to the C-
terminus of ORF61 in MHV-68 

BAC pHA3 MHV-68 ORF61-
3xFLAG BAC rev 

GTGTTCACTATCTGTGGGTGCTTCTTGTCT
GCACTGTCAAGGCTCTGGCGACTACAAGGA

CCA 

MHV-68 ORF61 
PFIAA IPAM mut 

BAC fwd 

TTGCATAATCTTCATTCAAAAACAAGGTCA
TAGACTGGCTAGCTGCAATGAATGGTGCCC
TAAGCATAGCTCTAGGGATAACAGGGTAAT

CGATTT 
Mutating the IPAM (PFIDQ to 

PFIAA) in MHV-68 ORF61-FLAG 
BAC MHV-68 ORF61 

PFIAA IPAM mut 
BAC rev 

CCTGTATGTACGCAGAGCTATGCTTAGGGC
ACCATTCATTGCAGCTAGCCAGTCTATGAC

CTTGTTGCCAGTGTTACAACCAATTA 
 
7.5.3	Primers	for	3D‐PCR	

Name	 Sequence	5'‐3'	 Application	
KSHV ORF45 3D PCR fwd AGGCAATAACTCGTGTGCTTTGTAAAT First-round amplification of 

a 577-bp fragment of KSHV 
ORF45 KSHV ORF45 3D PCR rev AAAATCCGTCATCCTGACTAACCCATC 

KSHV ORF45 3D PCR 
nested fwd 

AGCACACACGATGAAGAGAGAATGCTT Second round, nested 
amplification of a 411-bp 
fragment of KSHV ORF45 KSHV ORF45 3D PCR 

nested rev TACCACTGCTACCGGTTTGGGCGTATG 

 
7.6	Antibodies	

7.6.1	Primary	antibodies	

Antigen	 Clone	 Species	 Dilution	 Reference	

FLAG 
M2 

Mouse 
1:1000 WB 

1:500 IF 
Sigma 

FLAG 
Polyclonal 

Rabbit 1:400 IF 
F7425, 
Sigma 

mNeonGreen 32F6 Mouse 1:1000 WB Proteintech 
GAPDH 14C10 Rabbit 1:1000 WB Cell Signaling 
β-Actin AC-74 Mouse 1:3000 WB Sigma 

HA 
3F10 

Rat 
1:500 WB 
1:500 IF 

Roche 

HA Polyclonal Rabbit 1:100 IF 
1:300 IP 

H6908, 
Sigma 

Vimentin RV202 Mouse 1:50 IF Santa Cruz 
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7.6.2	Secondary	antibodies	

Antigen	 Species	 Conjugate	 Dilution	 Reference	
Mouse IgG Goat HRP 1:10000 DakoCytomation 
Rabbit IgG Swine HRP 1:10000 DakoCytomation 

Rat IgG Goat HRP 
1:5000 Jackson 

ImmunoResearch 

Mouse IgG light chain Goat HRP 
1:5000 Jackson 

ImmunoResearch 

Rabbit IgG Goat Alexa FluorTM 488 
1:1000 Thermo Fisher 

Scientific 

Mouse IgG Goat Alexa FluorTM 555 1:1000 Thermo Fisher 
Scientific 

Rat IgG Goat Alexa FluorTM 555 1:1000 Thermo Fisher 
Scientific 

Mouse IgG Goat Alexa FluorTM 647 
1:1000 Thermo Fisher 

Scientific 
 

7.7	Chemicals	and	reagents	

7.7.1	Antibiotics	

Name	
Working	

concentration	
Application	 Reference	

Ampicillin 100 µg/ml Selection of bacteria Carl Roth 

Chloramphenicol 15 µg/ml Selection of bacteria Carl Roth 

Kanamycin 50 µg/ml Selection of bacteria Carl Roth 

ZeocinTM 50 µg/ml Selection of bacteria Thermo Fisher Scientific 

Puromycin 2.5 µg/ml Selection of transduced cells Sigma 

Doxycycline 1 µg/ml 
Induction of TRE promoter-
controlled gene expression 

Biomol 

	

7.7.2	Enzymes	

Name	 Reference	

FastDigest restriction enzymes and buffer Thermo Fisher Scientific 

DreamTaq DNA polymerase and buffer Thermo Fisher Scientific 

PhusionTM High-Fidelity DNA polymerase and buffer Thermo Fisher Scientific 

T4 DNA ligase and buffer Thermo Fisher Scientific 

FastAP thermosensitive alkaline phosphatase Thermo Fisher Scientific 

EDTA-free cOmpleteTM protease inhibitor cocktail Roche 

Benzonase® endonuclease Merck 

Klenow Fragment Thermo Fisher Scientific 

NEBuilder® HiFi DNA Assembly Master Mix New England Biolabs 
 

7.7.3	Other	reagents	and	chemicals	

Name	 Application	 Reference	
Hoechst 33342 Fluorescence microscopy Invitrogen 

Rhodamine phalloidin Fluorescence microscopy Invitrogen 
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GenJetTM In Vitro DNA transfection 
reagent 

Transfection SignaGen 

Polyethylenimine (PEI) Transfection Sigma 
3-Methyladenine (3-MA) Autophagy inhibition Sigma 

Polybrene Lentiviral transduction Sigma 
mNeonGreen-Trap Agarose Immunoprecipitation Proteintech 

Binding Control Agarose Beads Immunoprecipitation Proteintech 
rProtein A SepharoseTM Fast Flow resin 

beads 
Immunoprecipitation Cytiva 

AmershamTM enhanced 
chemiluminescence (ECL) detection 

reagent 

Immunoblot Cytiva 

Lumigen ECL Ultra TMA-6 Immunoblot Lumigen 

LE Agarose 
Agarose gel 

electrophoresis 
Biozym 

TopVision Low Melting Point Agarose Agarose gel 
electrophoresis 

Thermo Fisher Scientific 

GeneRuler DNA Ladder Mix Agarose gel 
electrophoresis 

Thermo Fisher Scientific 

PageRulerTM Prestained Protein Ladder SDS-PAGE Thermo Fisher Scientific 
 

All other common chemicals were purchased from Carl Roth, Merck or Sigma. 

7.8	Media	

7.8.1	Cell	culture	media	

Name	 Component	 Working	
concentration	

Reference	

DMEM growth medium 

Dulbecco’s Modified 
Eagle Medium (DMEM) 

w: 4.5 g/l glucose 
w: L-glutamine 

1x PAN-Biotech 

Fetal bovine serum 
(FBS) Standard, 0.2 µm 

sterile filtered 

10% PAN-Biotech 

HEPES 15 mM Gibco 
Penicillin-Streptomycin 

(P/S) 
100 U (P) 

100 µg/ml (S) 
Sigma 

DMEM/F-12 growth 
medium 

DMEM/F12 
GlutaMAXTM 

1x Gibco 

FBS Standard 10% PAN-Biotech 
HEPES 15 mM Gibco

Sodium pyruvate 1 mM Gibco 

P/S 
100 U (P)

100 µg/ml (S) 
Sigma

Endothelial growth 
medium 

EBM®-2 Endothelial 
Cell Growth Basal 

Medium 

1x Lonza 

EGM®-2 MV 
Microvascular 

Endothelial 
SingleQuots® 

1x Lonza 

P/S 100 U (P) 
100 µg/ml (S) 

Sigma 



Materials
 

74 
 

Tet-free DMEM growth 
medium 

DMEM 
w: 4.5 g/l glucose 

w: L-glutamine 

1x PAN-Biotech 

FBS Premium, 
tetracycline free, 0.2 µm 

sterile filtered 

10% PAN-Biotech 

HEPES 15 mM Gibco 

P/S 100 U (P) 
100 µg/ml (S) 

Sigma 

Dulbecco’s Phosphate 
Buffered Saline (PBS) Ready to use 

1x Sigma 

0.5 % Trypsin-EDTA Ready to use 1x Sigma 
 

7.8.2	Bacterial	culture	media	

Name	 Component	 Reference	

Lysogeny broth (LB) liquid medium LB Broth (Lennox) Carl Roth 

LB agar 
LB Broth (Lennox) Carl Roth 

1.5% Agar-Agar, Kobe I Carl Roth 
 

7.9	Buffers	

7.9.1	Small‐scale	plasmid	DNA	extraction	from	bacteria	(Mini‐Prep)	

Name	 Component	 Application	

S1 buffer 
pH 8.0 

50 mM Tris-HCl 

Resuspending the bacterial pellet10 mM EDTA 

100 µg/ml RNase A 

S2 buffer 
200 mM NaOH 

Lysing the bacteria 
1% (v/v) SDS 

S3 buffer 
pH 5.1 

2.8 M potassium acetate Neutralizing the lysis buffer 

Tris-HCl 
pH 8.0 

10 mM Tris-HCl Resuspending DNA 

 

7.9.2	Agarose	gel	electrophoresis	

Name	 Component	 Application	

50x TAE buffer 
pH 8.0 

2 M Tris-HCl  
Used 1x for preparing agarose 

gel and as running buffer 50 mM EDTA 

5.7% (v/v) acetic acid 

10x TBE buffer 
pH 8.0 

990 mM Tris-HCl  
Used 0.5x for preparing agarose 

BAC gel and as running buffer 40 mM EDTA 

990 mM (w/v) boric acid 
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7.9.3	SDS	polyacrylamide	gel	electrophoresis	(SDS‐PAGE)	and	immunoblot	

Name	 Component	 Application	

NP40 lysis buffer 
pH 7.5 

50 mM Tris-HCl  
Mild cell lysis for lysate 

fractionation 150 mM NaCl 

1% (v/v) Nonidet P-40 

RIPA lysis buffer 
pH 7.5 

50 mM Tris-HCl  
 

Lysis and washing buffer for 
immunoprecipitation 

150 mM NaCl 

0.1% (w/v) SDS 

1% (v/v) Triton X-100 

1% (w/v) sodium deoxycholate 

5x SDS-PAGE sample buffer 
pH 6.8 

312 mM Tris-HCl  
Lysis and SDS-PAGE loading 

buffer for soluble lysate 
fractions 

50% (v/v) glycerol 
10% (w/v) SDS 

25% (v/v) 2-mercaptoethanol 
Bromophenol blue 

2x SDS-PAGE sample buffer 
pH 6.8 

125 mM Tris-HCl  
 

Lysis and loading buffer for 
SDS-PAGE 

20% (v/v) glycerol 

4% (w/v) SDS 

10% (v/v) 2-mercaptoethanol 

Bromophenol blue 

10x running buffer 

250 mM Tris  
Used 1x as running buffer for 

SDS-PAGE 1.92 M (w/v) glycine 

1% (w/v) SDS 

Transfer buffer 

50 mM Tris  
 

Semi-dry blotting 40 mM (w/v) glycine 

0.04% (w/v) SDS 

20% (v/v) methanol 

10x TBS-T 
pH 7.6 

100 mM Tris-HCl Used 1x for washing 
nitrocellulose membranes 

1.5 M NaCl 

1% (v/v) Tween 20 

Tris-HCl resolving gel 
pH 8.8 

10% (v/v) 
acrylamide:bisacrylamide 

(37.5:1) 

 
 
 

Resolving gel for SDS-PAGE 375 mM Tris-HCl 

0.1% (v/v) SDS 

0.1% (v/v) APS 

0.1% (v/v) TEMED 
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Tris-HCl stacking gel 
pH 6.8 

4% (v/v) 
acrylamide:bisacrylamide 

(37.5:1) 

 
 
 

Stacking gel for SDS-PAGE 125 mM Tris-HCl 

0.1% (v/v) SDS 

0.1% (v/v) APS 

0.1% (v/v) TEMED 

 
7.9.4	Immunoprecipitation	

Name	 Component	

Minimal washing buffer 
pH 7.5 

50 mM Tris-HCl 

150 mM NaCl 

10% (v/v) glycerol 

Washing buffer 1 
pH 7.5 

1 mM Tris-HCl 

150 mM NaCl 

2 mM EDTA 

0.2% (v/v) Nonidet P-40 

Washing buffer 2 
pH 7.5 

1 mM Tris-HCl 

500 mM NaCl 

2 mM EDTA 

0.2% (v/v) Nonidet P-40 
Washing buffer 3 

pH 7.5 10 mM Tris-HCl 

Dilution buffer 
pH 7.5 

10 mM Tris-HCl 
150 mM NaCl 
0.5 mM EDTA 

 

7.9.5	Immunofluorescence	

Name	 Component	

Fixing solution 4% (w/v) paraformaldehyde in PBS 

Quenching solution 50 mM NH4Cl in PBS 

Permeabilization solution 0.5% Triton X-100 in PBS 

TBS-BG blocking buffer 

Tris-buffered saline (TBS) 

5% (w/v) glycine 

5% (w/v) BSA 

0.05% (v/v) Tween 20 

0.05% (v/v) NaN3 
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7.10	Kits	

Name	 Reference	

NucleoSpin Gel and PCR Clean-up Macherey-Nagel 

mi-Plasmid Miniprep metabion 

NucleoBond Xtra Midi Macherey-Nagel 

innuPREP DNA Mini Kit 2.0 Innuscreen GmbH 

 

7.11	Other	materials	and	equipment	
Name	 Application	 Reference	

GenePulser XcellTM Electroporation Bio-Rad 

NanoDrop® ND-1000 Spectrophotometer 
Measuring DNA 
concentration 

Peqlab 

GelDoc XR+ 
Visualization of DNA 

on agarose gels 
Bio-Rad 

Amersham™ Protran™ Premium 0.2 µm 
nitrocellulose membrane 

Immunoblot Cytiva 

Whatman® gel blotting paper, grade GB003 Immunoblot Sigma 
TC10TM Automated Cell Counter Counting cells Bio-Rad 

HerasafeTM KS laminar flow hood 
Cell culture Thermo Fisher 

Scientific 
CoolCell LX freezing container Freezing cells BioCision 

Bioruptor® Plus UCD-200 sonicator Sample collection for 
LC-MS/MS analysis 

Diagenode 

Trans-Blot Turbo Transfer System Semi-dry blotting Bio-Rad 
Fusion Capture Advance FX7 16.15 Immunodetection Peqlab 

µ-Slide 8 well Immunofluorescence ibidi 
µ-Dish 35 mm Quad FRAP ibidi 

µ-Dish 35 mm high Grid-500 CLEM ibidi 

Nikon Ti2 A1 confocal laser scanning microscope 
with a 1.4 NA 60x Plan Apo objective 

Confocal fluorescence 
microscopy 

FRAP 

Nikon 

Nikon Ti2/Yokogawa CSU-W1 confocal spinning disk 
microscope with a 1.45 NA 100x Plan Apo objective 

Confocal fluorescence 
microscopy 

Nikon

0.75 NA 20x Plan Apo VC objective CLEM Nikon 
Biometra TAdvanced Twin 48 thermocycler (3D-)PCR Analytik Jena 
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8.	Methods	

8.1	Molecular	biology	

8.1.1	Preparation	of	electrocompetent	E.coli	DH10B	and	GS1783		

10 ml of LB medium was inoculated with E.coli DH10B or GS1783 and incubated overnight under 

continuous shaking without antibiotics at 37°C (DH10B) or with 15 µg/ml chloramphenicol at 30°C 

(GS1783). 200 ml of pre-warmed LB medium was then inoculated with 5 ml (DH10B) or 10 ml 

(GS1783) of pre-culture and incubated under the same conditions until OD600 of 0.5-0.6 was reached. 

In the case of GS1783, the Red recombinase system was induced for 15 min at 42°C followed by 20 

min incubation on ice. DH10B were incubated on ice immediately after reaching the correct OD600. 

The bacteria were then pelleted (5,000 × g, 4°C, 10 min), washed twice in 100 ml ice-cold ddH2O and 

once in 10 ml sterile ice-cold 10% glycerol (5,000 × g, 4°C, 10 min). The pellet was resuspended in 

1 ml sterile ice-cold 10% glycerol and aliquoted, and the aliquots were stored at -80°C. 

 

8.1.2	Bacterial	transformation	

Aliquots of electrocompetent E.coli DH10B and GS1783 were thawed on ice. 40 µl of GS1783 was 

mixed with 150 ng of purified, PCR-amplified linear DNA or 1-10 ng of purified plasmid DNA, whereas 

50 µl of DH10B was mixed with 4 µl of ligation product. The bacteria were electroporated in pre-

chilled 2 mm electroporation cuvettes at 2.5 kV, 25 µF and 200 Ω, resuspended in LB medium and 

shaked at 30°C (GS1783) or 37°C (DH10B) for 1 h. Bacteria were then plated on LB agar containing 

the proper antibiotics for selection and incubated at the corresponding temperature overnight. 

Lower incubation temperature was used for GS1783 to prevent induction of the Red recombinase 

system. On the following day, single colonies were picked for liquid culture. 

 

8.1.3	Small‐scale	plasmid	DNA	extraction	from	bacteria	(Mini‐Prep)	

Single colonies of transformed bacteria were grown overnight in 3 ml LB medium containing the 

proper antibiotics at 37°C or in 5 ml LB culture at 30°C for low-copy BAC plasmid DNA extraction. 

2 ml (4 ml for BAC extraction) of the culture was then subjected to plasmid DNA extraction essentially 

as described (168). Bacteria were pelleted by 2 min centrifugation at 21,000 × g and the medium 

discarded. The pellet was resuspended in 300 µl S1 buffer followed by alkaline lysis in 300 µl S2 

buffer for 5 min at room temperature to selectively denature high molecular weight chromosomal 

DNA while preserving the integrity of circular plasmid DNA. The lysate was then neutralized in 300 µl 

S3 buffer for 5 min at 4°C to renature chromosomal DNA followed by 20 min centrifugation at 

21,000 × g and 4°C to pellet proteins and clotted chromosomal DNA. 800 µl of the supernatant 

containing the plasmid DNA was then mixed with 640 µl isopropanol and centrifuged for at least 30 

min at 21,000 × g and 4°C to precipitate the DNA. The DNA pellet was washed with 70% (v/v) ethanol, 

dried and resuspended in 50 µl ddH2O. 



Methods
 

80 
 

To obtain DNA with a higher purity for immediate transfection, the extraction was performed using 

mi-Plasmid Miniprep kit (metabion) as per manufacturer’s instructions. The DNA was dissolved in 

50 µl 10 mM Tris (pH 8.0) and the DNA concentration measured with NanoDrop® ND-1000 

Spectrophotometer (Peqlab).  

 

8.1.4	Midscale	plasmid	DNA	extraction	from	bacteria	(Midi‐Prep)	

For a higher BAC or plasmid DNA yield, transformed bacteria were grown overnight in 200 ml LB 

medium containing the proper antibiotics at 37°C (DH10B) or 30°C (GS1783) and the plasmid DNA 

extracted using NucleoBond Xtra Midi kit (Macherey-Nagel) according to the manufacturer’s 

protocol. Low-copy extraction protocol was used for BAC DNA and high-copy extraction protocol for 

plasmid DNA. The DNA was dissolved in 80-400 µl 10 mM Tris (pH 8.0), depending on the size of the 

pellet, and the DNA concentration was measured with NanoDrop® ND-1000 Spectrophotometer 

(Peqlab). 

 

8.1.5	Phenol‐chloroform	DNA	extraction	

Upon excising large, digested DNA fragments from the agarose gel as described in section 8.1.8, the 

melted agarose was mixed thoroughly with an equal volume of phenol:chloroform:isoamyl alcohol 

(25:24:1). The resulting emulsion was separated into two phases by 10 min centrifugation at 

21,000 × g	and room temperature (RT), after which the aqueous supernatant containing the DNA 

was transferred to a clean tube. For precipitating the DNA, 1/10 volume of sodium acetate (pH 5.5) 

and 2 volumes of ice-cold 100% ethanol were added and the mixture kept at -80°C for 20 min. The 

DNA was pelleted by 15 min centrifugation at 21,000 × g	and RT, and the pellet was washed with 

70% (v/v) ethanol, dried and resuspended in 10 µl ddH2O. 

 

8.1.6	Polymerase	chain	reaction	(PCR)	

PhusionTM High-Fidelity DNA polymerase (Thermo Fisher Scientific) was used as per manufacturer’s 

instructions for cloning and sequencing purposes which require proof-reading activity of the 

polymerase. DreamTaq DNA polymerase (Thermo Fisher Scientific) was used for differential DNA 

denaturation PCR (3D-PCR) as per manufacturer’s instructions (see 8.1.12). 10-100 ng template DNA 

was used for amplification. Tm Calculator from Thermo Fisher Scientific was used for determining 

the optimal annealing temperature of the primers. 

 

8.1.7	DNA	restriction	digest	

PCR products and plasmids were digested with FastDigest restriction enzymes (Thermo Fisher 

Scientific) for 45-60 min at 37°C according to the manufacturer’s protocol. To degrade residual 

plasmid DNA stemming from the template, PCR products used for cloning were additionally digested 

with DpnI that only digests methylated DNA. FastAP, an alkaline phosphatase, was included in the 
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vector digest to dephosphorylate the vector and prevent its self-ligation. When the available unique 

restriction sites of the insert and vector were not compatible, Klenow Fragment (Thermo Fisher 

Scientific) was used to create compatible blunt ends according to the manufacturer’s protocol. 

	

8.1.8	Agarose	gel	electrophoresis	

The restriction pattern of digested DNA was confirmed by agarose gel electrophoresis. Digested BAC 

DNA was run on 0.6% (w/v) TBE agarose at 50 V overnight for thorough separation, whereas PCR 

products and smaller plasmids were separated on 1% (w/v) TAE agarose at 100-120 V for 45-60 min. 

0.5 µg/ml ethidium bromide was used to visualize DNA and the gels were imaged with GelDoc XR+ 

(Bio-Rad). Inserts and vector backbones were cut out under UV illumination and the DNA extracted 

using NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) according to the manufacturer’s 

protocol. When purifying larger fragments (> 15 kbp) from the gel, the digested DNA was separated 

on 1% (w/v) TAE low-melting agarose at 80 V for 90 min. The fragment was then cut out, incubated 

under shaking at 65°C to melt the agarose and subjected to phenol-chloroform DNA extraction to 

avoid DNA shredding caused by column purification (see 8.1.5).  

 

8.1.9	Ligation	

Digested inserts and linearized vectors were ligated at a molar ratio 5:1 (insert : vector) at 16°C 

overnight using T4 DNA ligase (Thermo Fisher Scientific) according to the manufacturer’s protocol. 

 

8.1.10	DNA	sequencing	

Sanger sequencing of PCR products and plasmid DNA was performed by Microsynth Seqlab GmbH 

(Maschmühlenweg 36, 37081 Göttingen, Germany), and Oxford Nanopore sequencing of BAC DNA 

was performed by Eurofins Genomics Germany GmbH (Anzinger Str. 7a, 85560 Ebersberg, Germany). 

 

8.1.11	En	passant	mutagenesis	

For introducing tag sequences, point mutations or deletions into the viral genome, a bacterial 

artificial chromosome (BAC) containing the full-length KSHVLyt (128) or MHV-68 (160) genome was 

modified using en	passant mutagenesis, essentially as described (162, 163). En	passant mutagenesis 

is based on a Red recombination system that originates from λ phages and uses homologous 

recombination for insertion of linear dsDNA molecules. In the first step, a kanamycin selection 

cassette preceded by a I-SceI restriction site was amplified with primers containing both 40 bp 

homology sequences flanking the desired integration site in the viral genome and a sequence 

duplication of at least 30 bp for a second recombination upon excision of the selection cassette. 

Alternatively, a ZeocinTM selection cassette was amplified using a similar primer design, but without 

the sequence duplication. E.coli GS1783 containing the BAC were then transformed with 150 ng of 
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the purified PCR product and cointegrates selected on LB agar with 50 µg/ml kanamycin or ZeocinTM 

for successful integration and 15 µg/ml chloramphenicol for presence of the BAC. After 24 h 

incubation at 30°C, liquid cultures were inoculated with single clones and DNA extracted on the 

following day as described in 8.1.3. A successful integration of the selection cassette and integrity of 

the cointegrates was verified by restriction fragment length pattern (RFLP) analysis consisting of 

restriction digest of the BAC DNA with at least two different restriction enzymes (see 8.1.7) followed 

by gel electrophoresis (see 8.1.8). When introducing a deletion into the BAC cassette, the ZeocinTM 

cassette was subsequently not excised. The kanamycin cassette introduced with tag sequences or 

point mutations was removed in a second recombination step, for which 3-4 different cointegrates 

were selected. First, expression of the arabinose-inducible homing endonuclease I-SceI was induced 

by incubation in LB containing 2% L-arabinose for 1 h at 30°C, after which the temperature-inducible 

Red genes were induced by 25 min incubation at 42°C. After recovering at 30°C for at least 2.5 h, 

different dilutions of the liquid cultures, depending on their OD600, were plated on LB agar containing 

15 µg/ml chloramphenicol and 2% L-arabinose and incubated at 30°C for 24 h. Single clones were 

then picked for liquid culture and subsequent DNA extraction followed by RFLP analysis. Correct 

modification of the BAC DNA was verified by PCR and Sanger sequencing of the target region. The 

genome sequences of ORF61mutIPAM viruses, that are derivatives of the corresponding tagged 

ORF61 viruses, were additionally analyzed by Oxford Nanopore sequencing but no relevant 

deviations from the expected sequence were detected. Two independent clones of each modified BAC 

were subjected to midscale plasmid DNA extraction (see 8.1.4) and transfection into permissive cells 

for virus reconstitution (see 8.2.3). 

 

8.1.12	Differential	DNA	denaturation	PCR	(3D‐PCR)	

TetOn A3B RPE-1 cells were infected with KSHV mNeon-ORF61 or mNeon-ORF61mutIPAM and 

either treated with 1 µg/ml doxycycline or left untreated. At 7 dpi, supernatants were collected and 

viral DNA extracted with an innuPREP DNA Mini Kit 2.0 (Innuscreen GmbH) as per manufacturer’s 

instructions. A nested PCR approach (133) was adapted to amplify a fragment of the viral ORF45 

gene using the extracted DNA as a template. In a first-round PCR a 577 bp fragment of ORF45 was 

amplified using DreamTaq DNA polymerase (Thermo Fisher Scientific) according to the 

manufacturer’s protocol, thereby applying following cycling conditions: initial denaturation at 95°C 

for 5 min followed by 35 cycles of 1 min denaturation at 95°C, 30 s annealing at 60°C, 39 s elongation 

at 72°C and 10 min final elongation at 72°C. One µl of the product was then used as a template for a 

second PCR to amplify a 411 bp fragment applying the following PCR conditions: a denaturation 

temperature gradient from 84.4 to 86.0°C for 5 min followed by 35 cycles of 1 min denaturation at 

84.4 to 86.0°C, 30 s annealing at 62°C, 25 s elongation at 72°C and 10 min final elongation at 72°C. 

Both PCRs were run on a Biometra TAdvanced Twin 48 thermocycler (Analytik Jena). The PCR 
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products were separated on a 1% TAE agarose gel, visualized with ethidium bromide and imaged 

with GelDoc XR+ (Bio-Rad). 

 

8.2	Cell	biology	and	virology	

8.2.1	Cell	culture	

All human and murine cells were maintained on 10 or 15 cm cell culture dishes at 37°C, 5% CO2 and 

80% relative humidity. For TIME cells the dishes were coated with 0.4% gelatin. To maintain a sterile 

working environment, all cell culture work was performed under a laminar flow hood (HerasafeTM 

KS, Thermo Fisher Scientific). ARPE-19 cells were grown in DMEM/F-12 growth medium, TIME cells 

in endothelial growth medium, TetOn A3 RPE-1 cells in Tet-free DMEM growth medium and all other 

cells in DMEM growth medium (see 7.8.1 for medium composition). 

Cells were passaged at 80-90% confluence by removing the medium, washing once with PBS and 

incubating shortly with trypsin-EDTA at 37°C. Trypsin was neutralized by adding serum-containing 

growth medium and the cells split 1:3 to 1:10. When passaging TIME cells, the trypsin was removed 

by centrifugation (150 × g, 5 min) before plating the cells. For determining the cell concentration, 

10 µl of the thoroughly mixed cell suspension was analyzed with a TC10TM Automated Cell Counter 

(Bio-Rad). 

For freezing cells, the cells were trypsinized and the desired number of cells (approx. 2x106/vial) 

pelleted by centrifugation (150 × g, 5 min). The cell pellet was resuspended in freezing medium that 

consisted of 70% pure DMEM, 20% FBS and 10% DMSO for TIME cells and of 90% FBS and 10% 

DMSO for all other cells. 1 ml aliquots were frozen in a CoolCell LX freezing container (BioCision) at 

-80°C for at least 4 h. For long-time storage the cells were transferred to liquid nitrogen. 

For thawing cells, the aliquots were thawed in a water bath at 37°C and then gently mixed with 9 ml 

of complete growth medium. The cells were pelleted at 150 × g for 5 min to remove the freezing 

medium, resuspended in fresh growth medium and transferred to a culture dish. To avoid 

centrifuging the sensitive TIME cells after thawing, the thawed aliquot was gently mixed with a 

complete growth medium and directly transferred to a gelatin-coated culture dish. On the following 

day, TIME cells were washed once with PBS to remove the freezing medium, and fresh medium was 

added. 

 

8.2.2	Transfection	of	plasmid	DNA	

3x106 HEK-293T cells were seeded on a 10 cm dish for lentivirus production and 2.5x106 HEK-293A 

cells for immunoprecipitation. On the following day, HEK-293T cells were transfected with 4 µg of a 

lentiviral vector and a total of 4 µg of packaging plasmids, whereas HEK-293A cells were transfected 

with a total of 6 µg of expression plasmids. The plasmid DNA was diluted in pure DMEM without 

supplements, mixed with PEI (Sigma) in a 4:1 ratio (4 µl PEI per µg DNA) followed by 20 min 

incubation at RT. The volume of growth medium was first reduced to 7 ml and the mixture was then 
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added dropwise on the culture dish. 6 h later the medium was discarded, the cells washed once with 

PBS and 8 ml of fresh medium added. 

For confocal fluorescence microscopy, 3.5x104 U2OS cells were seeded on a µ-Slide 8 well (ibidi) 

coated with 0.4% gelatin and for FRAP on a gelatin-coated µ-Dish 35 mm Quad (ibidi). On the 

following day, 400 ng plasmid DNA was diluted in pure DMEM and mixed with GenJetTM transfection 

reagent (SignaGen) in a 3:1 ratio as per manufacturer’s instructions. After 10 min incubation at RT, 

the mixture was added dropwise to the cells. 6 h later the medium was discarded, the cells washed 

once with PBS and fresh medium added. When transfecting HEK-293A cells for imaging, 3.5x104 cells 

on a gelatin-coated µ-Slide 8 well (ibidi) were transfected with 400 ng plasmid DNA in pure DMEM 

mixed with PEI (Sigma) in a 4:1 ratio, as described above. Due to low expressions levels, human and 

murine RNF213 expression plasmids were transfected in threefold excess relative to KSHV and MHV-

68 ORF61 plasmids. 

 

8.2.3	Transfection	of	BAC	DNA	

For virus reconstitution from BAC DNA, 2x105 ARPE-19 cells (KSHV) or 1.5x105 MEF cells (MHV-68) 

were seeded on a 6-well plate. On the following day, 3 µg of BAC DNA was diluted in pure DMEM, 

mixed with GenJetTM transfection reagent (SignaGen) in a 2:1 ratio and incubated 10 min at RT. The 

mixture was then added dropwise to the cells followed by 6 h incubation before the medium was 

discarded, the cells washed once with PBS and fresh medium added. After observing a cytopathic 

effect (CPE), the cells were transferred to a larger dish and used for virus stock production (see 8.2.6 

and 8.2.7). 

 

8.2.4	Lentivirus	production	and	transduction	

Lentiviral transduction was used to stably express genes of interest in target cells. Lentiviruses were 

produced by transfecting 3x106 HEK-293T cells with 4 µg lentiviral vector encoding the gene of 

interest together with 3 µg of the pCMV-dR8.91 packaging plasmid encoding gag and pol and 1 µg of 

the pMD2.G packaging plasmid encoding env, as described in 8.2.2. After 48 h, the infectious 

supernatant was collected, filtered through a 0.45 µm syringe filter to remove cells and either frozen 

at -80°C for further use or directly used for transduction. 8 ml of fresh medium was added to the cells 

and the procedure repeated at 72 h post-transfection (hpt). 

RPE-1 puro cells were transduced by seeding 1.5x105 cells/well on a 6-well plate and infecting them 

on the following day with 3.5 ml of the lentivirus-containing supernatant collected at 48 hpt, thereby 

using 5 µg/ml Polybrene (Sigma) and centrifugal enhancement (1,065 × g, 37°C, 30 min). The 

medium was replaced 6 h later and the procedure repeated on the following day with the lentiviral 

supernatant collected at 72 hpt. After reaching confluency, the cells were transferred to a 10 cm dish 

and treated with 2.5 µg/ml puromycin to select for successfully transduced cells. The selection was 

continued until all non-transduced control cells died. 
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8.2.5	Generation	of	RPE‐1	cells	expressing	inducible	A3‐mScarlet‐HA	

Human A3B and A3G sequences were PCR-amplified from pcDNA3-A3B-HA and pcDNA3-A3G-HA 

expression plasmids and cloned into the pLIX402 lentiviral vector together with mScarlet- and HA-

sequences by homology-based DNA assembly using NEBuilder® HiFi DNA Assembly Master Mix 

(NEB) as per manufacturer’s instructions. Lentiviruses encoding A3B-mScarlet-3xHA or A3G-

mScarlet-2xHA were then produced and used to transduce RPE-1 puro cells, as described in 8.2.4. 

After selecting for transduced cells with 2.5 µg/ml puromycin, single-cell clones were obtained by 

limiting dilution. 

 

8.2.6	KSHV	stock	production	

A 6-well plate of ARPE-19 cells with 2x105 cells/well was infected at MOI 0.005 using centrifugal 

enhancement (1,065 × g, 37°C, 30 min). After observing CPE, the cells and the infectious supernatant 

were transferred to larger dishes until obtaining at least 8-10 infected 15 cm dishes. Supernatants 

were collected every three days and stored at -80°C until further use. For enhancing the growth of 

KSHV ORF61mutIPAM in confluent cells, the growth medium was supplemented with 1 µM dNTPs at 

each harvest. When all the cells were infected, they were scraped from the plate, collected in PBS-

sucrose-glutamate-serum (PSGC) buffer (169) and frozen at -80°C. To release cell-associated virus, 

the infected cells were subjected to three freeze-thaw cycles and mechanical lysis using a Dounce 

homogenizer. Lysed cells and thawed supernatant were then centrifuged at 3,000 × g	and 4°C	for 

10 min to pellet cell debris. The resulting supernatant was centrifuged at 27,000 × g	and 4°C	for 4 h 

to concentrate the virus. The supernatant was then discarded and the pellets resuspended in a total 

of 1-1.5 ml DMEM/F-12 growth medium under gentle rocking on ice overnight. On the following day, 

the homogenized suspension was cleared of residual cell debris by 10 min centrifugation at 800 × g 

and 4°C and then frozen in 100 µl aliquots at -80°C. 

 

8.2.7	MHV‐68	stock	production	

At least five 15 cm dishes of MEF cells with 2x106 cells/dish were infected at MOI 0.005. After 

observing CPE, supernatants were collected every two days and stored at -80°C until further use, 

continuing until all cells were infected. Thawed supernatants were then centrifuged at 5,000 × g	and 

4°C	for 10 min to pellet cell debris. The resulting supernatant was centrifuged at 27,000 × g	and 4°C	

for 4 h to concentrate the virus. The supernatant was then discarded and the pellets resuspended in 

a total of 0.7-1 ml DMEM growth medium under gentle rocking on ice overnight. On the following 

day, the homogenized suspension was cleared of residual cell debris by 10 min centrifugation at 

2,000 × g and 4°C and then frozen in 50 µl aliquots at -80°C. 
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8.2.8	 Virus	 titration	 by	 the	median	 tissue	 culture	 infectious	 dose	 (TCID50)	

method	

TCID50 is defined as the amount of virus required to infect 50% of a cell culture population. To 

determine the concentration of a given virus stock as TCID50/ml, six 96-well plates were prepared 

with 2x103 ARPE-19 cells/well for KSHV titration and with 1.5x103 MEF cells/well for MHV-68 

titration. A serial 10-fold dilution from 10-3 to 10-10 was prepared in triplicate in the appropriate 

growth medium, and each dilution was divided between two 96-well plates to infect one row 

(12 wells) each using 100 µl/well. After using all the dilutions, centrifugal enhancement (1,065 × g, 

37°C, 30 min) was applied to half of the six plates, whereas the other half was incubated at 37°C 

without centrifugation to obtain two different titers for each virus stock for different applications, 

similar to what has been described for MCMV (170). After 12-14 days (KSHV) or 6-7 days (MHV-68), 

the number of infected wells was determined for each dilution with focus formation as a readout and 

then used to calculate TCID50/ml by the Spearman-Kärber method (171, 172).  

The samples of viral replication kinetics (see 8.2.10) were titrated using the same approach, except 

that a single serial dilution starting from 10-1 was prepared for each biological replicate and in 

duplicate for the input. Centrifugal enhancement was used for KSHV titration. 

 

8.2.9	Viral	infection	

To ensure a standardized approach suitable for comparisons, viral infections were performed using 

a defined multiplicity of infection (MOI), i.e., the number of viral particles available to infect a given 

cell. If required, centrifugal enhancement (1,065 × g, 37°C, 30 min) (170) was used to increase 

infection efficiency. The volume of virus stock needed to infect cells at a given MOI was calculated 

using the following formula: 

 

𝑣𝑖𝑟𝑢𝑠 𝑠𝑡𝑜𝑐𝑘 𝑣𝑜𝑙𝑢𝑚𝑒 ሺ𝑚𝑙ሻ ൌ
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 ൈ  𝑀𝑂𝐼

𝑇𝐶𝐼𝐷50/𝑚𝑙
 

 

For KSHVLyt, an MOI of 0.1 was found to be sufficient for infecting almost all the cells, suggesting that 

focus-forming units, the readout used in virus titration described in 8.2.8, are an underestimate of 

KSHVLyt infectivity. Hence, a suitable MOI for KSHVLyt infection experiments differs from that required 

for naturally lytic replicating viruses. 

 

8.2.10	Viral	replication	kinetics	

For MHV-68 multistep replication kinetics, 3.5 x 104 MEF cells/well on a 12-well plate were infected 

at MOI 0.01 with either MHV-68 ORF61-FLAG or ORF61mutIPAM-FLAG in triplicate. The input virus 

was removed 4 h later, the cells were washed with PBS and fresh medium added. Supernatants were 
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harvested at different times post-infection, cells washed with PBS and fresh medium added. 

Supernatants were stored at -80°C and titrated on MEF cells (see 8.2.8).  

For KSHV multistep replication kinetics, 1.5 x 104 TetOn A3B RPE-1 cells/well on a 24-well plate were 

infected at MOI 0.025 with either KSHV mNeon-ORF61 or mNeon-ORF61mutIPAM in triplicate using 

centrifugal enhancement (1,065 × g, 37°C, 30 min). Input virus was removed 4 h later, cells washed 

with PBS and fresh medium containing 1 µM dNTPs added. To induce A3B expression, cells were 

treated with 1 µg/ml doxycycline. Supernatants were harvested at different times post-infection, 

cells washed with PBS and fresh, dNTP-containing medium with or without doxycycline added. 

Supernatants were stored at -80°C and titrated on ARPE-19 cells (see 8.2.8). 

 

8.3	Biochemistry	

8.3.1	Cell	lysate	fractionation	

Cells were harvested in a mild NP40 lysis buffer supplemented with an EDTA-free cOmplete Mini 

protease inhibitor cocktail (Roche). The samples were lysed for 30 min on ice with repeated swirling. 

Lysates were separated into detergent-soluble and -insoluble fractions by centrifugation (21,000 × g, 

4°C, 15 min). The soluble supernatant was boiled for 10 min at 95°C in 5x SDS-PAGE sample buffer 

and the insoluble cell pellet in 2x SDS-PAGE sample buffer. 

 

8.3.2	SDS	polyacrylamide	gel	electrophoresis	(SDS‐PAGE)	and	immunoblot	

For protein detection in cell lysates, proteins were first denatured by boiling the lysates for 10 min 

at 95°C in SDS-PAGE sample buffer containing sodium dodecyl sulfate (SDS) and 2-mercaptoethanol. 

To separate the proteins according to their molecular weight, the denatured samples were loaded on 

a polyacrylamide gel consisting of a 4% Tris-HCl stacking gel and a 10% Tris-HCl resolving gel (see 

7.9.3 for gel composition). The samples were run together with PageRulerTM Prestained Protein 

Ladder (Thermo Fisher Scientific) in 1x running buffer at 80-100 V for 3 h or until sufficient 

separation. Prior to protein transfer, the gel was equilibrated by 5 min incubation in transfer buffer. 

The proteins were then transferred from the gel onto Amersham™ Protran™ Premium 0.2 µm 

nitrocellulose membrane (Cytiva) by semi-dry blotting at 0.1 A/gel for 75 min using Trans-Blot 

Turbo Transfer System (Bio-Rad). After transfer, the membrane was washed shortly in 1x TBS-T, 

blocked by 45 min incubation in 5% (w/v) skimmed milk in 1x TBS-T at RT to prevent unspecific 

binding of the antibody and then incubated with the primary antibody diluted in 5% milk/TBS-T with 

gentle rotation at 4°C overnight. If necessary, the membrane was cut to enable simultaneous 

incubation with different antibodies. On the following day, the membrane was washed for 3 x 5 min 

in 1x TBS-T, incubated with the horseradish peroxidase (HRP)-coupled secondary antibody diluted 

in 5% milk/TBS-T for 45 min at RT and then washed again for 3 x 5 min in 1x TBS-T. Proteins were 

visualized with AmershamTM enhanced chemiluminescence (ECL) detection reagent (Cytiva) 

supplemented with 5-10% Lumigen ECL Ultra TMA-6 (Lumigen) for increased detection sensitivity, 
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if required. Chemiluminescence was detected using the Fusion Capture Advance FX7 16.15 camera 

system (Peqlab). 

 

8.3.3	Immunoprecipitation	

Three wells of a 6-well plate with 1.8 x 105 TetOn A3B or A3G RPE-1 cells/well were infected with 

either KSHV mNeon-ORF61, KSHV mNeon-ORF61mutIPAM (MOI 0.1) or MHV-68 ORF61-mNeon 

(MOI 5) using centrifugal enhancement (1,065 × g, 37°C, 30 min). A3B or A3G expression was 

induced 16 hpi with 1 µg/ml doxycycline. At 40 hpi, cells were harvested in a total of 200 µl RIPA 

lysis buffer supplemented with a protease inhibitor cocktail and 25 U/ml Benzonase® endonuclease 

(Merck). The samples were lysed 30 min on ice with repeated swirling. Insoluble material was 

pelleted by centrifugation (17,000 × g, 4°C, 10 min) and discarded. 300 µl dilution buffer was then 

added to the supernatant and 40 µl of the diluted supernatant boiled in 5x SDS-PAGE sample buffer 

as lysate control. The remaining supernatant was incubated with binding control agarose beads 

(Proteintech) with gentle rotation at 4°C for 1 h to avoid unspecific binding to the beads. After pre-

clearing, the supernatants were used for pulldown with mNeonGreen-Trap agarose beads 

(Proteintech) as per manufacturer’s instructions. After 1 h incubation at 4°C with gentle rotation, the 

beads were washed once with RIPA buffer and twice with minimal washing buffer. The proteins were 

eluted in 80 µl 2x SDS-PAGE sample buffer by boiling for 5 min at 95°C. The precipitated proteins and 

the corresponding lysate controls were analyzed by SDS-PAGE and immunoblot (see 8.3.2). 

For immunoprecipitation in transfection, 2.5x106 HEK-293A cells were transfected with 3 µg of HA-

tagged R1 expression plasmids and 3 µg of FLAG-tagged human RIPK1, murine RIPK1 or murine 

NEMO expression plasmids (see 8.2.2). After 24 h, the samples were collected in 1 ml NP40 lysis 

buffer supplemented with a protease inhibitor cocktail and lysed for 30 min on ice with repeated 

swirling. The insoluble material was pelleted by centrifugation (21,000 × g, 4°C, 15 min) and 

discarded. 100 µl of the supernatant was boiled in 5x SDS-PAGE sample buffer as lysate control. The 

remaining supernatant was incubated with rProtein A Sepharose (PAS) Fast Flow resin beads 

(Cytiva) with gentle rotation at 4°C for 2 h to avoid unspecific binding to the beads. The pre-cleared 

supernatant was then incubated using a rabbit anti-HA antibody with gentle rotation at 4°C overnight 

followed by 2.5 h incubation with PAS beads to precipitate the HA-tagged R1 proteins. The beads 

were washed three times with washing buffer 1, twice with washing buffer 2 and once with washing 

buffer 3. The proteins were then eluted in 100 µl 2x SDS-PAGE sample buffer by boiling and analyzed 

together with the corresponding lysate controls by SDS-PAGE and immunoblot (see 8.3.2). 
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8.4	Microscopy	

8.4.1	Immunofluorescence	

3.5x104 U2OS or HEK-293A cells were seeded on a µ-Slide 8 well (ibidi) coated with 0.4% gelatin and 

transfected with 400 ng of expression plasmids, as described in 8.2.2. After 24 h, the cells were 

washed twice with PBS and fixed with 4% paraformaldehyde (PFA) for 20 min. Fixing and 

immunofluorescence staining were carried out at RT, and the cells were washed twice with PBS 

between each step. To reduce autofluorescence, free aldehyde groups were neutralized with 50 mM 

NH4Cl for 10 min. Cells were then permeabilized with 0.5% Triton X-100 for 10 min. To avoid 

unspecific binding of antibodies, the samples were blocked in TBS-BG blocking buffer for 30 min 

before incubating first with primary antibodies diluted in PBS for 1 h and then for 30-45 min with 

fluorophore-conjugated secondary antibodies (Thermo Fisher Scientific) or rhodamine phalloidin 

and Hoechst 33342 (both Invitrogen) diluted in PBS as per manufacturer’s instructions. After the 

final wash, the cells were kept in PBS at 4°C and protected from light until imaging. Fluorescence 

images were acquired with a Nikon Ti2-based A1 confocal laser scanning microscope (cLSM) using a 

1.4 NA 60x Plan Apo objective or a Nikon Ti2-based spinning disk system equipped with a Yokogawa 

CSU-W1 confocal spinning disk unit and a 1.45 NA 100x Plan Apo objective. 

For KSHV infection experiments, 4x104 (ARPE-19 or TIME) or 3x104 (HFF or TetOn A3 RPE-1) cells 

were seeded on a gelatin-coated µ-Slide 8 well (ibidi) and infected with KSHV at MOI 0.05 for 24, 48, 

or 72 h. TetOn A3 RPE-1 cells were treated with 1 µg/ml doxycycline at 16 hpi to induce A3B or A3G 

expression. For MHV-68 infection experiments, 3.5x104 murine 10.1 fibroblasts or MEF cells were 

seeded on a gelatin-coated µ-Slide 8 well (ibidi) and infected with MHV-68 at MOI 2 for 6, 8, or 24 h. 

The cells were fixed, stained and imaged as described above. 

 

8.4.2	Fluorescence	recovery	after	photobleaching	(FRAP)	

3.5x104 U2OS cells were seeded on a gelatin-coated µ-Dish 35 mm Quad (ibidi) and transfected with 

400 ng of mCherry-tagged KSHV ORF61, MHV-68 ORF61 or nucleolin, as described in 8.2.2. After 24 

h, fluorescence was detected by live-cell imaging with a Nikon A1 cLSM using a 1.4 NA 60x Plan Apo 

objective. FRAP analysis of at least ten different cells per sample was performed essentially as 

described (120). Briefly, areas of 1 µm diameter within mCherry-positive structures were half-

bleached for 2 s with a 563 nm laser and the recovery of fluorescence recorded at 2 frames per second 

for 6 min. Fluorescence intensity of an unbleached area within each cell was recorded under the same 

conditions for calculation of the relative fluorescence intensity (RFI). The average intensity for each 

time point was then normalized to the background and the RFI over time calculated as described 

(173). 
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8.4.3	Correlative	light	and	electron	microscopy	(CLEM)	

4x104 ARPE-19 or MEF cells were seeded on a gelatin-coated µ-Dish 35 mm high Grid-500 (ibidi) and 

infected with KSHV mNeon-ORF61 (MOI 0.05) or MHV-68 ORF61-mNeon (MOI 2), respectively. At 

40 hpi (KSHV) or 20 hpi (MHV-68), the cells were fixed with 4% PFA for 20 min at RT and the nuclei 

stained with Hoechst 33342 for 10 min. Fluorescent Z-stacks were acquired with a Nikon A1 cLSM 

using a 0.75 NA 20x Plan Apo VC objective, deconvolved with Nikon NIS-Elements and used for 

correlation with transmission EM images. Samples were processed for EM as described (174), and at 

least ten aggregates per sample were analyzed. EM sample processing and imaging were performed 

by Carola Schneider and Rudolph Reimer (LIV).  

 

8.4.4	Quantitative	image	analysis	

KSHV ORF61 colocalization with A3s was quantified using the ImageJ Colocalization Threshold 

plugin, and the Pearson’s correlation coefficient (r) was calculated for each condition (n = 10). The r 

coefficient gives a score of 1 for perfect colocalization and 0 for no colocalization. For statistical 

analysis, an unpaired two-tailed Student’s t-test was performed. 

For quantification of the nuclear A3B fluorescence intensity (%), nuclear and cytoplasmic outlines of 

the cells (n = 12) were defined by thresholding the Hoechst and A3 signal intensities, respectively. 

The mean nuclear and total A3B intensities were then calculated, corrected for background and 

multiplied by the area of the corresponding outlines to obtain the sum fluorescence intensity of the 

selected area. The sum A3B intensity of the whole cell was defined as 100% for calculation of the 

nuclear intensity. Quantitative image analysis was performed by Enrico Caragliano (CSSB/LIV). 

	

8.5	Liquid	chromatography‐tandem	mass	spectrometry	(LC‐MS/MS)	

8.5.1	Infection	and	sample	collection	

A 6-well plate with 2.5x105 MEF cells/well was infected with either MHV-68 ORF61- or 

ORF61mutIPAM-FLAG at MOI 3 in five replicates. After 24 h, the cells were lysed in NP40 lysis buffer 

supplemented with a protease inhibitor cocktail, and the lysates separated into soluble and insoluble 

fractions, as described in 8.3.1. The soluble fractions were discarded, and the pellets washed once 

with PBS and then dissolved in 2x SDS-PAGE sample buffer without bromophenol blue. The samples 

were sonicated for 8 x 15 s (Bioruptor® Plus UCD-200, Diagenode) to improve dissolving, boiled for 

10 min at 95°C and processed for LC-MS/MS (see 8.5.2). 

 

8.5.2	Sample	processing	

LC-MS/MS sample processing, measurement and statistical analysis were performed by Bente 

Siebels, Antonia Gocke, and Hartmut Schlüter (Core Facility Mass Spectrometric Proteomics, 

University Medical Center Hamburg-Eppendorf). 
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Protein concentration of the samples was determined with the bicinchoninic acid assay (BCA) 

Protein Assay Kit (Thermo Fisher Scientific), and the samples were diluted to 0.4 µg/µl. Disulfide 

bonds were reduced in 10 mM dithiothreitol for 30 min at 56°C and alkylated in the presence of 

20 mM iodoacetamide for 30 min at 37°C in the dark. Samples were then dissolved to a concentration 

of 70% acetonitrile (ACN) and mixed with 2 µl of Sera-Mag™ carboxylate-modified magnetic beads 

(Cytiva) at a 1:1 ratio in methanol/LC-MS grade water following the single-pot, solid-phase enhanced 

sample preparation (SP3)-protocol workflow (175). Samples were shaken at 1400 rpm for 18 min at 

RT, the supernatant was removed on a magnetic rack and the beads washed twice with 100% ACN 

and twice with 70% ethanol. After resuspension in 50 mM ammonium bicarbonate, an overnight 

trypsin (sequencing grade, Promega) digestion was performed at a 1:100 (enzyme : protein) ratio at 

37°C and shaking at 1400 rpm. Tryptic peptides were bound to the beads by adding 95% ACN and 

shaking for 10 min at 1400 rpm at RT. The supernatant was then removed and the beads were 

washed twice with 100% ACN. Peptides were eluted in 2% DMSO in 1% formic acid (FA). The 

supernatant was dried in a vacuum centrifuge and stored at -20°C until further use. 

	

8.5.3	LC‐MS/MS	measurement	

Chromatographic separation of peptides was performed on a Dionex UltiMate 3000 UHPLC system 

(Thermo Fisher Scientific) using a two-buffer system (buffer A: 0.1% FA in H2O, buffer B: 0.1% FA in 

ACN). Attached to the UHPLC was a C18 nanoViper 100 µm x 20 mm peptide trap with 100 Å pore 

size and 5 µm particle size (Thermo Fisher Scientific) for online desalting and purification followed 

by a 25 cm nanoEase BEH C18 reversed-phase 75 µm x 250 mm column with 130 Å pore size and 

1.7 µm particle size (Waters). Peptides were separated using an 80 min method by linearly increasing 

ACN concentration from 2% to 30% over 60 minutes.  

MS/MS measurements were performed on an Orbitrap Fusion quadrupole-ion-trap-orbitrap MS 

(Thermo Fisher Scientific). Eluting peptides were ionized using a nano-electrospray ionization 

source (nano-ESI) with a spray voltage of 1,800 V and analyzed in data-dependent acquisition (DDA) 

mode. For each MS1 scan, ions were accumulated for a maximum of 120 ms or until a charge density 

of 2 x 105 ions (AGC Target) was reached. Fourier transform-based mass analysis of the orbitrap mass 

analyzer data was performed covering a mass range of m/z 400 – 1,300 with a resolution of 120,000 

at m/z = 200. Peptides with charge states between 2+ - 5+ above an intensity threshold of 1,000 were 

isolated within a m/z 1.6 isolation window in Top Speed mode for 3 s from each precursor scan and 

fragmented with a 30% normalized collision energy using higher energy collisional dissociation 

(HCD). MS2 scan was performed using an ion trap mass analyzer at a rapid scan rate starting at 

m/z 120, and the ions were accumulated for 60 ms or to an AGC target of 1 x 105. Already fragmented 

peptides were excluded for 30 s. 
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8.5.4	LC‐MS/MS	data	analysis	

LC-MS/MS data were searched against a Mus	musculus Swiss-Prot canonical database obtained in 

December 2022 and a TrEMBL Murid herpesvirus 4 (MuHV-4) database obtained in July 2023, 

thereby using a Sequest algorithm integrated into the Proteome Discoverer software V3.0.0.757 

(Thermo Fisher Scientific). Carbamidomethylation was set as a fixed modification for cysteine 

residues. The oxidation of methionine as well as acetylation of the protein N-terminus were allowed 

as variable modifications. A maximum number of two missing tryptic cleavages was set. Peptides 

between 6 and 144 amino acids were considered. A strict cut-off (FDR < 0.01) was set for peptide 

and protein identification. Quantification was performed using the Minora algorithm integrated into 

Proteome Discoverer. 

The Perseus software platform (V2.0.11.0) (176) was used for statistical analysis. Obtained protein 

abundances were log2-transformed and normalized by column-median normalization. Principal 

component analysis was performed without missing values (1028 proteins). Student’s t-test with 

Benjamini Hochberg FDR-correction was applied on proteins found in at least 30% of all samples 

(1455 proteins). Cut-offs for significance were set to P value ≤ 0.05, q-value ≤ 0.05 and a log2 fold 

change ≥ 1. Visualizations were performed with R Studio. Proteins selected for orthogonal validation 

had ≥ 3 unique peptides. 
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10.	Appendix	

10.1	List	of	hazardous	substances	

Substance Pictograms Hazard statements Precautionary statements 

2-Mercaptoethanol 

    

H301, H310, H315, 
H317, H318, H330, 

H410 

P260, P273, P280, P284, 
P301+P310, P302 + P350 

3-Methyladenine 
 

H302, H315, H319 

P264, P270, P280, 
P301 + P312, P330, 
P302+P352, P321, 
P305+P351+P338, 

P332+P313, P362+P364, 
P337+P313, P501 

Acetic acid 
 

H226, H314 
P280, P305+P351+P338, 

P310 

Acrylamide:Bisacrylamide 
 

H302, H315, H317, 
H319, H340, H350, 

H361F, H372 

P201, P280, P301+P312, 
P302+P352, 

P305+P351+P338, 
P308+P313 

Ammonium chloride 
 

H302, H319 P305+P351+P338 

Ammonium persulfate 

 

H272, H302, H315, 
H317, H319, H334, 

H335 

P210, P221, P284, 
P305+P351+P338, P405, 

P501 

Ampicillin 
 

H317, H334 
P261, P280, P302+P352, 

P342+P311 

Boric acid 
 

H360FD P201, P280, P308+P313 

Chloramphenicol 
 

H318, H351, 
H361FD 

P202, P280, 
P305+P351+P338, 

P308+P313 

Doxycycline 
 

H302, H315, H319, 
H335 

P261, P305+P351+P338 

EDTA 
 

H319 P305+P351+P338 

Ethanol 
 

H225, H319 
P210, P233, 

P305+P351+P338 

Ethidium bromide 
 

H302, H330, H341 
P201, P260, P280, 

P304+P340, P308+P311 

Hydrochloric acid 
 

H290, H314, H335 
P234, P261, P271, P280, 

P303+P361+P353, 
P305+P351+P338 
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Isopropanol 
 

H225, H319, H336 
P210, P280, 

P305+P351+P338, 
P337+P313 

Kanamycin 
 

H360D P260, P308+P313 

Liquid nitrogen 
 

H281 P282, P336+P315, P403 

Methanol 

 

H225, 
H301+H311+H331, 

H370 

P210, P270, P280, 
P303+P361+P353, 

P304+P340, P308+P311 

Nonidet P-40 

 

H302, H315, H318, 
H410 

P201, P202, P273, P280, 
P305+P351+P338, P391, 

P405, P501 

Paraformaldehyde  

 

H228, H302+H332, 
H315, H317, H318, 
H335, H341, H350 

P202, P210, P270, P280, 
P305+P351+P338, 

P308+P313 

Phenol:Chloroform:Isoamyl 
alcohol 

 

H301+H331, H312, 
H314, H341, H351, 

H361D, H372, 
H411 

P201, P270, P280, 
P304+P340, 

P305+P351+P338, 
P308+P313 

Polyethylenimine 
 

H302, H317, H319, 
H411 

P273, P280, 
P305+P351+P338 

Protein A Sepharose 
 

H226 P210, P501 

Puromycin 
 

H302 P270, P301+P312 

RNase A 
 

H334 P261, P342+P311 

Sodium azide 
 

H300+H310+H330, 
H373 

P260, P262, P280, 
P301+P310, P302+P352, 
P304+P340, P403+P233 

Sodium deoxycholate 
 

H302 
P264, P270, P301+P312, 

P330, P501 

Sodium dodecyl sulfate 
 

H302, H315, H318, 
H412 

P273, P280, P302+P352, 
P305+P351+P338, P312 

Sodium hydroxide 
 

H290, H314 

P260, P280, 
P303+P361+P353, 

P305+P351+P338, P390, 
P501 

TEMED 

 

H225, H302+H332, 
H314 

P210, P280, 
P301+P330+P331, 
P303+P361+P353, 

P305+P351+P338, P310 
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Triton X-100 

 

H302, H318, H411 
P270, P273, P280, 

P305+P351+P338, P310 

Zeocin 
 

H302, H341 
P201, P264, P270, 

P301+P312, P308+P313, 
P330 
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