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ABBREVIATIONS 

 

AIDS   Acquired immune deficiency syndrome 

Ab   Antibody 

ApR   Ampicillin resistance gene 

BHV-1   Bovine herpesvirus 1 

bp   Base pair 

CPE   cytopathic effect  

DNA   Deoxyribonucleic acid 

dsDNA  double strain DNA 

E.coli   Escherichia coli 

FACS   Fluorescence activated cell sorter 

Fig.   Figure 

FLI   Friedrich-Loeffler-Institut 

FMDV   Foot and mouth disease 

g   gram or gravity that refered to relative centrifugal force (RCF) 

gB glycoprotein B. For clarity, glycoprotein designations appear with the 

prefix ‘g’ 

GFP   Green fluorescent protein 

GmR   Gentamycin resistance gene 

HSV-1   Herpes simplex virus 1 

h.p.i   hour post infection 

IBR   Infectious bovine rhinotracheitis 

IFN   Interferon  

ILTV    infectious laryngotracheitis virus 

IPB   Infectious pustular balanoposthitis 

IPV   Infectious pustular vulvovaginitis 

IR   Internal repetitive region  

KanR   Kanamycin resistance gene 

kbp   Kilo base pair 

kDa   Kilodalton 

MAb   Monoclonal antibody 

MCMV  Murine cytomegalovirus 

MDV   Marek’s disease virus 
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M.O.I   Multiplicity of infection 

OD   Optical density 

OIE   World Organisation for Animal Health  

O.N   Overnight 

ORF   Open reading frame 

PFU   Plaque forming units 

PolH   Polyhedrin 

p.i   post infection 

PrV   Pseudorabies virus 

p.t   post transfection 

pUS3   US3 protein. For clarity, protein designations appear with the prefix ‘p’ 

rBac   recombinant baculovirus 

RNA   Ribonucleic acid 

RNAi   RNA interference 

rpm   rounds per minute 

RT   Room temperature  

shRNA  short hairpin RNA 

siRNA   short interfering RNA 

SV40   Simian virus type 40 

Tab.   Table 

TCID50  Tissue culture infective dose 50% 

TetR   Tetracycline resistance gene 

TR   Terminal repetitive region 

U   Unit 

UL   Unique long region 

US   Unique short region 

v/v   volume/volume 

wt   wild type 

w/v   weight/volume 

µCi   microcurie 
0C   Grad celsius 

 

The abbreviations for the amino acids correspond to those proposed by the IUPAC one-letter 

symbols. 
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1. INTRODUCTION 

 

1.1. Overview of Herpesviridae family 

The Herpesviridae are a large family of DNA viruses that cause diseases in animals 

and humans (Mettenleiter et al., 2008). Eight human viruses and numerous animal viruses are 

known (see Tab. 1 and 2). A common characteristic of all known herpesviruses is that 

following primary infection within two or three days, they enter local sensory nerve cells and 

establishe a silent (latent) infection in their hosts and may be reactivated at any time (Pellett 

& Roizman, 2007). During latency the viral genome remains stable in the nucleus of nerve 

cells or other latently infected cells. The stability of different herpesviruses varies 

considerably, but they are generally unstable to desiccation and low pH. Infectivity is 

destroyed by lipid solvents and detergents (Fauquet et al., 2005). 

 Arcoding to the International Committee on Taxonomy of Viruses (ICTV), the order 

Herpesvirales is divided into three families including Herpesviridae, Alloherpesviridae, 

Malacoherpesviridae. Family Herpesviridae comprises all characterized herpesviruses with 

mammalian, avian and reptilian hosts (Fauquet et al., 2005). Family Alloherpesviridae 

includes viruses infecting amphibian and fish, and family Malacoherpesviridae contains only 

one member isolated from oysters (Davison et al., 2005; McGeoch et al., 2006).  

Based on their biological properties, genome contents and sequences family 

Herpesviridae is divided into three subfamilies Alpha-, Beta- and Gammaherpesvirinae 

(Davison et al., 2009; http://www.ictvonline.org). Members of the subfamilies 

Alphaherpesvirinae, Betaherpesvirinae and Gammaherpesvirinae differ in the cell type 

where latency is established and the length of their replication cycle (Roizman, 2001a). 

Alphaherpesviruses have the broadest host range, tend to replicate rapidly with cytopathic 

effects to produce viral particles in a few hours, and can establish latency in the sensory 

ganglia. These viruses productively infect fibroblasts in culture and epithelial cells in-vivo 

(Fauquet et al., 2005). Based on molecular criteria, sequence analysis and hosts the 

Alphaherpesvirinae subfamily can be subdivided further into the genera Simplexvirus (HSV-

1), Varicellovirus (VZV), Mardivirus (Marek’s disease-like virus) and Iltovirus (ILTV-like 

virus) (McGeoch, 1994; Roizman et al., 1992). While members of the genus Varicellovirus 

have been found in a wide range of mammalian hosts, most members of the genera 

Simplexvirus, Mardivirus and Iltovirus are viruses of primates and avian, respectively. The 

alphaherpesviruses of reptiles have not yet been further classified (Davison et al., 2009; 

McGeoch & Gatherer, 2005; Roizman, 2001a). Betaherpesviruses have the most restricted 
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host range and the slowest rate of replication that is often accompanied by cell enlargement 

(cytomegalia), and establish latency in a number of tissues and cells, including secretory 

glands, kidneys, and lymphoreticular cells. They are subdivided into four genera: 

Cytomegalovirus, Muromegalovirus, Roseolovirus and Proboscivirus. Infection of the viruses 

is often clinically non-apparent in immune-competent hosts (Davison et al., 2009). 

Gammaherpesviruses infect lymphoblastoid cells and are usually specific for either T or B 

lymphocytes, establishing latency in lymphoid tissue (Davison, 2002 and Engels, 1996). 

They also possess very narrow host range. The subfamily is divided into four genera: 

Lymphocryptovirus, Rhadinovirus, Macavirus and Percavirus (Davison et al., 2009). 

All herpesviruses have similar morphological characteristics. The viral particles 

consist of four distinct components: core, capsid, tegument and envelope. The core consists 

of the viral genome packaged as a single, linear, double-stranded DNA into an icosahedral 

protein cage called the capsid. The capsid is surrounded by a material layer called the 

tegument that contains viral enzymes (Oliveira et al., 2008). The viral envelope represents a 

lipid bilayer membrane of cellular origin with different integral viral glycoproteins 

(Mettenleiter, 2002). Depending on the amount of tegument the particle sizes vary between 

120 and 300 nm (Pellett & Roizman, 2007). 

The dsDNA genomes of herpesviruses have lengths ranging from 125 kbp (Simian 

varicellovirus) to 295 kbp (Koi herpesvirus) and contain between about 70 and more than 200 

protein-encoding genes, in which a subset of about 40 ‘core’ genes is conserved among the 

viruses of mammals and birds (Fauquet et al., 2005). In most herpesvirus genomes unique 

sequences are interspersed with direct and/or inverted repeats, and depending on their 

arrangement the genomes have been classified into six groups, designated by the letter A to F 

(Pellett & Roizman, 2007).  

Herpesvirus infection is initiated when a viral particle contacts an epithelial cell with 

specific types of receptor molecules on the cell surface. Following binding/fusion of viral 

envelope glycoproteins to cellular membrane receptors, capsids are released into the 

cytoplasm where they migrate to the nucleus. Within the nucleus, replication of viral DNA 

and transcription of viral genes occurs with the involvement of many proteins specially 

including immediate-early proteins, early proteins and late proteins. The newly synthesized 

viral DNA is packaged into pre-formed immature capsids containing a core of scaffolding 

proteins, which are expelled by proteolytic cleavage during maturation. Nucleocapsids are 

released from the nucleus to the cytoplasm for tegumentation and the mature virions may 
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then be transported by exocytosis to the cell surface (Roizman, 2001a and Fauquet et al., 

2005). 

 

Tab. 1. Some diseases associated with animal herpesviruses (Mettenleiter et al., 2008; Fauquet et al., 
2005 and Thiry, 2006) 

 

Name Sub-family Disease Host 
Alcelaphine herpesvirus 1  
(AlcHV-1) 
 
 

Gamma-
herpesvirinae 

African form of malignant catarrhal fever 
(MCF) 

Blue wildebeest: 
healthy virus carrier; 
cattle and other 
ruminants: diseased, 
dead end hosts 

Bovine herpesvirus 1 
(BHV-1) 

Alpha-
herpesvirinae 

Infectious bovine rhinotracheitis (IBR), 
pustular vulvovaginitis (IPV), 
balanoposthitis (IPB) and abortion 

Main host: cattle 
Cross-species 
infection: goat, 
sheep  

Bovine herpesvirus 2 
(BHV-2) 

Alpha-
herpesvirinae 

Mammillitis and pseudo-lumpyskin 
disease 

Cattle 

Bovine herpesvirus 5 
(BHV-5) 

Alpha-
herpesvirinae 

Meningoencephalitis  Main host: cattle 
Cross-species 
infection: sheep 

Caprine herpesvirus 1 
(CapHV-1) 

Alpha-
herpesvirinae 

Fatal systemic infection in newborn kids; 
IBR/IPV-like or subclinical infection in 
adults 

Goat 

Canine herpesvirus 1 
(CHV-1) 

Alpha-
herpesvirinae 

Severe hemorrhagic disease Dog 

Cercopithecine 
herpesvirus 1 or Herpes B 
virus 

Alpha-
herpesvirinae 

Herpes simplex-like disease Monkey 

Cervine herpesvirus 1 
(CerHV-1) 

Alpha-
herpesvirinae 

Ocular disease Red deer 

Cervine herpesvirus 2 
(CerHV-2) 

Alpha-
herpesvirinae 

No clinical manifestation attributed Reindeer 

Duck herpesvirus 1  
(DHV-1) 

Alpha-
herpesvirinae 

Duck plague Duck 

Equine herpesvirus 1 
(EHV-1) 

Alpha-
herpesvirinae 

Abortion Horse 

Equine herpesvirus 2 
(EHV-2) 

Gamma-
herpesvirinae 

Equine cytomegalovirus infection Horse 

Equine herpesvirus 3 
(EHV-3) 

Alpha-
herpesvirinae

Coital exanthema Horse 

Equine herpesvirus 4 
(EHV-4) 

Alpha-
herpesvirinae 

Rhinopneumonitis Horse 

Feline herpesvirus 1 
(FHV-1) 

Alpha-
herpesvirinae 

Feline viral rhinotracheitis and Keratitis Cat 

Gallid herpesvirus 1 
(GaHV-1) 

Alpha-
herpesvirinae 

Infectious laryngotracheitis Bird 

Gallid herpesvirus 2 
(GaHV-2) 

Alpha-
herpesvirinae 

Marek's disease Chicken 

Murid herpesvirus 1 
(MuHV-1) 

Beta-
herpesvirinae

- Mouse 

Pseudorabies (PrV) or 
suid herpesvirus 1 

Alpha-
herpesvirinae 

Fatal neurological disorder in newborn 
piglets, with increasing age restricted to 
respiratory tract affection or subclinical; 
ruminants and carnivores: fatal 
neurological disorder 

Swine: main host, 
virus carrier; 
ruminants and 
carnivores: second 
host, dead end hosts 
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Tab. 2. Summary of diseases associated with human herpesviruses 
(Whitley, 1996; Murray et al., 2005 and Hunt, http://www.pathmicro.med.sc.edu/book/virol-sta.htm) 

 

Human-
herpes 
type 

Name Sub-family Target cell type Disease Latency Transmission 

1 Herpes simplex-1 
(HSV-1) 

Alpha-
herpesvirinae Mucoepithelia Orofacial herpes Neuron Close contact 

2 Herpes simplex-2 
(HSV-2) 

Alpha-
herpesvirinae Mucoepithelia Genital herpes Neuron Close contact usually 

sexual 
3 Varicella Zoster virus 

(VSV) 
Alpha-
herpesvirinae Mucoepithelia Chickenpox and shingles Neuron Contact or respiratory 

route 
4 

Epstein-Barr Virus 
(EBV) 

Gamma-
herpesvirinae 

B lymphocyte, 
epithelia 

Infectious mononucleosis, Burkitt's 
lymphoma,  
Primary central nervous system lymphoma 
(PCNSL) in AIDS patients,
post-transplant lymphoproliferative syndrome 
(PTLD), nasopharyngeal carcinoma, HIV-
associated hairy leukoplakia 

B lymphocytes Saliva 

5 
Cytomegalovirus 
(CMV) 

Beta-
herpesvirinae 

Epithelia, 
monocytes, 
lymphocytes 

Infectious mononucleosis-like syndrome, 
retinitis, etc. 

Monocytes, 
lymphocytes 
and possibly 
others 

Contact, blood 
transfusions, 
transplantation, 
congenital. 

6 Herpes lymphotropic 
virus  

Beta-
herpesvirinae

T lymphocytes 
and others

Sixth disease (roseola infantum or exanthema 
subitum)

T lymphocytes 
and others

Contact, respiratory 
route

7 Human herpes virus-7 
(HHV-7) or 
Roseolovirus 

Beta-
herpesvirinae 

T lymphocytes 
and others 

Sixth disease (roseola infantum or exanthema 
subitum) T lymphocytes 

and others Unknown 

8 Human herpes virus-8 
(HHV-8) or Kaposi's 
sarcoma- associated 
herpes virus (KSHV) 

Gamma-
herpesvirinae 

B lymphocytes 
Endothelial cells 

Kaposi's sarcoma, primary effusion 
lymphoma, some types of multicentric 
Castleman's disease 

B lymphocytes 
cells 

Exchange of body 
fluids? 
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Fig.1. A simplified diagram of HSV replication (www.answers.com/topic/herpes-simplex-virus) 

 

1.2. Bovine herpesvirus 1 (BHV-1) 

 

1.2.1. Nomenclature, classification and pathogens 

Bovine herpesvirus 1 (BoHV-1, BHV1 or BHV-1) is the official species name of the 

virus. Infectious bovine rhinotracheitis virus (IBR virus) is an alternative name (ICTV, 2002). 

Both names (BHV-1 and IBR) are currently in common use: BHV-1 is used in studies of the 

virus; and IBR is used in studies of the disease.  

Bovine herpesvirus 1 (BHV-1), classified into group I (dsDNA virus), family 

Herpesviridae, subfamily Alphaherpesvirus, genus Varicellovirus (Fauquet et al., 2005) is a 

major pathogen of cattle resulting in diseases and significant economic losses worldwide. For 

example, bovine respiratory disease complex caused by BHV-1 costs the US cattle industry 

approximately 3 billion dollar annually (Jones, 2008). BHV-1 primary infection of cattle 

induces various clinical manifestations such as infectious bovine rhinotracheitis (IBR), 

infectious pustular vulvovaginitis (IPV), infectious pustular balanoposthitis (IPB), abortion 

and generalized systemic infection (Muylkens, 2006). BHV-1 is also a contributing factor in 

shipping fever by transiently suppressing the immune system of infected cattle, therefore, 

bovine respiratory disease complex (BRDC) referred to as ‘shipping fever’ is initiated (Jones, 

2008). The most important one is IBR. IBR is characterized by acute inflammation of the 

upper respiratory tract resulting in fever, loss of appetite, severe nasal discharge, coughing, 
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sneezing, depression, hyperaemia and lesions of nasal mucus membranes. In some cases 

mucus membranes of eyes, mouth, or genital tract are also affected. Mortality may reach 10 

percent of infected cattle (Fenner et al., 1993). The genital disease causes IPV in cows and 

IPB in bulls. Symptoms include fever, depression, loss of appetite, painful urination, a 

swollen vulva with pustules and discharge in cows, and pain on sexual contact in bulls. In 

both cases lesions usually resolve within two weeks. Abortion and stillbirths can occur one to 

three months post infection (Carter, 2006). BHV-1 also causes a generalized disease in 

newborn calves, characterized by enteritis and death. Transmission of BHV-1 can occur in 

the absence of visible lesions and through sexual contact, mucosal droplet contact from 

infected cattle (Kahrs, 2001), artificial insemination with semen from sub-clinically infected 

bulls (Jones, 2008). BHV-1 can also be transmitted to the fetus of infected pregnant cows.   

Like other herpesviruses, BHV-1 establishes lifelong latency in trigeminal ganglionic 

neurons of the peripheral nervous system after initial replication in mucosal epithelium (Jiang  

et al., 2004). Latency may also occur in tonsillar lymphoid cells and peripheral blood 

lymphocytes (Mweene et al., 1996). During the latent phase there is no virus replication. 

Under unfavorable conditions such as stress or immune-suppression latent virus can be 

reactivated and productive infection of the epithelial cells recurs (OIE, 2008). Infected 

animals are thus a constant potential source of infection (Homan et al., 1980, Ackermann et 

al., 1984). Inoculation with live-attenuated vaccine strains of BHV-1 can also lead to latent 

infection. BHV-1 is inactivated by normal environmental conditions outside the host and by 

common disinfectants and lipid solvents (Kahrs, 2001). It also becomes unstable at low pH 

(Fauquet et al., 2005). 

On the basis of differences in restriction endonuclease profiles of viral DNA and 

antigenic properties as demonstrated by monoclonal antibodies, three BHV-1 subtypes, BHV-

1.1, BHV-1.2a and BHV-1.2b have been identified and confirmed (Miller et al., 1991; 

D'Arce et al., 2002). Subtypes BHV-1.3 (a/b) mentioned in a report by Engels et al. (1986) 

were recognized as encephalitic viruses and reclassified as distinct herpesviruses designated 

bovine herpesvirus 5 (Roizman et al., 1992 and Smith et al., 1995). 

BHV-1 has a world-wide distribution. Subtype BHV-1.1 has been detected in the 

Netherlands in 1973 (Mars, 2000). Since then, BHV-1.1 has spread considerably among the 

cattle population and became prevalent in Europe, America and Asia (Jones, 2008; Thiry et 

al., 2006). BHV-1.1 isolates are the causative agents of IBR and are frequently found in the 

respiratory tract as well as aborted fetuses. Subtype BHV-1.2a is prevalent in Brazil and was 

present in Europe prior to the 1970s. BHV-1.2a is frequently associated with a broad range of 
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clinical manifestations in the respiratory and genital tracts such as IBR, IPV, IPB and 

abortions (Van Oirschot, 1995). Subtype BHV-1.2b strains are associated with respiratory 

disease and IPV/IPB, but not abortion (D'Arce et al., 2002). BHV-1.2b is less pathogenic 

than subtype 1 and is the only subtype found in Australia (Muylkens et al., 2006). 

 

1.2.2. BHV-1 vaccines 

1.2.2.1. Genetically engineered gene-deleted vaccines and vectored vaccines 

With regard to BHV-1 eradication programmes, many candidate vaccines against 

BHV-1 were studied which include inactivated, attenuated, subunit or gene-deleted (marker) 

vaccines such as: gE-live attenuated, gE-inactivated, gG-inactivated, gC-live attenuated, gD-

subunit, gB-subunit, gD-replication-incompetent, US9-deleted, thymidine kinase (TK)-

deleted, and latency-related (LR) gene mutant (Van Drunen Little-van der Hurk, 2006; Inman 

et al., 2002; Butchi et al., 2007). The vaccines reduced the severity of disease, but could not 

always prevent infection (Fenner et al., 1993). In addition, many commercially available 

vaccines have the potential to induce disease such as BRDC in small calves (Jones, 2008). 

Studies with gC-, gG- or TK-deleted viruses showed that they either reactivate from latency 

and/or they retain some degree of virulence. Based on studies by Kaashoek et al. (1996a/b 

and 1998), Butchi (2007) and Inman et al. (2002) all gE-, US9-deleted and LR mutant viruses 

were safe in calves because they do not reactive from latency and they are highly attenuated. 

Therefore, considering the virulence and reactivation properties of gene-deleted vaccine 

strains, gE-, US9-deleted or the LR mutant virus have the potential to be safer vaccine 

candidates, in which the gE-deleted vaccine is used worldwide in programs to eradicate IBR. 

Recent efforts to improve the marker vaccines are directed to delete viral gene sequences that 

are immunosuppressive. Studies with function of BHV-1 UL49.5, also known as ‘false’ 

glycoprotein N (gN) because it is not glycosylated, showed that gN is identified as an 

immune evasion molecule inhibiting the transporter-associated antigen processing (TAP) and 

down-regulating MHC-I antigen presentation (Koppers-Lalic et al., 2005; Lipinska et al., 

2006). Therefore, a vaccine virus lacking the gN TAP binding domain may stimulate better 

cellular immune responses. In 2007, Liu et al. proved that a gE cytoplasmic tail truncated 

virus is similarly attenuated in calves infected with the virus as the entire gE ORF-deleted 

virus. Notably, like the gE-deleted virus, the gE cytoplasmic tail truncated virus does not 

reactivate from latency. Furthermore, the BHV-1 US9 gene is located immediately 

downstream of the gE cytoplasmic tail gene; therefore, a vaccine virus that lacks US9, the 
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cytoplasmic tail of gE and gN TAP binding domain may be a superior vaccine candidate in 

the future (Jones, 2008). 

In 1999, Zakhartchouk et al. showed that intranasal vaccination of young calves with 

a replication competent (E3-deleted) bovine adenovirus (BAV)-3 that express full-length 

BHV-1gD induced protective gD-specific neutralizing antibodies and cellular immune 

responses. Furthermore, several studies revealed that an expression plasmid that encodes the 

secreted form of BHV-1gD induces significant protection against BHV-1 challenge following 

intradermal injection (Van Drunen Little-van den Hurk et al., 1998; Braun et al., 1999). 

Regardless of maternal antibody levels, the plasmid encoding the secreted form of BHV-1gD 

also triggered neutralizing antibodies, lympho proliferative responses and IFN-γ-secreting 

cells in newborn lambs, suggesting that this approach may be efficacious for neonate 

immunization (Van Drunen Little-van den Hurk et al., 1999).  

 

1.2.2.2. Use of BHV-1 as a vaccine vector 

BHV-1 is a potential viral vector for immunization of cattle against economically 

important viral and bacterial diseases due to its genome size which allows the insertion of 

large target genes, and its restricted host range (Bello et al., 1992; Young, 1995; Mahony et 

al., 2002 and 2003). Up to now, there are no reports of human infections with BHV-1 

although BHV-1 can bind weakly to human HveC (Herpesvirus entry mediator) receptors in 

in-vitro studies (Geraghty et al., 1998; Connolly et al., 2001). Therefore, the use of BHV-1 as 

a vector would not pose a new risk to cattle or humans.  

BHV-1 vectors have been used to express proteins from pseudorabies virus (PrV, 

Ikeda et al., 2000; Takashima et al., 2002), bovine respiratory syncytial virus (BRSV, 

Schrijver et al., 1997; Kuhnle et al., 1998; Taylor et al., 1998), foot and mouth disease virus 

(FMDV, Kit et al., 1991a/b; Klopfleisch et al., 2010) and bovine viral diarrhea virus (BVD, 

Kweon et al., 1999). The BVD virus study, in which the E2 protein from a BVD virus type 1 

was expressed in an attenuated BHV-1 vector with a deletion of the thymidine kinase gene, 

showed reduced disease compared with unvaccinated calves following BHV-1 challenge and 

development of BVDV-neutralizing antibodies (Kweon et al., 1999; Wang et al., 2003). 

However, up to date no BHV-1 based vector vaccine has entered the market.  

 

1.2.3. Virion structure 

Belonging to the family of Herpesviridae that shows a uniform morphology (Fig. 2), 

BHV-1 particles consist of four morphologically distinct structures: the core, capsid, 
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tegument and envelope. The inner nucleoprotein core consists of a single linear molecule of 

dsDNA in the form of a torus. Surrounding the core is an icosahedral capsid constructed of 

162 capsomeres containing 150 hexons (hexavalent capsomers) and 12 pentons (pentavalent 

capsomers). Each capsomer has a deep central indentation (Mettenleiter, 2002). Core and 

capsid form the nucleocapsid which has a diameter of ca. 100 nm. It is surrounded by the 

electron-dense tegument consisting of many different viral proteins, some of which are 

needed to take control of the cell's biological processes and subvert them to virion 

production, some of which defend against the host cell's immediate responses, and others for 

which the function is not yet understood. The envelope is the outer lipid bilayer membrane of 

the virion and is composed of altered host membrane and a dozen unique viral glycoproteins. 

The BHV-1 particle is approximately 150 to 200 nm in size (Pellet et al., 2007). 

 

 
 

Fig. 2. Electron microscopic image (left) and a schematic representation (right) of an alphaherpesvirus 
particle (PrV), kindly provided by Dr. H. Granzow and Dr. W. Fuchs, FLI. 
 

1.2.4. Virus genome and proteins 

The genome of BHV-1, like other members of the subfamily Alphaherpesvirinae 

which have a partial co-linear arrangement of genes encoding similar functions contains a 

unique long region (UL) and a unique short region (US) flanked by two inverted repetitive 

sequences, named internal repeat (IR) and terminal repeat (TR). These characteristics allow 

its classification in class D of herpesvirus genomes (Pellet et al., 2007). In this genome class, 

the UL region is predominantly fixed in only one orientation. The US region can invert its 

orientation ralative to the UL region, resulting in the existence of equimolar amounts of the 

two isomers in virion DNA after infection (Roizman, 2001b). The linear dsDNA genome of 

BHV-1 consists of approximately 136 kb (Schwyzer, 1996) and has a GC content of 72%.  
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10kb 

IR TR US UL

The 135.301 bp GenBank entry is a composite of sequences from several strains (Meyer et 

al., 1997; Schwyzer, 1996; Genbank accesion number AJ004801). The UL region is ca.104 

kb long, the US region is about 10 kb long and the IR and TR elements have about 11 kb each 

(Schwyzer, 1996). 

 

 

 

Fig. 3. Scheme of the BHV-1 genome showing the arrangement of the two unit regions (UL and US), 
and two repetitive sequences (IR and TR) flanking the US region. Arrows indicate inversion of the US 
region. 
 

 

Tab. 3. Sixty-nine proteins specified by BHV-1. (Koppers-Lalic et al., 2005; Thiry et al, 2006; 
Schwyzer, 1996; Del Médico Zajac, 2010; Jones, 2008; Geiser et al., 2002) 

 

Function/Location Name/specific function Remark 
Glycoprotein pUL27 (gB), pUL44 (gC), pUS6 (gD), pUS8 (gE), 

pUS7 (gI), pUL22 (gH), pUL1 (gL), pUS4 (gG), 
pUL53 (gK), pUL10 (gM) 

gC, gD, gE, gG, gI are involved in 
viral virulence. 

Cleavage/packaging pUL6, pUL15 (terminase), pUL17?, pUL25, pUL28, 
pUL32, pUL33  

 

Envelope pUL20, pUL31?, pUL34, pUL43, pUL49.5 pUL49.5 is involved in viral 
virulence 

Tegument pUL11 (myristoylated) ; pUL41(virion host shut-off 
protein, vhs); pUL48 (α-transinducing factor, α-TIF); 
pUL14 (minor tegument protein) 
pUL16, pUL36, pUL37, pUL46, pUL47 (VP8), 
pUL49 (VP22), pUL51, pUS2, pUS9 

pUL47 and pUL48 are also 
regulatory. 
pUL47 is also a protein kinase. 

Capsid pUL19 (VP5 – major capsid protein) 
pUL26/26.5 (serine protease and its substrate), 
pUL18, pUL35, pUL38 

 

Other virion pUL24 (putative membrane associated protein); 
pUL3.5, pUL4, pUL21 

 

DNA repication pUL29 (major single strained DNA binding protein)  
pUL30, pUL42 (DNA polymerase and accessory 
protein)  
pUL9 (origin binding protein); pUL5, pUL8, pUL52 
(helicase/primase) 

 

Enzyme pUL39 and pUL40 (subunits 1 and 2 of 
ribonucleotide reductase) 
pUL23 (thymidine kinase); pUL2 (uracil DNA 
glycosylase); pUL50 (dUTPase); pUS3 (protein 
kinase - PK); pUL12 (DNase); pUL13  

Proven enzyme activity only for 
pUL23 and pUL50; 
pUL23(thymidine kinase) is 
involved in viral virulence. 

Regulatory BICP0, BICP4 (immediate-early transactivators or 
transrepressors ) 
BICP22 (positive and  negative transcription factors) 
pUL54 (BICP27 – RNA stimulated protein ) 
Circ (myristylated, non essential)

Antisense relative to BICP0 gene 
is latency-related (LR) RNA 
transcribed abundantly in latency 
infected neurons. 
All except circ are nucleus protein

Unknown pUL0.5, pUL3, pUL7, pUS1.5
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The BHV-1 genome comprises 73 ORFs including 59 putative ORFs encoded in the 

UL region, 8 ORFs contained in the US region, a latency-related ORF derived from BICP0 

gene, an UL0.7 ORF of unknown function and two dual copy ORFs coding for the regulatory 

proteins BICP4 and BICP22 in the inverted repeat regions (Leung-Tack et al., 1994; 

Schwyzer, 1996; Thiry et al., 2006; Robinson et al., 2008). Of the 73 ORFs, 33 were 

determined to be essential and 36 to be non-essential for virus viability in cell culture. 

Presumed function or location in the virion of these proteins is summarized in Tab. 3. The 

locations (bp) and transcriptional polarities (+/–) of the ORFs in BHV-1 genome is given in a 

report by Robinson et al. (2008). 

All herpesviruses encode a large amount of proteins involved in nucleic acid 

metabolism, DNA synthesis and protein processing (Roizman, 2001b). A set of 40 ‘core’ 

genes is conserved among all alpha-, beta-, and gammaherpesviruses. These genes encode 

capsid proteins, tegument proteins, enzymes and glycoproteins that perform steps 

fundamental to the replication cycle of herpesviruses (Pellet et al., 2007). All these ‘core’ 

genes are found in the UL region (Pomeranz et al., 2005). At least 33 of the BHV-1 encoded 

proteins are structural proteins. Of these, 13 are probably associated with the envelope (Liang 

et al., 1996) and 10 of these have the potential to encode glycoproteins. Most of the BHV-1 

glycoproteins have already been characterized (Tikoo et al., 1995). The UL region includes 

genes coding for glycoproteins gB, gC, gH, gL, gK and gM while the US region contains 

genes coding for glycoproteins gG, gD, gI and gE. Among these, gB, gC and gD are major 

envelope glycoproteins (Schwyzer, 1996; Thiry, 2006). Viral glycoproteins play an important 

role in the interaction between viruses and their host-cells. They are involved in several steps 

of the viral cycle such as virus entry (attachment and penetration), virus egress and cell-to-

cell spread (Schwyzer, 1996; van Engelenburg, 1995 and Rebordosa, 1996). Therefore, they 

constitute an important target for the host immune response. Some glycoproteins also have 

immunogenic properties, allowing their use as a component of vaccines or diagnostic tests 

(Schwyzer, 1996). Several constructions of mutant viruses have shown that gC, gI, gE, gG 

and gM are nonessential glycoproteins (Baranowski et al., 1996; König et al., 2002). 

Tegument proteins play important roles during viral entry, virus morphogenesis, regulation of 

other viral proteins and host immediate responses. At least a dozen of BHV-1 encoded 

proteins is found in tegument layer (Tab. 3). The BHV-1pUS3, a serine/threonine protein 

kinase (PK) which is conserved among all alphaherpesvirus, is a viral enzyme in the 

tegument. Although there are a lot of studies addressing functions of pUS3 kinase in herpes 
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simplex virus type 1 (HSV-1) and 2 (HSV-2), and pseudorabies virus (PrV), the functions of 

the BHV-1pUS3 kinase are still not yet analysed so far. 

 

1.2.5. BHV-1 replication cycle 

In order for a virus to have a complete life cycle and produce infective virus, briefly, 

the virus must be transmitted to a host, be able to infect host cells and then produce infective 

viruses. Viruses exist only in relationships with hosts and can’t replicate outside their hosts.  

 

1.2.5.1. Cell specificity 

BHV-1 can only cause a productive infection in certain cell types, since only some 

cells produce the proteins required for virus entry and subsequent virus production. BHV-1 

infects epithelial cells of the upper respiratory tract, vaginal or prepuce mucous membranes, 

and the tonsils and conjunctiva (Tikoo et al., 1995) as well as CD4+ T cells (Lovato et al., 

2003; Jones, 2008), monocytes and macrophages (Nyaga, 1979; Forman et al., 1982). 

Physical barriers, such as skin, mucous and the immune response of hosts restrict access of 

the virus to certain sites within the body. When these barriers are compromised, the virus is 

able to establish infection throughout the body (Mechor et al., 1987). 

 

1.2.5.2. Virus entry into host cells 

Like others in subfamily Alphaherpesvirinae, BHV-1 infection of a host cell starts by 

interaction of viral envelope glycoproteins with receptors present at the cellular plasma 

membrane (Spear and Longecker, 2003). Previous studies showed that the BHV-1 

glycoproteins gB, gC, gD, gH and gL are involved in virus entry (Li et al., 1995; Schröder 

and Keil, 1999; Dasika and Letchworth, 1999). BHV-1.1 and BHV-1.2 subtypes differ in gC 

epitopes, which may alter viral attachment and account for subtype differences of viral 

virulence (Rijsewijk et al., 1999).  

Although the host cell protein required for BHV-1 entry are not all identified, virus 

initially binds to cell surface heparan sulphate via BHV-1gB and gC (Hanon et al., 1998; Li 

et al., 1996). After this initial binding, BHV-1gB and gD bind to further cell surface receptors 

(Li et al., 1995). In-vitro studies to identify these receptors have shown that BHV-1gD can 

weakly bind a human poliovirus receptor-related protein (Prr1), designed as HveC, one of the 

cellular gD receptors identified as herpesvirus entry mediators (HveA, HveB, HveC and 

HveD), based on their capacity to allow entry of herpes simplex viruses into cells (Geraghty 

et al., 1998; Spear et al., 2000; Connolly et al., 2001). Virus entry then occurs by fusion of 
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the virion envelope with the plasma membrane, a complex process of attachment and 

penetration. To date, this process is still unclear at the molecular level, although several 

virally encoded envelope glycoproteins such as gB, gD, gH and gL have been shown to play 

essential roles in penetration (Keil et al., 2005; Meyer et al., 1998; Mettenleiter, 2004). These 

proteins are also necessary for cell-to-cell spread of virus (Keil et al., 2005; Muylkens et al., 

2007). After the fusion, nucleocapsids and a part of tegument dissociated from the 

nucleocapsid are released into cytoplasm. Immediately after entering the cell, the viral 

tegument proteins begin takeover of the host cell protein synthesis machinery before any new 

viral proteins are synthesized and modulate the host cell to create an environment which is 

beneficial for virus replication.  

 

 
 
Fig. 4. Diagrammatic representation of the replication cycle of PrV which is closely related to BHV-1, 
including virus entry and dissociation of tegument, transport of incoming capsids to the nuclear pore, 
release of viral DNA into the nucleus where transcription occurs, replication and packaging of viral 
DNA into capsid, assembly of capsid and egress of mature virions (Mettenleiter, 2004). 
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1.2.5.3. Viral gene transcription and translation cascade 

As in other alphaherpesviruses, transcription of the BHV-1 viral genome that occurs 

in the nucleus is regulated in three distinct phases, resulting in immediate-early (IE), early 

(E), and late (L) viral mRNAs. Herpesvirus IE genes are transcripted directly following 

infection since their promoters are recognized by host transcription factors and RNA 

polymerase II (Pomeranz et al., 2005). BHV-1’s inverted repeats and adjacent regions 

express two major IE units, IE1 and IE2, in which IE1 encodes BICP0, BICP4 and IE2 

encodes BICP22 (Jones, 2008; Schwyzer, 1996). The expression of the genes in newly 

infected host cells is enhanced by UL47 (VP8) and UL48 (α-TIF) which is imported into the 

nucleus and acts as a transactivator of viral immediate-early genes (Mettenleiter, 2004; 

Schwyzer, 1996). After translation in the cytoplasm, IE proteins are transported into the 

nucleus where they are required for transcription of early genes. Some early proteins are 

transported into the nucleus where they are involved in viral replication and transcription of 

late genes. BHV-1’s early genes encode viral products required for viral DNA replication and 

nucleotide metabolism (Pomeranz et al., 2001; Tab. 3). The late genes encode mainly 

structural components of the virion, including capsid proteins (Tab. 3), which are translated 

in the cytoplasm and then imported into the nucleus where they are required for virion 

assembly and egress (Mettenleiter, 2004). 

 

1.2.5.4. Viral DNA replication and nucleotide metabolism 

As summarized in Tab. 3, the BHV-1 genome encodes many of the enzymes 

necessary for viral DNA replication and nucleotide metabolism. Studies in BHV-1’s closely 

related homologues, HSV-1 and PrV, have shown that, pUL30 possesses DNA polymerase 

activity that could be stimulated by the presence of pUL42 (Pomeranz et al., 2001; 

Berthomme et al., 1995). BHV-1pUL29, the major DNA binding protein, plays an essential 

role in viral genome replication. It is thought to bind single-stranded DNA in unwound DNA 

and replication forks. BHV-1pUL9 functions as an origin binding protein that initiates viral 

DNA replication by binding and unwinding viral origins of replication. In addition to viral 

proteins, host proteins such as cellular DNA polymerase, DNA ligase and topoisomerase are 

likely required for BHV-1 DNA replication. 

Upon entry into the host nucleus, the linear viral DNA genomes circularize which 

serves as the template for DNA synthesis. The replication mechanism switches towards a 

rolling-circle mechanism of DNA replication to produce replicated DNA in the form of long 

head-to-tail linear concatemeric genome that serve as the substrate for genome encapsidation 



Introduction 

17 
 

where the concatemeric DNA is cleaved to unit lengths. To date, there is no evidence of the 

integration of BHV-1 genes into the host cell genome (Roizman, 2001b). 

 

1.2.5.5. Nucleocapsid formation 

The alphaherpesvirus capsid assembly pathway is now fairly well understood 

(Newcomb et al., 1999). Briefly, capsids assemble in the nucleus of the cell, and require at 

least five proteins including mature capsid constituents and scaffolding proteins for the 

formation (Tab. 3). Of these, pUL19 is a major capsid protein forming the capsomer pentons 

and hexons; pUL18 and pUL38 are triplex proteins residing between and connecting the 

capsomers; pUL26 and pUL26.5, a serine protease and its substrate, play the role as two 

scaffolding proteins that participate in capsid formation but are not found in the mature virion 

(Mettenleiter et al., 2009; Pomeranz et al., 2005). Examination by transmission electron 

microscopy has shown that three types of capsids are found in BHV-1 infected cells, called 

A- (empty), B- (intermediate), and C- (full) capsids (Desloges, 2003a). The three differ in 

density and morphology because of the content inside their icosahedral capsid: C-capsids 

contain DNA and exhibit a densely staining core; B-capsids contain an internal structure 

constituted of a proteinaceous scaffold whereas A-capsids are devoid of DNA and of internal 

structure (Desloges, 2003b). Studies with alphaherpesvirus infection have proven that the 

replicated DNA is cleaved into unit-length genomes for packaging into B-capsids, a process 

resulting in formation of C-capsids which eventually mature to become infectious virions. 

Occasionally, the packaging reaction aborts, resulting in the formation of A-capsids 

(Desloges, 2003b). All three types of capsids are thought to arise from the maturation of a 

common precursor, called the procapsid (Homa and Brown, 1997).  

 

1.2.5.6. DNA encapsidation  

DNA encapsidation that occurs in the nucleus requires two linked events: cleavage of 

the replicated concatemeric viral DNA into monomeric units and packaging of the linear 

monomeric genomes into preformed capsids. Herpesvirus genomes contain a highly 

conserved domain (pac1 and pac2) at each end of their linear genomes to direct the site-

specific DNA cleavage and packaging (Roizman, 2001b). The basis mechanism of DNA 

packaging is conserved in herpesviruses. Like HSV-1, BHV-1 encodes proteins involved in 

DNA encapsidation, including pUL15, pUL17?, pUL25, pUL28, pUL32, pUL33 and the 

portal protein  pUL6 (Tab. 3). For example, the BHV-1pUL25 is found to play a role in 

packaging of viral DNA into empty capsids but not in cleavage of concatemeric DNA 
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(Desloges, 2003a). BHV-1pUL28 is required for the formation of mature capsids and 

involved in the cleavage and encapsidation of replicated viral DNA (Desloges, 2003b). 

Additionally, studies have shown that herpesviruses encode a putative two-subunit terminase 

made up of pUL15 and pUL28, which can bind to pUL6 (White et al., 2003) and this binding 

forms a powerful molecular motor to package DNA. 

 

1.2.5.7. Nuclear egress and viral maturation 

How BHV-1 capsids finally leave the cells as infectious enveloped virus particles is 

still unclear. Studies on HSV and PrV have shown that intranuclear capsids cross the nuclear 

envelope and participate in two separate envelopment events before mature virions are 

released from a cell. Both, nuclear egress and final maturation involve budding processes 

which occur in different subcellular compartments and involve different viral proteins 

(Mettenleiter, 2004). 

 

1.2.5.7.1. Primary envelopment and nuclear egress 

The first step in nuclear egress of nucleocapsids is a budding process at the inner 

nuclear membrane (INM) into the perinuclear space whereby nucleocapsids acquire an 

envelope derived from the inner leaflet of the nucleus membrane. These nucleocapsids are 

called the primary enveloped virions. For primary envelopment, two virally encoded proteins, 

the products of the UL31 and UL34 genes, have been shown to be crucial. Interestingly, 

homologs of these proteins are present in members of all three herpesvirus subfamilies, 

indicating that their function may be conserved throughout the Herpesviridae (Mettenleiter, 

2004). The UL34 gene encodes a type II membrane protein that is located in both leaflets of 

the nuclear membrane (Klupp et al., 2000a). The UL31 gene codes for a nuclear 

phosphoprotein (Chang and Roizman, 1993) that is also present in the nuclear membrane of 

infected cells. Studies showed that, in the absence of either pUL34 or pUL31, primary 

envelopment is inhibited and capsids accumulate in the nucleus (Roller et al., 2000; Klupp et 

al., 2000a; Fuchs et al., 2002). Additionally, for nucleocapsids to gain access to the INM, 

which is normally obstructed by the nuclear lamin network, cellular kinases recruited by the 

pUL31/pUL34 complex (Park and Baines, 2006) and viral pUS3 kinase (Mou et al., 2008) 

are involved in phosphorylation of nuclear lamins A/C and/or B, allowing contact between 

nucleocapsids and INM. Therefore, it has been indicated that pUL31 and pUL34, which have 

been shown to be constituents of primary enveloped virions but not mature virus particles 

(Klupp et al., 2000a; Fuchs et al., 2002; Reynolds et al., 2002), are not only required but also 
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sufficient for the budding process as well as the primary envelopement (Klupp et al., 2007). 

The net result of the budding event of HSV-1 and PrV is the formation of primary enveloped 

virions located in the perinuclear space of infected cells. In the subsequent step, 

nucleocapsids of primary virions are translocated into the cytosol for maturation after fusion 

of their primary envelope with the outer nuclear membrane (ONM). This step is known as de-

envelopment process. The molecular mechanism of this fusion process is still unclear 

(Mettenleiter et al., 2006b). Studies with HSV-1 and PrV have shown that a viral encoded 

protein kinase pUS3 that is conserved and present only in the alphaherpesviruses plays a role 

in this process (Mettenleiter, 2004). It has been proposed to phosphorylate HSV-1pUL34 but 

not PrVpUL34 (Ryckman and Roller, 2004; Klupp et al., 2001). However, both HSV-1pUS3 

and PrVpUS3 kinase influence the nuclear membrane association of pUL34 (Reynolds et al., 

2002; Klupp et al., 2001). In addition, Farnsworth et al. (2007) proved that in the 

simultaneous absence of HSV-1gB and gH, a defect in nuclear egress resulting in 

accumulation of primary enveloped virions in the perinuclear space is observed. A similar 

phenotype is also observed in cells infected with mutant PrV or HSV-1 lacking the US3 

kinase (Klupp et al., 2001; Reynolds et al., 2002). Interestingly, HSV-1gB is phosphorylated 

by pUS3 (Kato et al., 2009), and the expression of mutated gB lacking this phosphorylation 

site in a gH-negative HSV-1 results in a defect in nuclear egress similar to that observed in 

the complete absence of gB and gH (Wisner et al., 2009). This indicates that gB 

phosphorylation by pUS3 may contribute to de-envelopment of HSV-1. 

To date, two other models for nuclear egress of nucleocapsids have been proposed 

(Roizman et al., 2007), including the ‘lumenal’ pathway that suggests retention of the 

structural integrity of the primary enveloped virion during transit by vesicular transport and 

through the secretory pathway, and the ‘nuclear pore’ nuclear egress pathway prompting the 

hypothesis that nucleocapsids gain access to the cytoplasm via nuclear pores (Roizman et al., 

2007; Wild et al., 2005; Leuzinger et al., 2005). In the ‘lumenal’ pathway, all components of 

the mature virion must be part of the virus particle in the perinuclear space, and all 

components of this virion should be retained in the mature virus particle. However, studies 

have proven that major components of the mature virion are not found in primary enveloped 

virions in the perinuclear space (reviwed in Mettenleiter et al., 2009). Thus, primary and 

mature virions clearly differ in their composition which is irreconcilable with the ‘lumenal’ 

pathway. In the ‘nuclear pore’ nuclear egress pathway, cells infected by HSV-1 and BHV-1 

were analyzed, using high pressure freeze-fracturing. Studies by Wild et al. (2005 and 2009) 

indicated the observation of nuclear pores and nuclear material including nucleocapsids was 
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found protruding into the cytosol. However, other studies demonstrated that nuclear pores do 

not appear to be affected in morphology (Mettenleiter et al., 2006b), and retain their gating 

function (Hofemeister and O`Hare, 2008) until late in infection. This is also supported by 

studies demonstrating that changes in the nuclear pore network, which occur very late in 

infection are not a prerequisite for HSV-1 nuclear capsid egress (Nagel et al., 2008) 

 

1.2.5.7.2. Secondary envelopment and tegumentation 

After nuclear egress, the nucleocapsid has to acquire the full complement of tegument 

proteins and the final (secondary) envelope in the trans-Golgi network.  It is now clear that 

the nucleocapsids mature in the cytoplasm where they have to collect at least 15 tegument 

proteins containing viral glycoproteins prior to acquisition of a lipid envelope (Mettenleiter, 

2002). Briefly, the addition of tegument proteins to the capsid occurs in an organized and 

stepwise fashion (so-called viral maturation), in which nucleocapsids decorated with inner 

tegument proteins have to interact with outer tegument proteins and the future inner envelope. 

Joining of these substrates together influences the second envelopment process. Tegument 

addition to the cytoplasmic capsids is thought to be initiated by the direct interaction of the 

major capsid protein pUL19 and the tegument protein pUL36, the largest protein encoded by 

the herpesvirus genome (Robinson et al., 2008), which in turn can interact with pUL37, 

another tegument protein. It is generally accepted that pUL36 and pUL37 form part of the 

inner tegument, which in the alphaherpesviruses also includes pUS3 kinase (Granzow et al., 

2004; Reynolds et al., 2002). Reports by Desai et al. (2000 and 2001) and Fuchs et al. (2004) 

indicated that absence of the HSV-1pUL36 and pUL37 or the PrVpUL36 drastically inhibits 

or abolishes virus maturation. Therefore, both proteins were considered to play crucial roles 

in the formation of capsid-associated tegument. The subsequent steps in tegumentation are 

still largely undefined although nucleocapsids still accumulate a subset of tegument proteins 

(pUL11, pUL41, pUL46, pUL47, pUL48, pUL49, pUS3), following an intricate network of 

protein-protein interactions that has previously been proposed to drive tegumentation and 

virion formation in herpesviruses (Mettenleiter, 2006c).    

Secondary envelopment of herpesviruses occurs in vesicles of the trans-Golgi network 

and the viral envelope has been suggested to be derived from this cellular compartment 

(Mettenleiter et al., 2006a/b). It is still unclear how tegumented capsids are directed to the 

envelopment site and how viral glycoproteins are assembled there. However, recent studies 

proved that a subset of viral proteins including conserved virion tegument pUL11, pUL36 

and pUL37 components, and a conserved viral gM have been implicated in these processes. 



Introduction 

21 
 

In 2006, Wolfstein et al. and Luxton et al. demonstrated that both pUL36 and pUL37 

also involved in intracytoplasmic transport of capsids during entry and egress. Besides, 

pUL11 designed to be myristoylated (Schwyzer et al., 1996) is thought to localize in a 

cytoplasmic site overlapping the endoplasmic reticulum (ER)-Golgi intermediate 

compartment  in infected cells, and is  associated with intracytoplasmic membranes (Baird et 

al., 2008; Kopp et al., 2003; Loomis et al., 2001). Studies with pUL11 have shown that it is 

able to direct heterologous proteins to the Golgi apparatus (Bowzard et al., 2000). Absence of 

pUL11 interferes with virion formation of HSV-1 and PrV prior to secondary envelopment 

(Baines et al., 1992; Kopp et al., 2003) which supports the idea that pUL11 is involved in 

directing herpesvirus tegument proteins to the envelopment site. The accumulation of viral 

glycoproteins at the secondary envelopment site in trans-Golgi network could be influenced 

by the conserved gM which may act by collecting viral envelope proteins at the budding site 

either by preventing their transport to the plasma membrane or by an efficient, gM-mediated 

retrieval from the plasma membrane (Klupp et al., 2000b; Crump et al., 2004).  

Taken together, pUL11 may influence secondary envelopment by directing tegument 

components and associated capsids to the budding site, while pUL36 and pUL37 mediate 

transport of nucleocapsids to this location where envelope glycoproteins are accumulated by 

gM.  

Like in the budding for primary envelopment, budding for secondary envelopment 

can also proceed without the involvement of nucleocapsids. This demonstrates that 

nucleocapsids are not required to trigger secondary envelopment. The resulting virus-like 

alphaherpesvirus light (L)-particles contain tegument and envelope components but lack 

nucleocapsids. On the other hand, intracytoplasmic aggregations may contain nucleocapsids 

and tegument proteins but lack an envelope (Kopp et al., 2004; Farnworth et al., 2003).  

 

1.2.5.8. Cellular egress 

The net result of the secondary envelopment process is an enveloped virion within a 

secretory vesicle. The vesicle is transported to the plasma membrane, where vesicle and 

plasma membranes fuse and mature virions are released from the infected cells (Granzow et 

al., 1997). Although little is known about the viral components involved in vesicle transport 

and fusion, in HSV-1 and PrV the pUL20 and gK have been implicated in this process 

(Baines et al., 1991; Foster, 1999; Fuchs et al., 1997). Interestingly, gK requires pUL20 for 

proper processing and intracellular localization (Dietz et al., 2000; Foster et al., 2003). 
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1.2.5.9. Latency 

Long term BHV-1 survival within the host animal is dependent upon the 

establishment of latency, in which a circularized genome is maintained extra-chromosomally. 

BHV-1 latency occurs at immune privileged sites in the peripheral nervous system following 

productive viral infection (OIE, 2008). A hallmark of latency in infected neurons is the 

abundant level of transcription occurring from the latency related (LR) gene that overlaps and 

is antisense to BICP0 gene (Geiser et al., 2002; Jones, 2003; Jones et al., 2006 ). It appears 

that the LR transcript is the first viral transcript expressed in infected neurons (Devireddy and 

Jones, 1998). Additionally, the expression of IE and early genes was not detected at the same 

time of LR gene expression using sensitive RT-PCR assay, suggesting that LR gene products 

play a pivotal role in programming the outcome of virus infection in sensory neurons. 

Support for this prediction comes from the finding that LR gene products promote 

establishment of latency by inhibiting apoptosis (Henderson et al., 2004) and other viral gene 

expression (Geiser et al., 2002). Infectious virus is not present during latent infection. 

 

1.3. Alphaherpesvirus US3 serine/threonine protein kinase 

The US3 gene encodes a serine/threonine protein kinase (pUS3), a multifunctional 

protein which was reported to play a role in nuclear egress of capsids, prevention of 

apoptosis, modulation of host immune response and modification of the cellular cytoskeleton 

(Murata et al., 2002; Ohara et al., 2002; Cartier et al., 2003b; Van Minnebruggen et al., 2003; 

Benetti and Roizman, 2004; Favoreel et al., 2005; Mou et al., 2008; Liang and Roizman, 

2008). pUS3 is a tegument protein that is conserved in Alphaherpesvirinae based on the 

presence of sequence and/or positional homologs (Mettenleiter, 2004). Functions of the 

proteins from HSV-1 and PrV but not from BHV-1 have been analyzed to a greater extent. 

 

1.3.1. HSV-1 US3 protein kinase 

During infection of cells, most viruses express proteins modulating the process of 

apoptosis that enable the host to limit virus replication and spread. Many viruses, especially 

large DNA viruses have evolved various strategies to escape clearance by apoptosis of the 

infected cells. To date, several anti-apoptotic genes have been identified in HSV-1 

(Nishiyama, 2002), in which pUS3 appears to be one of the most potent anti-apoptotic HSV-

encoded proteins. The HSV-1 US3 transcriptional unit encodes two transcripts. Of these, the 

shorter transcript encodes an aminoterminal 76 residues truncated form of the pUS3 kinase 

which is designated the pUS3.5 kinase (Poon et al., 2006). Unlike PrV, for which it was 
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shown that a pUS3 short isoform is abundant in infected cells (Geenen et al., 2005a), the 

dominant form in HSV-1 infected cells is the pUS3 kinase (68 kDa) which predominantly 

locates in the cytoplasm of infected cells. Only a small amount is found in the nucleus. 

Previous studies have shown that HSV-1pUS3 can counteract apoptosis triggered by either 

over-expression of pro-apoptotic genes of the Bcl-1 family (Bad, Bid and Bax) that initiate 

apoptosis by inducing release of cytochrome c and other factors from the mitochondria 

(Antonsson, 2001; Scorrano and Korsmeyer, 2003), or exogenous inducers (osmotic shock, 

UV irradiation). A report by Poon et al. (2006) indicated that both HSV-1pUS3 and pUS3.5 

kinase cofractionate with mitochondria, but only the pUS3 kinase block apoptosis induced by 

Bad. The observation that both anti-apoptotic pUS3 and non-antiapoptotic pUS3.5 kinases 

cofractionate with mitochondria suggests the possibility that the mitochondrial localization 

sequence (MLS) – as unidentified yet – and the anti-apoptotic domain are localized in 

different domains of the pUS3. In 2001, Munger and Roizman provided an indirect evidence 

for the role of HSV-1pUS3 kinase in phosphorylation of Bad protein by demonstrating that 

the expression of pUS3, in the absence of other HSV-1 proteins, post-translationally modified 

the Bad protein and blocked Bad-induced apoptosis as tested by detection of caspase-3 

activation, caspase-dependent cleavage of poly (ADP-ribose) polymerase (PARP) and 

cellular DNA fragmentation. Furthermore, in-vitro immunoprecipitation analysis 

demonstrated that Bad is a direct substrate for pUS3 phosphorylation, substantiating thereby 

the possibility that pUS3 may prevent apoptosis by inactivating this cellular pro-apoptotic 

protein (Cartier et al., 2003a).  Also sorbitol induced apoptosis, an exogenous stimulus, was 

inhibited by pUS3 (Cartier et al., 2003a).  In a parallel study addressing the role of pUS3 in 

blocking the lysis of infected fibroblasts by cytotoxic T-lymphocyte (CTL), expression of 

pUS3 was identified to be associated with reduced cleavage of a pro-apoptotic protein Bid 

(Cartier et al., 2003b). In the presence of pUS3, granzyme B (GZMB), a serine protease 

released by cytoplasmic granules within cytotoxic T cells to induce apoptosis, failed to cleave 

Bid in cytosolic extracts, while, similar to Bad, Bid served as substrate for pUS3 

phosphorylation. This suggested that modification of Bid by pUS3 blocks its processing by 

GZMB and consequently, the apoptosis process was prevented. Moreover, a report by Ogg et 

al. (2004) demonstrated that HSV-1pUS3 expression suppresses apoptosis induced by Bax. 

This report, also demonstrated the necessary role of the HSV-1pUS3 kinase activity for anti-

apoptotic activity because a catalytically inactive form of pUS3 was unable to block 

apoptosis. Besides, HSV-1pUS3 has been published to block the proteolytic cleavage that 

generates active caspase-3, a member of cysteine protease family that functions as an 
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apoptosis executioner in the apoptosis process, from the zymogen procaspase-3 (an inactive 

proform), concomitant with inhibition of apoptosis (Cartier et al., 2003b; Benetti et al., 

2007). Thus, it is generally accepted that the HSV-1pUS3 kinase appears to be capable of 

suppressing multiple pathways of apoptosis by direct phosphorylation of cellular proteins, but 

the exact details remain unresolved. 

On the other hand, HSV-1pUS3 kinase also has a number of substrates including viral 

proteins such as ICP22, pUL31, pUL34, pUL46, pUS9, gB (pUL27), pUL12 and other 

cellular proteins such as emerin, lamin A/C and cytokeratin 17 (Kato et al., 2005 and 2009; 

Mou et al., 2007; Wisner et al., 2009). Several studies to elucidate pUS3 function have been 

performed, indicating that HSV-1pUL31 and pUL34 form a complex at the inner nuclear 

membrane (INM) of infected cells, with pUS3 also present and that the ultrastructural co-

localization is suggested to play specific roles in primary envelopment and nuclear egress of 

nucleocapsids (Reynolds et al., 2002). Interestingly, both pUL31 and pUL34 are directly 

phosphorylated by pUS3, in which, the phosphorylation of pUL31 plays an important 

regulatory role during primary envelopment and egress of nucleocapsids (Mou et al., 2009; 

Poon et al., 2006), whereas phosphorylation of pUL34 is not critical (Ryckman and Roller, 

2004). However, HSV-1pUS3 kinase was reported to be involved in efficient targeting of the 

pUL34 to nuclear membrane which was expected to influence the virion egress. Indeed, a 

report by Reynolds et al. (2002) proved that HSV-1pUS3 deletion cause virion accumulation 

in nuclear membrane invaginations, a slight delay in infectious progeny generation and a 

moderate reduction in virus yield compared with those of wtHSV-1, suggesting an important 

but nonessential role of the pUS3 in the egress pathway which might affect virus replication. 

pUS3 phosphorylated nuclear lamin A/C which normally obstructed the access of 

nucleocapsids to INM. This supports the contact between nucleocapsids and INM and the 

primary envelopment process is therefore favorable (Mou et al., 2007 and 2008). Recently, 

phosphorylation of gB by pUS3 was found to be required for fusion of gB from primary 

enveloped nucleocapsids with the outer nuclear membrane (ONM) during viral egress 

(Wisner et al., 2009) and the phosphorylation also downregulated gB cell-surface expression 

(Kato et al., 2009). In 2005, Matsuzaki et al. proved that the stability of the tegument protein 

pUL46 and its associated ability with virus particles are dependent on pUS3-mediated 

phosphorylation. In the absence of pUS3, pUL46 was quite unstable and therefore not 

detectable in extracellular virions of US3-deficient virus. The posttranslational processing of 

the viral regulatory protein ICP22 that is required for viral replication in primary human cell 

strains by pUS3 has been reported (Purves et al., 1993). In addtion, studies by Daikoku et al. 
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(1994, 1995) and Mutara et al. (2002) provided evidence for a role of pUS3 kinase in 

phosphorylation of pUS9, a ubiquitinated protein that degrades other proteins at the time of 

virus entry (Brandimarti, 1997); pUL12, a alkaline nuclease that functions in nucleotide 

metabolism; and a cellular intermediate filament protein, cytokeratin 17.  

In HSV-1 infected cells, pUS3 was identified as a physiological substrate of another 

HSV-1 protein kinase, pUL13. That pUL13 phosphorylates pUS3 may regulate the ability of 

pUS3 to determine the proper localization of the viral proteins pUL34 and pUL31 (Kato et 

al., 2006). Although pUL13-mediated phosphorylation of pUS3 is not required for optimal 

pUS3 kinase activity, it might alter other pUS3 activities, such as substrate specificity or 

subcellular localization.   

Identification of pUS3 interacting partners and mapping of the interacting domains 

may allow for the design of drugs that specifically inhibit pUS3. To date, a number of 

nucleotide analogs that target the viral polymerase have been effectively used to treat HSV in 

the clinic. HSV strains resistant to existing drug treatments are appearing, and new therapies 

are needed that will target a different portion of the viral lifecycle (Norfin and Thouvenot, 

2003). Drugs that inhibit pUS3 activity could be useful for treating HSV infections, because a 

US3-deletion virus was less virulent and propagated less efficiently than a wild-type virus in 

mice (Asano et al., 1999 and 2000).  

 

1.3.2. PrV US3 protein kinase 

PrV encodes two US3 isoforms, a long isoform (<5% of pUS3 in infected cells) of 53 

kDa that localizes predominantly to mitochondria and an abundant short isoform (>95% of 

pUS3 in infected cells) of 41 kDa that localizes predominantly to the nucleus but is also 

diffusely distributed in the cytoplasm (Van Zijl et al., 1990; Van Minnebruggen et al., 2003; 

Calton et al., 2004; Geenen et al., 2005a). Both PrVpUS3 isoforms differ by an operational 

54 amino acid N-terminally located mitochondrial localization sequence (MLS) in the pUS3 

long isoform, which is absent in the short isoform (Van Minnebruggen et al., 2003).  

A previous report by Ogg et al. (2004) showed that the short isoform of PrVpUS3 was 

found to be as efficient as HSV-1pUS3 at rescuing cells from Bax-induced apoptosis. Bax, 

together with its modulating factors, Bid and Bad are members of the pro-apoptotic family as 

mentioned above. The pro-apoptotic proteins are known to travel from the cytoplasm to 

mitochondria to exert their pro-apoptotic effect (Burlacu, 2003). Hence, although the 

PrVpUS3 short isoform, which has been shown to be present in the cytoplasm, may be able to 

interfere with the pro-apoptotic activity of these proteins (Ogg et al., 2004), the chance of 
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encountering these pro-apoptotic proteins by pUS3 may increase significantly when it 

localizes to mitochondria. In 2005, Geenen et al. showed that PrV infection renders swine 

testicle cells resistant to apoptosis induced by exogenous apoptotic stimuli such as 

staurosporine or sorbitol. This report also indicated that cells infected with US3-negative PrV 

underwent apoptosis as measured by the activation of caspase-3, and terminal 

deoxynucleotidyltransferase-mediated dUTP-biotin nick end labelling (TUNEL) assay for 

DNA fragmentation. In addition, US3-negative PrV failed to prevent apoptosis in swine 

trigeminal ganglia neurons (Geenen et al., 2005b). Transient transfections using US3 

expression vectors that encode either the long or short isoform indicated that PrVpUS3 can 

restore the anti-apoptotic activity in US3-negative PrV infected cells and that pUS3 alone and 

in the absence of other viral proteins possesses anti-apoptotic activity (Geenen et al., 2005a). 

The PrVpUS3 long isoform proved to be more efficient in protecting cells from apoptosis 

induced by either PrV or staurosporine than its short isoform (Geenen et al., 2005a). Taken 

together, these results suggest a potential advantage for the mitochondrial localization of 

PrVpUS3 in implementing its anti-apoptotic function. Besides, apoptosis was observed late in 

US3-negative PrV infected swine testicle cells (18 to 24 hours post-infection) (Geenen et al., 

2005a), suggesting that additional viral proteins may serve to block apoptosis early in 

infection. However, unlike HSV-1, US3 is the only PrV gene found to have anti-apoptosis 

activity so far (Geenen et al., 2005a).  

Another function of PrVpUS3 is its role in nuclear egress (primary de-envelopment) 

of nucleocapsids but not in primary envelopment. As mentioned above, primary envelopment 

process of PrV capsids is critically dependent on the presence of both pUL34 and pUL31 but 

not pUS3 kinase (Fuchs et al., 2002; Klupp et al., 2000a). Unlike pUL34 in HSV-1 which has 

been identified as a direct substrate of HSV-1pUS3 kinase, PrVpUL34 is not phosphorylated 

by PrVpUS3 kinase (Ryckman and Roller, 2004; Klupp et al., 2001), although localization of 

PrVpUL34 in the perinuclear membrane is influenced by the presence of PrVpUS3. The 

localization at a high density of the pUL34 in the nuclear membrane may be favourable for 

subsequent steps in nuclear egress of capsids (Klupp et al., 2001). It has been demonstrated 

that US3 deletion mutants of PrV exhibit a more cytosolic distribution of pUL34, which 

results in a lower concentration of pUL34 in the nuclear membrane. Whereas the primary de-

envelopment of HSV-1 capsids is influenced by the presence of some viral proteins including 

pUS3, gB and gH (Wisner et al., 2009), only one virus encoded protein, the product of PrV 

US3 gene has been identified. A report by Klupp et al. (2008) showed that lacks of 

glycoproteins gB and gH did not impair nuclear egress of PrV virions. Strikingly, in the 
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absence of pUS3, primary virions accumulate in the perinuclear space and that the deletion of 

PrV US3 gene reduces infectivity only approximately 10-fold which indicated that the pUS3 

functions in virus replication is beneficial but not essential (Kimman et al., 1994; Olsen et al., 

2006). A report by Van Minnebruggen et al. (2003) indicated that the PrVpUS3 causes actin 

stress fiber breakdown in different PrV-infected cells and that the actin stress fibers are 

disassembled may perhaps be important for viral cell-to-cell spread. PrVpUS3 and its kinase 

activity were also proved to induce extensive cytoskeletal alterations including the formation 

of long, actin-containing cellular projections (Favoreel et al., 2005; Van den Broeke et al., 

2009a), a state that is associated with viral enhanced spread. 

In 2004, Granzow et al. reported that the PrVpUS3 kinase is a component of both 

primary and mature virions. This correlates with previous findings on PrVpUS3 distribution 

(Klupp et al., 2001). The absence of pUS3 does not affect virion incorporation of several 

tegument proteins (pUL11, pUL37, pUL46, pUL47, pUL48 and pUL49) and envelope 

glycoproteins (gB, gC, gD, gE, gI, gH, gK, or gM) (Granzow et al., 2004), suggesting that 

pUS3 in primary virions modulates de-envelopment at the outer leaflet of the nuclear 

membrane and is either lost from primary virions during nuclear egress and subsequently 

reacquired early during tegumentation or is retained during transit of the nucleocapsid 

through the nuclear membrane. Experiments using kinase inactive US3 mutants proved that  

the kinase activity is required for these functions of pUS3. Next, a report by Granzow et al. 

(2005) showed the possible role of pUS3, together with pUL36 and pUL37 in virus entry. 

Examination of the penetration process by immune-electron microscopy and analyses which 

of the major tegument proteins remained associated with the incoming capsid revealed that 

pUL36, pUL37 and pUS3 were shown to be present at intracytoplasmic capsids after 

penetration, whereas other tegument proteins were lost. Thus, it was proposed that the three 

capsid-associated tegument proteins are prime candidates for interaction with cellular motor 

proteins for transport of nucleocapsids along microtubules to the nucleus.  

 

1.3.3. BHV-1 US3 protein kinase 

Although several studies addressed the functions of the BHV-1pUS3 kinase, detail 

functional analyses were not performed so far. Unlike PrV and HSV-1, which both encode 

two pUS3 isoforms, BHV-1 encodes a single pUS3 which has an apparent molecular weight 

of 58 kDa. In contrasts to HSV-1pUS3 and PrVpUS3 which inhibit apoptosis induced by the 

virus itself or by a broad range of exogenous apoptotic stimuli (Antonsson, 2001; Scorrano 

and Korsmeyer, 2003; Cartier et al., 2003a; Geenen et al., 2005a/b; Ogg et al., 2004), indirect 
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evidence suggested that BHV-1pUS3 is not directly involved in blocking apoptosis in 

infected cells (Takashima et al., 1999). Labiuk et al. (2009 and 2010) proposed that in BHV-

1-infected cells, the BHV-1 UL47 and UL49 gene products (VP8 and VP22, respectively) are 

substrates for both cellular CK2, a highly conserved cellular protein kinase which is 

expressed ubiquitously and viral BHV-1pUS3 kinase. Brzozowska et al. (2010) demonstrated 

that BHV-1pUS3 expression changes cellular shape and induces formation of long 

microtubule-containing cellular projections in various cell types, a phenomenon which had 

also been observed in cells expressing PrVpUS3. The cytoskeletal rearrangements and cell 

extensions induced by the BHV-1pUS3 were supposed to be associated with viral cell-to-cell 

spread. 

 

1.4. The aims of the study.  

As described above, BHV-1 is an important pathogen associated with several disease 

manifestations in cattle, causing significant economic losses in cattle industry worldwide. 

BHV-1 is associated with conjunctivitis, reproductive tract lesions, encephalitis, fetal 

infection and ‘shipping fever’ syndrome in cattle. Most of the economic losses result from 

shipping fever, milk drop, decreased body weight, abortions and death. A major feature 

complicating the control of BHV-1 in particular and herpesviruses in general is their ability to 

establish latency within the host. 

To control BHV-1, eradication programs involving vaccination, herd isolation, border 

control and slaughter were addressed in some countries. Although many vaccines directed 

against BHV-1, including inactivated, attenuated, subunit or gene-deleted (marker) vaccines 

have been developed (Van Oirschot et al, 1996; Makoschey and Keil, 2000; Mars et al, 2001; 

Inman et al., 2002; Van Drunen Little-van der Hurk, 2006; Butchi et al, 2007), some 

disadvantages still remain. For example: some commercial vaccines have the potential to 

induce disease in small calves (Jones, 2008) or reactivate from latency and/or retain 

virulence. Besides, BHV-1 is a potential viral vector candidate for vaccines against other 

pathogens of cattle like bovine respiratory syncytial virus (BRSV), foot and mouth disease 

virus (FMDV) and bovine viral diarrhea (BVD) virus (Taylor et al., 1998; Klopfleisch et al., 

2010; Wang et al., 2003). Therefore, in order to promote novel strategies including 

generation of new genetically engineered vaccines and/or antivirals to control BHV-1, a 

better understanding of the biology of BHV-1 concerning to infection mechanism, replication 

cycle and host immune evasion based on studies of viral protein functions, protein-protein 

interactions and signal transduction in the infected cells is required. Apparently, before being 
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functional, many mammalian cellular proteins and viral proteins have to undergo post 

translation modification involving phosphorylation, glycosydation, acetylation or 

methylation. The pUS3, a serine/threonine protein kinase that is conserved in 

Alphaherpesvirinae may play an important in phosphorylation and regulation of the activities 

of viral and cellular proteins. It has also been proposed that pUS3 affects virulence. Whereas 

many studies of the pUS3 functions of HSV-1 and PrV, a closely related homolog of BHV-1 

have supported these assumptions, the role of BHV-1pUS3 is not yet fully understood so far. 

The aims of this study therefore were to investigate the functions of BHV-1pUS3 for virus 

replication in cultured cells, effect on apoptosis and identification of protein interactions with 

cellular proteins and addressed the function of the aminoterminal region by generating a short 

isoform of BHV-1pUS3 which corresponds in size to the natural short isoforms of PrVpUS3 

and HSV-1pUS3. 
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2. MATERIALS AND METHODS 

 

2.1. Materials 

 

2.1.1. Cell lines 

Madin-Darby bovine kidney cell line (MDBK) and primary bovine pharyngeal cell 

line 244 (KOP-R) were grown in Dulbecco’s modified eagle medium (DMEM), 

supplemented with 10% FCS, 2.4 mM L-glutamine, 100 U of penicillin per ml, and 100 µg of 

streptomycin per ml. Cell cultures were incubated at 370C in a humidified atmosphere 

containing 5% CO2. MDBK cells were kindly provided by Metzler A. (Zürich, Switzerland). 

Ovine cell line (L11) and rabbit kidney cell line (RK13) were cultured using ZB5 

medium containing 10% FCS, 100 U of penicillin per ml, and 100 µg of streptomycin per ml. 

The cells were grown at 370C in a humidified atmosphere with 5% CO2. 

Human embryonic kidney cell line (HEK 293T) and Human cervix carcinoma cell 

line (Hela) were grown in ZB5 medium supplemented with 10% FCS, 100 U of penicillin per 

ml, and 100 µg of streptomycin per ml. The cells were grown as monolayers at 370C in a 

humidified atmosphere with 5% CO2.  

The insect cell line from Spodoptera frugiperda (Sf9) was maintained in Grace’ 

medium supplemented with 10% FCS, 100 U of penicillin per ml, and 100 µg of 

streptomycin per ml. The cell cultures were incubated at 270C in a humidified atmosphere 

containing 2.5% CO2. 

The insect cell line from Trichoplusia ni (High V) was maintained in Insect Express 

SF9-S2 medium (PAA) supplemented with 0,14 ug L-Glutamin, 100 U of penicillin and 100 

µg of streptomycin per ml. The cell cultures were incubated at 270C in a humidified 

atmosphere containing 2.5% CO2.. 

The cell lines were provided by R. Riebe, FLI, The Collection of Cell Lines in 

Veterinary Medicine, Insel Riems, Germany. 

 

2.1.2. Viruses 

BHV-1/Schönböken Wild-type bovine herpes virus 1, strain Schönböken (FLI). 

BHV-1/Aus12  Wild-type bovine herpes virus 1, strain Aus12 (FLI). 

PrV Pseudorabies virus (FLI). 

BacMam Baculovirus without insertion for transduction (FLI). 
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BacMam-GFP Recombinant baculovirus with GFP insertion that is controlled 

by MCMV promoter (FLI). 

rBac Baculovirus (Bac-to-Bac® Baculovirus Expression System,  

Invitrogen).  

 

2.1.3. Bacteria 

C600  Escherichia coli genotype: F– supE44 thi-1 thr-1 leuB6 LacY1 

tonA21 Lambda- hsdR-hsdM+ (FLI). The bacterium was grown 

in LB medium under constant shaking at 37°C or on LB plates 

at 37°C. 

DH10Bac™ Escherichia coli genotype: F– mcrA  (mrr-hsdRMS-mcrBC) 

80lacZ M15 lacX74 recA1 endA1 araD139 (ara, leu)7697 

galU galK – rpsL nupG /pMON14272 / pMON7124 

(Invitrogen). The bacterium was grown in LB medium under 

constant shaking at 37°C or on LB plates at 37°C. 

E.coli K12 TB1 Escherichia coli genotype: F- ara  (lac proAB) rpsL ( 80 lacZ

M15) hsdR (BioLabs). 

PANSORBIN cells Heat-killed, formalin-fixed Staphylococcus aureus cells that 

bear a high cell-surface density of protein A (Calbiochem). 

 

2.1.4. Plasmids 

pBLOCK-iT™ U6 RNAi A short hairpin RNA (shRNA) expression vector for use in 

RNA interference (RNAi) analysis of a target gene in 

mammalian cells (Invitrogen). 

pBac-U6-shRNA A modified  transfer vector constructed from pFastBacDual and    

pBLOCK-iT™ U6 RNAi Entry Vector (Invitrogen) to produre 

recombinant plasmids for BacMam transduction (FLI). 

pcDNA3 Expression vector designed for high-level stable and transient 

expression in mammalian cells, using human cytomegalovirus 

(HCMV) immediate-early promoter region (Invitrogen)  

pEGFP-N1 An N-Terminal Protein Fusion vector that allow not only the 

localization of the fusion protein in-vivo but also the retaining of 

fluorescent properties of GFP (Clontech). The recombinant 
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EGFP vector can be transfected into mammalian cells using any 

standard transfection method. pEGFP-N1 can also be used 

simply to express fluorescent GFP in a cell line of interest as a 

transfection marker. 

pFastBacDual  Transfer vector to produce recombinant Baculovirus (Bac-to-

Bac® Baculovirus Expression System, Invitrogen) 

pMALTM-p2X Vector for expression and purification of proteins produced in 

E.coli (BioLabs). 

pFBD-iePH-GFP Modified transfer vector (originated from pFastBacDual - 

Invitrogen) with a GFP ORF under the control of the Polyhedrin 

(PolH) promoter and two opposite MCMV promoters to 

produce recombinant plasmids for BacMam transduction (Dr. 

G. Keil, FLI). 

pSP73 A cloning vector that offers a wide range of restriction enzyme 

cleavage sites, providing greater versatility in cloning and 

transcription of RNA in-vitro. It contains the SP6 and T7 RNA 

polymerase promoters and a unique multiple cloning region 

(Promega). 

pSUPER.retro.neo-GFP A expression vector for siRNA (Oligoengine). 

 

2.1.5. Antibiotics 

Ampicillin      Serva 

Chloramphenicol     Serva 

Gentamycin      Sigma 

Kanamycin      Sigma 

L-Glutamine      Invitrogen 

Penicillin G      Grünenthal AG 

Streptomycin      Sigma 

Tetracycline      Sigma 

 

2.1.6. Enzymes, nucleic acids, markers 

AccuPrimeTM Pfx DNA polymerase   Invitrogen 

Calf intestinal (alkaline) phosphatase (CIP)  Roche 
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Complete protease inhibitor cocktail tablets  Roche 

Deoxyribonuclease (DNase)    Pharmacia 

DNA-1kb ladder     Invitrogen 

DNA polymerase I (Klenow enzym)   Roche 

dNTPs       Promega 

FastStart Tag DNA polymerase   Roche 

Klenow      NEB 

Lysozyme      Sigma 

Proteinase K      Roche 

Protein ladder - Benchmark®    Invitrogen 

Protein prestained ladder - Benchmark®   Invitrogen  

Pfu DNA polymerase     Promega 

Protease inhibitor (EDTA-free)   Roche 

Restriction endonuclease    NEB, Roche, Promega 

Ribonuclease A (RNase A)    Sigma 

T4-DNA ligase     Roche 

T4-polynucleotidkinase (PNK)   NEB 

Taq polymerase     Roche 

 

2.1.7. Sera 

Fetal calf serum (FCS)    Invitrogen 

 

2.1.8. Antibodies and adjuvants 

Anti-Actin a monoclonal antibody produced in mouse and a polyclonal 

antibody produced in rabbit against actin (Sigma).  

Anti-BHV-1UL7 a polyclonal rabbit serum raised against BHV-1pUL7 (Dr. G. 

Keil, FLI). 

Anti-Caspase 3, active  antibody produced in rabbit against active caspase 3 (Sigma). 

Anti-Flag Mab a monoclonal Anti-Flag® M2 antibody produced in mouse 

(Sigma). 

Anti-gB COOH a polyclonal rabbit serum raised against the carboxyterminal 

end of the glycoprotein gB of BHV-1 (Dr. G. Keil, FLI). 

Anti-gB Mab 42/18/7  a mouse monoclonal antibody raised against glycoprotein gB of 

BHV-1 (Dr. G. Keil, FLI). 
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Anti-Mal Rabbit anti-Mal polyclonal antibody (Abcam). 

Anti-Mal-BHV-1US3 a monospecific antibody in rabbit serum raised against Mal-

BHV-1pUS3 (Dr. G. Keil, FLI). 

Anti-Myc a rabbit polyclonal affinity purified antibody raised against a 

peptide mapping near the C-terminus of c-Myc of human origin 

(Santa Cruz Biotechnology, Inc). 

Anti-Myc MAb a mouse monoclonal antibody epitope corresponding to amino 

acids 408-439 within the C-terminal domain of c-Myc of human 

origin (Santa Cruz Biotechnology, Inc). 

Anti-PARP a rabbit polyclonal antibody raised against amino acids 764-

1014 mapping at the C-terminus of PARP-1 of human origin 

(Santa Cruz Biotechnology, Inc). 

Anti-SET (I2PP2A)  a rabbit polyclonal antibody raised against amino acids 1-120 of 

I2PP2A of human origin (Santa Cruz Biotechnology, Inc). 

Anti-SET (I2PP2A) an affinity purified goat polyclonal antibody raised against a 

peptide mapping within an internal region of I2PP2A of human 

origin α-SET (Santa Cruz Biotechnology, Inc). 

Anti-SET Mab a monoclonal anti-SET antibody produced in mouse (Sigma). 

Anti-Tubulin a monoclonal anti alpha-tubulin antibody produced in mouse 

(Sigma). 

Alexa Fluor®594 goat anti rabbit IgG (Invitrogen) - orange/red 

Alexa Fluor®488 goat anti rabbit IgG (Invitrogen) - cyan/green 

Alexa Fluor®594 goat anti mouse IgG (Invitrogen) - orange/red 

Alexa Fluor®488 goat anti mouse IgG (Invitrogen) - cyan/green 

Peroxidase-conjugated affinipure goat anti rabbit IgG (Dianova) 

Peroxidase-conjugated affinipure goat anti mouse IgG (Dianova) 

Freund`s adjuvant, complete (Sigma) 

Freund`s adjuvant, incomplete (Sigma) 

 

2.1.9. Chemicals and reagents 

Adenosin triphosphat (ATP)      Sigma 

Agar         Difco 

Agarose        Invitrogen 
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Bacto typton        Invitrogen 

Bromophenol blue       Serva 

Bovine serum albumin (BSA)      NEB 

Butyric acid (butanoic acid)      Sigma 

Cesium chloride (CsCl)      Invitrogen 

Carboxyfluorescein succinimidyl ester (CFSE)   ALEXIS 

Chloroform        Roth 

Dulbecco's modified eagle medium (DMEM)   Gibco 

Dimethyl sulfoxide (DMSO)      Roche 

Dithiothreitol (DTT)       Roche 

Ethylenediaminetetra acetic acid (EDTA) - free acid   Sigma 

Ethylene glycol tetra-acetic acid (EGTA)    Sigma 

Ethidium Bromide (EtBr)      Serva 

Hoechst 33258       Sigma 

L-Glutamin        Serva 

Isoamylalcohol       Roth 

Isopropyl β-D-1-thiogalactopyranoside (IPTG)    Roche 

N,N,N`,N`;-Tetramethylethylendiamin (TEMED)   Roche 

Nonidet P-40 (NP40)       Sigma 

Paraformaldehyde (PFA)      Sigma 

Phenol         Roth 

Polyethylenimine (PEI)      Sigma 

Polyethylenglycol (PEG)      Sigma 

Piperazine-N,N'-bis 2-ethanesulfonic Acid (PIPES)   Sigma 

Phenylmethylsulfonyl fluoride (PMSF)    Sigma 

Sodium dodecyl sulfate (SDS)     Serva 

Sodium acetate (NaOAc)      Serva 

Seakem ME-agarose       FMC 

Sucrose (D+ saccharose)      Serva 

Sodium azide (NaN3)       Sigma 

Sodium lauroyl sarcosinate (sarcosyl)    Sigma 

Tricin         Sigma 

Tris-Base        Invitrogen 

Triton X-100        Serva 
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Trizol         Invitrogen 

Yeast extract        Difco 

5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) Invitrogen  

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Sigma 

All other chemicals were from Merck 

 

2.1.10. Kits 

Anti-Flag M2 Affinity Gel      Sigma 

Bac-to-Bac® Baculovirus Expression System   Invitrogen 

Big Dye Terminator Cycle Sequencing Kits    Applied Biosystems 

First strand cDNA Kit       Amersham Biosciences 

Flag Tagged Protein Immunoprecipitation Kit   Sigma 

Flag Peptide        Sigma 

Flag Peptide 3x       Sigma 

FuGENE® HD Transfection Reagent     Roche 

Mammalian Transfection Kit      Stratagene 

Plasmid Midi Kit®       QIAGEN 

pMalTM Protein Fusion and Purification System   BioLab 

PANSORBIN cells     Calbiochem 

QIAamp® DNA Blood Mini Kit     QIAGEN 

QuikChange II XL Site-Directed Mutagenesis Kit   Stratagene 

RNeasy Mini Kit     QIAGEN 

Sigma SpinTM Post-Reaction Clean-Up Columns   Sigma 

Super Signal® West Pico Chemiluminescent Substrate  PIERCE 

Transcriptor High Fidelity cDNA Synthesis sample Kit  Roche 

Vivaspin concentrator     Sartorius 

 

2.1.11. Equipments and devices  

Agarose gel apparatuses      FLI, Insel Riems 

Bacteria incubator       Bachofer, Heraeus  

CO2 incubator (CO-170)      Innova 

Water-jacket CO2 incubators for cell cultures   Forma Scientific 

Centrifuges  
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Table centrifuge 5415D     Eppendorf 

Cooling centrifuge 5417R     Eppendorf 

Minifuge 2       Heraeus 

Table centrifuge (Rotina 420R)    Hettich 

LE70 ultracentrifuge      Beckman 

J2-HS centrifuge with JA17/JA10 rotor   Beckman 

Optima TLX ultracentrifuge     Beckman 

Confocal laser scanning microscopy system (TCS SP5)  Leica 

Light microscope        Leica 

Fluorescence microscope      Nikon 

Fluorescence microscope TO 41 with digital camera   Olympus 

Eppendorf Mastercycle Gradient     Eppendorf 

FACS Calibur Flow cytometer     Becton Dickinson 

Genetic Analyzer 3130      Applied Biosystems 

Innova 4330 shaker for bacterial cultures    New Brunswick Scientific 

Multichannel pipettes and pipettes     Eppendorf, Gilson 

Mini-Protean® chamber      Biorad 

Plaque counting chamber      Marienfeld GmbH 

Spectrometer ® 640       Beckman 

Sequencer LI-COR GENE READER 4200    MWG 

Trans-Blot ® SD Semi-Dry Transfer Cell    Biorad 

Sonifier (ultrasonic water bath)     Branson  

Gevamatic cassette (for Western blot)    AGFA-Gevaert 

BAS cassette (for radio-active immunoprecipitation)   Fujifilm 

Bio-imaging analyzer FLA 3000      Fujifilm 

Radio active detector (LB122)     Berthold 

Maldi TOF/TOF Mass spectrometer (Ultraflex I TOF/TOF)  Brunker, Germany 

Milli-Q        Millipore 

Molecular image ChemiDoc XR     BioRad 

Molecular image GelDoc XRS     BioRad 

Magnetic stirrer        Bachofer 

Microprocessor pH Meter      WTW 

Safe cabinet        ClanLAF, Steril-Antares 

Water bath        GFL, Bachofer 
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Thermomixer compact      Eppendorf, Bachofer 

Weight scale         Sartorius 

Refrigerator        Liebherr 

Freezer         Liebherr 

Freezer (ultralow temperature)     New Brunswick Scientific 

Table shakers        Hoefer, Heidolph 

UV transilluminator       Herolab 

Vortex         Heidolph, Bachofer 

 

2.1.12. Disposables 

3MM chromatography paper      Whatman 

FACS tubes        Becton Dickinson 

Hyper film ™ MP High Performance autoradiography film  Amersham Bioscience 

Nitrocellulose 0.22µm      Schleicher & Schuell  

Sterile filter        Millipore 

Syringes        Dispomed 

Cell culture material       Costar, Greiner 

Centrifuge tubes       Beckman 

Protrans nitrocellulose transfer membrane         Whatman  

Pipette tips         Eppendorf 

Reaction tubes        Eppendorf  

Multi-well cell culture plates (Costar)     Corning Inc., USA  

Cell culture flasks (Corning Flask)     Corning Inc., USA 

Tissue culture dishes        Cellstar 

Stericup (vacuum driven disposable filtration system)  Millipore 

 

2.1.13. Animals 

Chinchilla Bastard rabbits from FLI 

 

2.1.14. Software 

Biological sequencing alignment editor  BioEdit. Tom Hall, Ibis Therapeutics, 

Carlsbad, CA. 

ChemiDoc/GelDoc analysis Quantity one software, BioRad. 

FACS analysis  CellQuest software, Becton Dickinson. 
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Mass spectrometer 

Acquisition of spectra FlexControl 3.0 

Peak fidelity and calibration of spectra FlexAnalysis 3.0 

Identification of proteins BioTools 3.2  

Plaque size measurement  analySIS labFlow 5.0, Soft Imaging 

Systems GmbH, Germany. 

Sequencing analysis GCG version 11.1. Accelrys Inc. San 

Diego, CA. 

Statistical analysis  GraphPad Prism software Inc. 

Leica application suite advanced fluorescence (LAS AF) software for Confocal laser 

scanning microscopy system. 

Analysis Pro solfware for processing and merging images. 

 

2.1.15. Primers 

Tab. 4. PCR primers and sequencing primers 

Name Seq 5’ to 3’ Company 

US3deltaDOWN- 5`- TAG TCT AGA GCC CGA CGG TCC GGC AAT CTG CGA GGT C 
- 3` MWG Biotech 

US3deltaDOWN
+ 

5’- CTT GGG CAC GGA TCC TAG CGG CCG CGG AGC TGC TGG 
AGC ACC CCG TCT TC - 3’ MWG Biotech 

US3deltaUP- 5`- GCG GCC GCT AGG ATC CGT GCC CAA GAA CGT CGG GTC 
GTG TCG CGG GAT C - 3` MWG Biotech 

US3deltaUP+ 5`- TAA GAA TTC TCA ACG GCA CTG TGC TGA TCA CCA CGC 
GGT TG - 3` MWG Biotech 

US3toC-Flag- 5`- GTC AAG CTT AAG AGC TCG CTC CCG AGG CCG CGC CGA 
AGA C - 3` MWG Biotech 

US3toC-Flag+ 5`- TAA GAA TTC GGA TCC ACC ATG GAG CGC GCG GCG GAG 
CGG CTG - 3` MWG Biotech 

US3sm-toC-
Flag+ 

5`- TAA GAA TTC GGA TCC ACC ATG GCT GCC ACC GGG GAC 
GAA AAG GAG AGC GC - 3` MWG Biotech 

U-COOH-Flag+ 5`- TAA GAA TTC TCG AGC TCT GAC TAC AAG GAT GAC GAT 
GAC AAG - 3` MWG Biotech 

U-COOH-Flag- 5`- TCA TCT AGA GCG GCC GCT CAC TTG TCA TCG TCA TCC 
TTG - 3` MWG Biotech 

U-NH2-Flag+ 5`- TAA GAA TTC GGC GCG CCA CCA TGG CTA GCG ACT ACA 
AGG ATG ACG ATG- 3` MWG Biotech 

U-NH2-Flag- 5`- CTA TCT AGA GCT CGA GCC CTT GTC ATC GTC ATC CTT 
GTA GTC- 3` MWG Biotech 

TKpAup 5` - TCG ACA GAG TGC CAG CCC TGG GAC - 3` MWG Biotech 

SV40pAup 5`- ATG TGG TAT GGC TGA TTA TGA TCC - 3` MWG Biotech 
BHV1-
US3inscontrol+ 5`- GCT TGG AGT CCG GCT GCC GTT TCT G - 3` OPERON 

BHV1-
US3inscontrol- 5`- GGT GCC CGC GCC TTA TAT GCC TCA G - 3` OPERON 

BHV-1US3dKin+ 5`- CCC GCC GGA TCG CTC CCC GGG CCG TCA AAA CG - 3` OPERON 
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BHV-1US3dKin- 5`- GAG CGA TCC GGC GGG AGT GCA GGT AC - 3` OPERON 

GFP-N 5`- TGA ACT TGT GGC CGT TTA CG - 3` LIFE TECH 

GFP-C 5`- GAC CCC AAC GAG AAG CGC G - 3` LIFE TECH 

PrV-US3 For 5`- CAC AGA ATT CCA ATG GCC GAC GCC GGA ATC - 3`  Dr. B. Klupp, FLI 

PrV-US3 Rev 5`- CAC AGA ATT CCT ACC GCT CGG AGC CGG CCC - 3` Dr. B. Klupp, FLI 

SG_PrV-US3dk+ 5`- CGC CGT CAA GGC GGA GAA CAT CTT CC - 3` Dr. B. Klupp, FLI 

SG_PrV-US3dk-  5`- TCG AGG AAG ATG TTC TCC GCC TTG ACG GCG - 3` Dr. B. Klupp, FLI 

SET5+ 5`- TAG AAG CTT CCC GGG TAC CAT GAG CGC TCC GGC GGC 
CAA AGT CAG - 3` MWG Operon 

SET3- 5`- TAG AAT TCT TAA GCT TCG TCT CTA GTC ATC TTC TCC 
TTC ATC CTC CTC TC - 3` MWG Operon 

NevianiMis+ 5`- CAC CGT GAA ATA CAG ACA GTT AAT CTC GAG ATT AAC 
TGT CTG TAT TTC A - 3` MWG Operon 

NevianiMis- 5`- AAA ATG AAA TAC AGA CAG TTA ATC TCG AGA TTA ACT 
GTC TGT ATT TCA C - 3` MWG Operon 

Neviani+ 5`- CAC CGT GAA ATA GAC AGA CTT AAT CTC GAG ATT AAG 
TCT GTC TAT TTC A - 3` MWG Operon 

Neviani- 5`- AAA ATG AAA TAG ACA GAC TTA ATC TCG AGA TTA AGT 
CTG TCT ATT TCA C - 3` MWG Operon 

tenKlooster+ 5`- CAC CGG ATG AAG GTG AAG AAG ATC TCG AGA TCT TCT 
TCA CCT TCA TCC CCT TCA TCC - 3` MWG Operon 

tenKlooster- 5`- AAA AGG ATG AAG GTG AAG AAG ATC TCG AGA TCT TCT 
TCA CCT TCA TCC CCT TCA TCC - 3` MWG Operon 

Sigma63714+ 5`- CAC CGA AGA AGA TGA TGA TGA TGA TCT CGA GAT CAT 
CAT CAT CAT CTT CTT C - 3` MWG Operon 

Sigma63714- 5`- AAA AGA AGA AGA TGA TGA TGA TGA TCT CGA GAT CAT 
CAT CAT CAT CTT CTT C- 3` MWG Operon 

Sigma63716+ 5`- CAC CGC GAT TGA ACA CAT TGA TGA ACT CGA GTT CAT 
CAA TGT GTT CAA TCG C - 3` MWG Operon 

Sigma63716- 5`- AAA AGC GAT TGA ACA CAT TGA TGA ACT CGA GTT CAT 
CAA TGT GTT CAA TCG C - 3` MWG Operon 

SETorf668+ 5`- GGC CAA ACC CAT TAC AGT ACT ACT TGG TTC - 3` MWG Operon 

SETorf83- 5`- CTT CAT CAA TGT GTT CAA TCG CTT CTT GCT G - 3` MWG Operon 

Flag-SET+ 5`- TAG AAG CTT GTT AAC CAT GGA CTA CAA GGA TGA CGA 
TGA CAA G - 3` MWG Operon 

Flag-SET- 5`- TAG AAG CTT AGT CAT CTT CTC CTT CAT CCT C - 3` MWG Operon 

SP6 5`- ATT TAG GTG ACA CTA TAG - 3` 5`-IRD 700 markiert

T7 5`- TAA TAC GAC TCA CTA TAG G - 3` 5`-IRD 800 markiert

pspSP6 5`- GTC GTT AGA ACG CGG CTA - 3` 5`-IRD 800 markiert

pspT7 5`- TAA TAC GAC TCA CTA TAG GG - 3` 5`-IRD 700 markiert
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2.2. Methods 

 

2.2.1. DNA cloning 

2.2.1.1. Cleavage of DNA with restriction enzymes 

DNA was incubated for 1 to 2 h with 3 to 5 U of the respective restriction enzyme 

(NEB, Germany) per µg DNA in the appropriate restriction enzyme (1x) buffer according to 

the manufacturer’s instructions. Digestion was controlled by agarose gel electrophoresis. 

 

2.2.1.2. Generation of blunt ends from 5’ overhang ends  

Conversion of 5’ overhangs of DNA fragments to blunt ends 

5’ overhangs of DNA fragments were filled to blunt ends directly in the restriction 

enzyme buffer (NEB, Germany) by adding 100 µM of each dNTP, and 1 U of Klenow 

fragment (NEB, Germany) per µg DNA in a final volume of 50 µl. Reaction was carried out 

for 30 min at RT (250C) and the reaction was stopped by adding 1 µl of 0.5 M EDTA – pH 

7.5 (Sigma, Germany) or incubation at 750C for 10 min. 

Conversion of 3’ overhangs of DNA fragments to blunt ends 

3’ overhangs of DNA fragments were filled to blunt ends directly in the restriction 

enzyme buffer (NEB, Germany) by incubation with 1 U of Klenow fragment (NEB, 

Germany) per µg DNA for 15 sec in a final volume of 50 µl. Then 100 µM of each dNTP was 

added and the reaction was carried out for 30 min at RT (250C). The reaction was stopped by 

adding 1 µl of 0.5 M EDTA – pH 7.5 (Sigma, Germany) or incubation at 750C for 10 min. 

 

2.2.1.3. Dephosphorylation of plasmid DNA fragments by alkaline phosphatase 

DNA fragments were dephosphorylated in a final volume of 250 µl by incubation at 

370C for 30 min and 560C for 30 min with total 6 to 8 U of calf intestinal phosphatase (CIP, 

Roche, Germany) per µg DNA in the presence of 1x CIP buffer according to the 

manufacturer’s instructions. The reaction was terminated by addition of 50 µl of 60mM 

EGTA (Sigma, Germany) and incubated at 650C for 15 min. The phosphatase was destroyed 

by addition of 30 µl of 10% SDS (Serva, Germany) and 1 µl of 10 mg/ml proteinase K 

(Roche, Germany) and incubation at 560C for 15 min. 

 

2.2.1.4. Isolation of DNA fragments from agarose gels 

DNA fragments were separated on agarose gel and the desired bands were excised 

under UV light (366 nm) with a clean, sharp scalpel. The bands containing the target DNA 
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fragments were crushed by a glass rod in an Eppendorf tube and an equal volume of phenol 

was added. The mixture in the tube was vortexed and frozen in liquid nitrogen prior to 

centrifugation at 14000 rpm for 25 min at 200C. The upper aqueous phase was transferred to 

a new Eppendorf tube and an equal volume of CIAA was added. After centrifugation at 

14000 rpm for 5 min, the upper aqueous phase was transferred to a new tube. To precipitate 

the DNA, 1:10 (v/v) of 3 M NaOAc – pH 7.0 and 2.5 volumes of 100% ethanol were added 

and the mixture was incubated at -700C for 30 min. The DNA was pelleted by centrifugation 

at 14000 rpm for 15 min at 200C, washed with 70% ethanol, dried at 560C and resuspended in 

TE buffer – pH 7.5.  

 

2.2.1.5. Purification of DNA using PCE (Phenol - Chloroform/isoamylalcolhol - Ethanol) 

extraction 

To remove enzymes and other proteins from the DNA solutions, an equal volume of 

Phenol, Phenol : CIAA (1:1, v/v) and CIAA was added time by time separately. The upper 

aqueous phase was separated by centrifugation at 14000 rpm for 2 min and transferred to a 

new tube. At last, 1:10 (v/v) of 3M NaOAc (pH 7.0) and 2.5 volumes of 100% ethanol were 

added and the mixture was incubated at -700C for 30 min. Subsequently, the DNA was 

pelleted by centrifugation at 14000 rpm for 15 min at 200C, washed with 70% ethanol, dried 

at 560C and resuspended in TE buffer (pH 7.5). 

 

2.2.1.6. Ligation 

A molar ratio of 1:3 of dephosphorylated vector (100 ng) and fragment DNA was 

used for sticky end ligations. For blunt end ligations, a molar ratio of 1:5 was used. Reactions 

were carried out using 0.1 U (sticky end ligation) or 1 U (blunt end ligation) T4 DNA ligase 

(Roche, Germany) in the presence of 1x TA buffer, 50 µg/ml BSA, 10 mM DTT and 1 mM 

ATP in a final volume of 50 µl. Ligations were incubated at 370C for 5 min and subsequently 

at RT for 1 h before keeping them at 40C overnight. 

 

2.2.2. Transformation and Transposition 

2.2.2.1. Preparation of competent bacterial cells 

20 ml of LB medium was inoculated with 50 µl of bacterial cells (E.coli strain C600 

or DH10BacTM) that have been stored in 50 µl of glycerol and incubated at 370C overnight 

(about 14 h) on a shaker. 1 ml of the culture was transferred into 100ml LB containing 20 

mM MgSO4 and 10 mM KCL and continuously incubated at 370C for about 90 min until the 
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cells grew to an optical density (OD) of 0.6 at 660 nm. The bacterial cells were then pelleted 

by centrifugation at 3000 rpm for 10 min at 40C. The cell pellet was dissolved in 25 ml buffer 

containing 60 mM CaCl2, 15% (v/v) glycerol, 10 mM Pipes (pH 7.5) and incubated on ice for 

40 min. Subsequently, the bacterial cells were pelleted again by centrifugation at 3000 rpm 

for 10 min at 40C and resuspended in 5 ml of the same buffer as above. After further 2 h 

incubation on ice, the bacterial cell suspension was aliquoted in eppendorf tubes and stored 

immediately at -700C. 

 

2.2.2.2. Transformation 

Competent E.coli cells (C600) were thawed on ice. 50 to 200 ng ligated DNA and 

controls were gently mixed with 50 µl C600 cells (5 x 106 cells) and incubated on ice for 20 

min. The competent cells were then heated at 420C for exact 2 min, subsequently incubated 

on ice for 5 min and 200 µl of LB medium containing 10 mM KCl and 10 mM MgSO4 was 

added prior to incubation at 370C for 1 h. The transformation mixtures were then spread on 

appropriate antibiotic LB agar plates and incubated at 300C overnight.  

 

2.2.2.3. Transposition to generate recombinant bacmids, using the Bac-to-Bac® Baculovirus 

Expression System (Invitrogen) 

Competent bacterial DH10BacTM cells (Bac-to-Bac® Baculovirus Expression System, 

Invitrogen) were thawed on ice. About 0.5 to 1 µg of purified DNA of the respective 

baculovirus transfer vectors were gently mixed with 95 µl DH10BacTM cells (1 x 107 cells) 

and incubated on ice for 20 min. The competent cells were then heated at 420C for exact 2 

min and immediately incubated on ice for 5 min. Subsequently, 900 µl SOC medium were 

added and the transposition culture was incubated at 370C for about 4 h at 300 rpm in a 

thermo mixer. A 10-3 dilution of the transposition culture was prepared in SOC medium and 

incubated at 370C overnight at 300 rpm and diluted in SOC medium to get 10-4, 10-5 diluted 

cultures. The diluted cultures were further incubated at 370C for 2 h at 300 rpm. To prepare 

blue-selection agar plates, 40 µl IPTG 100 mM (isopropyl-β-D-thiogalactoside) and  40 µl 20 

mg/ml X-Gal were spread on LB plates containing tetracycline (10 µg/ml), kanamycin (50 

µg/ml), gentamicin (7 µg/ml). The plates were then kept at RT for 2 h prior to addition of 200 

µl diluted transposition cultures (10-3, 10-4 and 10-5 dilutions). After about 24 h incubation at 

370C and ca. 10 h incubation at RT, colonies that did not stain blue were picked and added to 

3 ml of LB selection medium with the antibiotics given above and incubated overnight at 
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37°C on a shaker. The culture was harvested and stored at 40C until the DNA of the 

recombinant bacmid containing the gene of interest was extracted (see Fig. 5). 

 

2.2.3. Extraction of nucleic acids 

2.2.3.1. Mini-preparation of bacterial plasmid DNA and recombinant bacmid DNA 

1 ml of E.coli overnight culture in LB was transferred into a 1.5 ml reaction tube and 

the bacterial cells were pelleted at 7000 rpm for 1 min. Supernatant was aspirated and the cell 

pellet was resuspended in 100 µl of solution I in an Eppendorf shaker at RT. Then 100 µl of 

solution II was added and the suspension was mixed well on a shaker for 4 min at RT. After 

adding 150 µl of solution III, the bacterial suspension was gently swirled and subsequently 

incubated on ice for 20 to 60 min. The suspension was then centrifuged at 14000 rpm for 5 

min at 200C to separate the supernatant and the cell debris. The supernatant containing the 

plasmid DNA was poured into a new Eppendorf tube prior to addition of 1 ml of 100% 

ethanol. After incubating at -700C for 15 min, the plasmid DNA was pelleted by 

centrifugation at 14000 rpm for 10 min at 200C and subsequently washed with 1 ml of 70% 

ethanol. The plasmid DNA was dried at 560C for about 5 min and then resuspended in 40 µl 

TE buffer (pH 7.5) including 10 µg/ml RNase A. 

A small amount of the plasmid DNA (5 µl) was used to identify the recombinant 

clones using restriction enzyme (RE) cleavage and agarose gel electrophoresis, PCR or 

sequencing assays. The concentration and purity of the bacmid DNA was determined by 

spectrophotometry at 260 nm and 280 nm. 

 

2.2.3.2. Preparation of bacterial plasmid DNA using the QUIAGEN Plasmid Midi Kit ® 

After identifying the correct recombinant clones, 1 µl of  the respective plasmid DNA 

from the mini-preparation was transformed into 50 µl E.coli (C600). The transformation 

mixture was then inoculated into 50 ml of LB medium containing the appropriate antibiotics 

and subsequently incubated at 370C overnight on a shaker. The preparation of plasmid DNA 

from the overnight culture was carried out according to the manufacturer’s instructions for 

the QUIAGEN Plasmid Midi Kit and the plasmid DNA pellet was finally resuspended in 100 

µl TE buffer (pH 7.5). 

A small amount of the DNA was used to determine the DNA concentration and purity 

by spectrophotometry at 260 nm and 280 nm. Pure plasmid DNA was used to confirm the 

identity of the recombinant clones by sequencing, PCR or RE cleavage assays and agarose 

gel electrophoresis. 
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2.2.3.3. Preparation of viral DNA from BHV-1 virions by CsCl density gradient 

ultracentrifugation 

Confluent MDBK cells in 5 x T75 culture flasks were infected with BHV-1 at an 

M.O.I of ~ 0.01 PFU/cell and incubated at 370C for 3 to 4 days until complete cytopathic 

effect (CPE) was visible. The cell cultures were harvested and centrifuged at 3000 rpm for 15 

min at RT and the supernatant containing virions was transfered into a beaker. The cell pellet 

was resuspended in sterilized PBS- buffer (approximately 1/10 of the initial volume), frozen-

thawed twice in liquid nitrogen and at 370C in a water bath, respectively, sonicated for 20 sec 

in an ultrasonic water bath and centrifuged at 4500 rpm for 15 min at RT. The supernatant 

containing the intracellular virions was added to the supernatant gathered in the first 

centrifugation. The total volume was determined in gram by weighing at RT prior to addition 

of PEG 6000 to a final concentration of 8% and NaCl to a final concentration of 0.7 M. The 

mixture was then incubated on ice overnight. The next day, it was centrifuged at 4500 rpm 

for 20 min at 40C and the pellet was resuspended in 10 ml of TE buffer (pH 7.5) containing 

10 mM MgCl2 and 125 U/ml of DNase I to digest the residual cellular genomic DNA. After 1 

h incubation at 370C, the lysate was carefully laid over 5 ml of 15% sucrose prepared in VSB 

solution and centrifuged at 25000 rpm for 60 min at 150C in Beckman SW41 rotor. The pellet 

containing the virus particles was resuspended in 2.0 ml TE buffer (pH 7.5) containing 2% 

sarcosyl and incubated at 560C for 30 to 60 min to release the viral DNA. The purification of 

the viral DNA was done as follows: 10 g CsCl dissolved in 6 ml TE buffer was added to 2 ml 

of lysed virus sample and centrifuged at 40000 rpm for 48 h at 200C (Beckman 50TI rotor). 

Then, about 20 fractions were collected from the bottom of the tube by a needle (10 drops per 

fraction) and, in order to identify which fractions were containing viral DNA, a 5 µl sample 

from each fraction was separated on an 0.6% agarose gel for 2 h at 135 V. The gel was 

stained with ethidium bromide (EtBr) and viral DNA was visualized under UV light. Viral 

DNA containing fractions were pooled into one tube and the refractory index was 

determined. A second CsCl density gradient centrifugation was done under the same 

conditions described above. Viral DNA-containing fractions were identified as mentioned 

above. Finally, all fractions with viral DNA were pooled and dialysed against 5 mM Tris 

buffer (pH 8.0) for 48 h at 40C with multiple buffer changes. 

                                                                                                                                                                               

2.2.3.4. Preparation of viral DNA from BHV-1 virions by phenol extraction 

Confluent MDBK cells in 4x T75 culture flasks were infected with BHV-1 at an 

M.O.I of ~ 0.003 PFU/cell and incubated at 370C for 3 to 4 days until complete CPE. The 
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culture was frozen-thawed once at -700C and at 370C, respectively  and centrifuged at 4000 

rpm for 30 min at 40C. Supernatant containing virions was transfered into a beaker and kept 

on ice. Next, the supernatant was gently laid over 10 ml sucrose prepared 15% in PBS- buffer 

and centrifuged at 25000 rpm for 90 min at 40C (Beckman SW32 rotor). Subsequently, the 

pellet containing the virus particles was dried at RT for 5 min, resuspended completely in 

exact 4 ml of PBS- buffer and sonicated for 30 sec in an ultrasonic water bath. In order to 

digest the residual cellular genomic DNA, a amount of MgCl2 and DNase I were added to 

final concentration of 10 mM and 125 U/ml, respectively. After 1 h incubation at 370C, the 

lysate was carefully laid over 5 ml of sucrose prepared 15% in PBS- buffer and centrifuged at 

25000 rpm for 1 h at 40C (Beckman SW40 rotor). After the centrifugation, the supernatant 

was discarded by aspiration and the pellet containing virus particles was resuspended in exact 

650 µl of TEN solution. The purification of the viral DNA was done as follows: 15 µl of 10 

mg/ml RNase A was added and incubated at 370C for 15 min, then 35 µl of 10% SDS was 

added and incubated at 370C for 45 min, then 15 µl of 10 mg/ml protease K was added and 

incubated at 560C for 1 h. Finally, DNA from 700 µl of the lysate was extracted by PCE 

procedure described above (see 2.2.1.5). The viral DNA pellet was then resuspended in 100 

µl TE buffer (pH 7.5) and the concentration of the DNA was determined by 

spectrophotometry at 260 nm. 

 

2.2.3.5. Preparation of whole-cell DNA from infected cells using sarcosyl 

435 µl of the infected cell suspension was used to isolate DNA in a final volume of 

500 µl of 10 mM Tris (pH 7.5), 10 mM EDTA (pH 7.5), 2% sarcosyl, 200 µg/ml RNase A. 

The mixture was incubated at 370C for 1 h. Protenase K was added to a final concentration of 

200 µg/ml and further incubated at 560C for 1 h prior to a purification of DNA by PCE as 

described above. The DNA was resuspended in 40 µl TE buffer (pH 7.5) and stored at -200C 

for further experiments.  

A small amount of the DNA was used to determine DNA concentration and purity by 

spectrophotometry at 260 nm and 280 nm. 

 

2.2.3.6. Preparation of whole-cell DNA from infected cells using SDS 

Confluent MDBK cells in a 6 well-plate were infected with BHV-1 at ~ 10 PFU/cell 

and incubated at 370C for overnight. The infected cells were transferred into a 1.5 ml reaction 

tube and the cells were harvested by a centrifugation at 2000 rpm for 5 min at 200C. The cell 

pellet was vortexed for a few seconds before addition of 0.5 ml of TEN solution, 10 µl of 



Materials and Methods 

47 
 

10% SDS  and 10 µl of 10 mg/ml RNase A. The mixture was mixed and incubated at 370C 

for 1 h prior to addition of 10 µl of 10 mg/ml proteinase K. After incubation at 560C for 1 h, 

0.2 ml saturated NaCl was added. Next, the mixture was slowly agitated for about 15 sec and 

centrifuged at 14000 rpm for 20 min at 200C. The supernatant (about 750 µl) was transferred 

to a new tube and three volumes of absolute ethanol (~ 2.5 ml) was added to precipitate the 

DNA. The solution was mixed by inverting several times and left at RT for about 15 min 

until a DNA precipitate became visible. The DNA precipitate was picked up by a pipette, 

transferred to a new tube and dried at 560C for 5 min before adding 100 µl TE buffer (pH 7.5) 

and shaking at 360C for overnight in order to resuspend completely the DNA. The 

concentration of the DNA was determined by spectrophotometry at 260 nm.  

 

2.2.3.7. Preparation of total cellular RNA using RNeasy Mini Kit (Quiagen) 

The respective mammalian cells were grown in 6-well plates with the appropriate 

media at 370C overnight. The next day, the medium was removed by aspiration and the cells 

were trypsinized with ~ 400 µl of trypsin at 370C for about 10 min. When they had 

completely detached, 500 µl of FCS was added to neutralize the trypsin. The cells were 

harvested by a brief centrifugation at 1000 rpm for 2 min at RT and the cell pellet was 

washed twice with PBS- buffer. In the last washing step, PBS- buffer was removed by 

aspiration and the cell pellet was vortexed at RT for 2 min prior to extraction of total cellular 

RNA using the RNeasy Mini Kit (Quiagen). The procedure was done according to the 

manufacturer’s instructions and the total RNA was immediately stored at -200C. Integrity of 

the cellular RNA was controlled by 0.6% agarose gel electrophoresis. 

The concentration and purity of the RNA were determined by spectrophotometry at 

260 and 280 nm. 

 

2.2.4. Spectrophotometric determination of nucleic acid concentration 

The concentration of nucleic acids was determined by measuring the UV absorbance 

at 260 nm using a spectrophotometer. Absorbance at 260 nm allows the calculation of 

concentration of nucleic acid. An OD260 of 1 corresponds to approximately: 

a. 50 ug/ml of DNA for double-stranded DNA 

b. 40 ug/ml for single-stranded DNA and RNA 

 c. 20 ug/ml for oligonucleotides 

Ratio of readings at 260 nm and 280 nm (OD260/OD280) provides an estimate of the 

purity of the nucleic acid. Pure preparations of DNA and RNA have ratios of 1.8 to 2.0. If 
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there is significant contamination with protein or phenol, the ratio will be lower and accurate 

quantitation is not possible. 

 

2.2.5. Polymerase chain reaction (PCR) 

PCR is a technique to amplify a single or few copies of a piece of DNA across several 

orders of magnitude, generating thousands to millions of copies of a particular DNA 

sequence. Developed in 1983 by Kary Mullis, PCR is now a common and often indispensable 

technique used in medical and biological research labs for a variety of applications. 

In general, a standard cycle was set up as follows, using an Eppendorf Mastercycler 

Gradient. 

Steps Description Temperature Time Cycles 
Pre-heat  950C 2min 1 
1st step Pre-denaturation 950C 5min 1 
2nd step Denaturation  950C 30s 30 

Annealing 550C – 650C (gradient) 30s 
Extension 720C 1min/1kbp 

3rd step Final extension 720C 3min 1 
 

A standard PCR mixture (50 µl) was prepared as follows: 

  DNA template    0.2 ng/µl 

  PCR buffer     1x 

   Each primer    1.25 µM 

   DMSO     10% 

  dNTP mix    200 µM 

  MgCl2      0.5 mM 

  FastStart Taq DNA polymerase  0.025 U/ µl 

  dH2O     up to 50 µl  

As a negative control, 1 µl of dH2O was added to the reaction mixture instead of 

DNA. PCR products were analysed by a 1.5% to 2% agarose gel electrophoresis.  

  

2.2.6. Reverse transcription polymerase chain reaction (RT-PCR) using Transcriptor 

high fidelity cDNA synthesis sample Kit (Roche) 

RT-PCR is a technique to transcribe a defined piece of an RNA strand into its 

complement DNA (cDNA) using the enzyme reverse transcriptase, and the resulting cDNA 

was then amplified by PCR. 
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RT-PCR was carried out according to the manufacturer’s instructions for the 

Transcriptor high fidelity cDNA synthesis sample Kit (Roche) and the resulting cDNA was 

stored at -200C for further experiments. 

 

2.2.7. DNA sequencing 

2.2.7.1. Purification of plasmid DNA and PCR products 

Plasmid DNA was prepared using mini-preparation procedure or QUIAGEN Plasmid 

Midi Kit ® as described above (see 2.2.3.1 and 2.2.3.2) 

PCR products were purified by the procedure for isolation of DNA fragments  from 

agarose gels as described above (see 2.2.1.4) 

 The concentration and purity of the DNA were determined by spectrophotometry at 

260 nm and 280 nm. 

 

2.2.7.2. Sequencing procedure for ABI-Prism 

Plasmid DNA or PCR product was sequenced by automated fluorescent DNA 

sequencing technology (Perkin Elmer, Applied Biosystems). The sequencing reaction was 

performed using BigDye Terminator Cycle Sequencing Kit, according to the manufacturer’s 

instructions, as follows: 0.03 pmol of purified DNA plasmid or 100 ng of DNA was added to 

a 10 µl sequencing reaction containing 2 µl of ABI Dye Mix, 0.5 µM of sequencing primer, 

1x ABI buffer. The standard sequencing cycle was set up as follows, using an Eppendorf 

Mastercycler Gradient. 

Steps Temperature Time Cycles 
1st step 960C 1 min 1 
2nd step 960C 15s 30 

550C 15s 
600C 3 min 

3rd step 100C Hold 1 
 

Clean-up of the product was done using Sigma SpinTM Post-Reaction Clean-Up 

columns, according to the manufacturer’s protocol instructions. The cleaned products were 

analyzed by a Genetic Analyzer 3130 (Applied Biosystems) in the sequencing laboratory of 

the FLI, Insel Riems, Germany and sequences were analyzed with appropriate software 

(GCG version 11.1. Accelrys Inc. San Diego, CA) 

 

2.2.8. Cell culture and virus propagation 

2.2.8.1. Cultivation of mammalian cells 
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Mammalian cell lines in the appropriate culture medium were incubated in a 

humidified atmosphere at 370C and 5% CO2. After 3 to 5 days, when the cells reached 

confluency, medium was removed by aspiration and the cells were trypsinized  at 370C for 

about 10 min. When they had completely detached, medium was added. Cells were harvested 

by a brief centrifugation (2 min, 1000 rpm, RT, Heraeus centrifuge) and then resuspended in 

fresh DMEM culture medium (MDBK cells, KOP-R cells) or fresh ZB5 medium (Hela cells, 

HEK293T cells, L11 cells, RK13 cells). Finally, one-sixth (MDBK cells, Hela cells), one-

fourth (L11 cells, RK13 cells) and one-third (KOP-R cells, HEK293T cells) of the cell 

suspension was seeded into a new culture flask and incubated in a humidified atmosphere at 

370C and 5% CO2. 

 

2.2.8.2. Cultivation of insect cells 

The insect cell lines (Sf9 cells and High V cells) in the appropriate medium were 

incubated at 270C and 2.5% CO2. After 3 to 5 days, when cells reached confluency, medium 

was removed by aspiration and the culture flasks containing cells were tapped to detach cells 

from surface of the flasks. The cells were then resuspended in fresh Grace’ medium (Sf9 

cells) or fresh Insect express SF9-S2 medium (PAA) supplemented with L-glutamin (High V 

cells) and one-sixth (Sf9 cells) or one-third (High V cells) of the cell suspension was seeded 

into a new culture flask and incubated in a humidified atmosphere at 270C and 2.5% CO2. 

 

2.2.8.3. Propagation and titration of BHV-1 in MDBK cell culture 

Cell cultures were infected with the respective viruses at an M.O.I ~ 0.1 PFU/cell and 

incubated until complete lysis of the cell monolayer at 370C. Subsequently, the supernatant 

was harvested, aliquoted using 1.5 ml eppendort tubes and stored at -700C. For further use, 

the thawed virus suspensions were sonicated in an ultrasonic water bath at 40 W. By a short 

centrifugation at 1000 rpm for 2 to 3 min, cell debris was removed and the supernatant 

containing virions was transferred to a new tube for titration. 

The viral titer is a quantitative measurement of the infectivity of the virus stock and is 

expressed as plaque forming units (PFU) per ml. To determine the titer of infectious virions, 

the plaque assay was done as follows: virus dilution series (10-1 to 10-6) were prepared in 

DMEM culture medium and 100 µl of each dilution was inoculated separately onto indicated 

wells of 24-well plates containing a monolayer of MDBK cells. After 2 h incubation at 370C, 

the inoculum was removed by aspiration and the infected cells were overlaid with 1 ml of 

methylcellulose-containing semisolid medium. Methylcellulose prevents the passive 
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movement of extracellular virus progeny after further incubation at 370C for 2 days. Plaques 

were counted in the wells that contained 5 up to ca. 100 individual plaques to minimize error 

and the average value of the countable plaques at the certain dilution was converted to virus 

titer (PFU/ml) by the following formula: 

# average plaques / d x V = PFU/ml 

where   PFU : plaque forming units 

d  : dilution factor 

    V : volume of diluted virus added to the well 

 

2.2.8.4. Propagation, concentration and titration of recombinant baculoviruses in cell culture  

Confluent Sf9 cells in T162 culture flasks were infected with the respective 

recombinant baculoviruses at an M.O.I ~ 0.1 PFU/cell and incubated in a humidified 

atmosphere at 270C and 2.5% CO2  for 5 to 7 days until complete CPE. Culture medium and 

detached cells were harvested and centrifuged at 4000 rpm for 20 min at 40C. The supernatant 

containing virions was gently laid over 7.5 ml of 12.5% sucrose prepared in sterilized PBS- 

buffer and centrifuged at 25000 rpm for 90 min at 40C (Beckman SW32 rotor). The pellet 

containing virus particles was gently resuspended in 2 ml of sterilized PBS+ for overnight at 

40C. Finally, the concentrated baculovirus was aliquoted in Eppendorf tubes and stored at -

700C. For further use, the thawed virus suspensions were sonicated for 20 sec in an ultrasonic 

water bath at 40 W. By a short centrifugation at 1000 rpm for 2 to 3 min, cell debris was 

removed and the supernatant containing virions was transferred to a new tube for titration. 

The titer determination of the baculovirus was achieved by an endpoint dilution assay 

as follows: virus dilution series (10-3 to 10-10) were done in ZB15 culture medium and 100 µl 

of the various dilutions were transferred to 96-well plates. Subsequently, 30 µl of Sf9 cells 

from one-sixth of the cell suspension of a T75 culture flask was added and incubated at 270C. 

After 3 days, the number of the virus-infected wells, recognized by auto-fluorescent GFP 

expression or by indirect immunofluorescence, was counted and the virus titer (TCID50/ml) 

was determined by the following formula (Spearman et al., 1908; Karber et al., 1931): 

TCID50 = D (n/p + 0.5) x 1/V 

where  TCID50 : 50% tissue culture infective dose 

     D  : serial dilution factor 

     n  : number of positive wells 

     p  : number of parallel values   

    V  : sample volume 
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2.2.8.5. Inactivation of BHV-1 by citrate buffer (pH 3.0) 

MDBK cell cultures in 6-well plates were infected with the respective viruses and 

incubated at 370C. At the indicated time post infection (p.i), non-penetrated virus was 

inactivated by treatment with citrate buffer (pH 3.0) as follows: inoculum was removed by 

aspiration and 2 ml of citrate buffer was added prior to incubation at RT for exact 2 min. 

After the incubation, the cells were washed twice with sterilized PBS- (pH 7.5) and 2 ml of 

fresh DMEM culture medium was added and the cells were further incubated at 370C. 

 

2.2.9. Gene transfer 

2.2.9.1. DNA introduction into cells by transfection, using Mammalian transfection Kit 

(Stratagene)  

This method is based on the principle of transfection via calcium phosphate 

precipitation and was used to generate BHV-1 recombinants. The transfection was done as 

follows: one-third of a KOP-R cell suspension from a T75 culture flask  was seeded into a 6-

well plate and incubated at 370C overnight. The next day, the confluent cells were co-

transfected with 5 µg of recombination plasmid containing the gene of interest and 1µg of 

pure viral DNA, according to the manufacturer’s instructions. To enhance the transfection 

efficacy, KOP-R cells were washed once with 2 ml of serum-and antibiotic-free medium at 4 

h post transfection (p.t) and treated with 1 ml of glycerol shock solution for 2 min at RT. The 

cells were then washed once with 2 ml of serum-and antibiotic free medium and twice with 2 

ml of fresh DMEM culture medium prior to addition of 3 ml of DMEM culture medium. The 

cells were incubated at 370C for 3 to 4 days until the appearance of plaques and subsequently, 

the cell lysate was harvested and stored at -700C.  

 

2.2.9.2. DNA introduction into cells by transfection, using polyethylenimine (PEI) 

This method uses the cationic polymer polyethylenimine as a carrier, in which the 

negatively charged DNA binds to the polycation and the complex is taken up by the cell via 

endocytosis. For transient expression of a gene of interest, the transfection using PEI was 

done as follows: 1 µg of plasmid DNA and 1.25 µg of PEI were prepared separately in 50 µl 

of serum-and antibiotic-free culture medium and incubated at RT for 5 min. Subsequently, 

they were gently mixed and the 100 µl mixture was further incubated at RT for 20 min. 

Confluent cell culture (RK13 cells or HEK293T cells or L11 cells) grown overnight in 24-

well plates was washed once with 150 µl serum-and antibiotic-free culture medium and the 

same amount of the medium was added prior to dropwise addition of 100 µl sample. The 
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cells were gently agitated by hand and incubated at 370C overnight. For longer incubation, 

the cells were washed and inoculated in 1 ml culture medium containing serum and 

antibiotics. A plasmid DNA encoding the auto-fluorescent GFP was used as a control in the 

transfection. Gene expression via the transfection process was analyzed by Western blotting 

or indirect immunoflourescence. 

 

2.2.9.3. Transfection of insect cells with recombinant bacmid DNA, using FuGene HD 

transfection reagent (Roche) 

For the production of recombinant baculoviruses, the transfection of insect HIGH V 

cells using FuGene HD transfection reagent (Roche) was done as follows: two-third of HIGH 

V cell suspension in a T75 culture flask was prepared in Insect express SF9-S2 medium 

(PAA), seeded in a 6-well plate and incubated at 270C for 1 h. 5 µg of  the respective bacmid 

DNAs containing the gene of interest was adjusted to 100 µl with sterilized H2O prior to 

addition of 6 µl FuGene HD transfection reagent. The mixture was gently vortexed, incubated 

at RT for 30 to 45 min and added to the cells with 100 µl of antibiotic-free Insect express 

SF9-S2 medium (PAA). After 1 h incubation at 270C, the HIGH V cells were gently washed 

with 1.5 ml of antibiotic-free Insect express SF9-S2 medium and 1 ml of medium was added. 

The mixture containing bacmid DNA and Fugene HD was dropped to the HIGH V cells. The 

cells were gently agitated by hand, incubated at 270C for 5 h. Then, the inoculum was 

replaced by 2.5 ml of Insect express SF9-S2 medium and the cells were continuously 

incubated in a humidified atmosphere at 270C and 2.5% CO2 for 3 to 5 days until complete 

CPE, monitored by autofluorescence of GFP encoded by the recombinant bacmid (Fig. 5). 

Finally, the cell lysate was harvested and stored at -700C for further experiments.  

 

2.2.9.4. Baculovirus-mediated transduction of mammalian cells 

To express genes of interest by recombinant baculoviruses in mammalian cells, the 

transduction was done as follows: The respective cell lines (HEK293T, Hela, L11, MDBK, 

KOP-R or RK13 cells) were prepared in the appropriate media in 6-well plates or in 24-well 

plates and incubated overnight in a humidified atmosphere at 370C and 5% CO2. When the 

cells reached confluency, medium was removed by aspiration and the cells were washed 

twice with sterilized PBS+ buffer containing antibiotics. Baculovirus suspensions were 

thawed at RT, sonicated for 20 sec in an ultrasonic water bath at 40 W, shortly centrifuged at 

1000 rpm for 2 to 3 min and the supernatant containing virions was transferred to a new tube 

for transduction. 
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The washed cells were then transduced with the baculovirus at M.O.I of 25 to 50 

TCID50/cell in a final volume of 1 ml PBS+ (6-well plate) or 250 µl PBS+ (24-well plate) and 

agitated at 300 rpm in a shaker at 260C for 20 min prior to centrifugation at 600 g for 1 h at 

260C. Next, the inoculum was replaced by 2 ml/well (6-well plate) or 500 µl/well (24-well 

plate) of appropriate media containing 7.5 mM butyrate (butyric acid) to enhance gene 

expression. The cells were further incubated at 370C for 16 to 24 h, depending on the cell 

line. A baculovirus expressing GFP was used to control the transduction efficacy. 

 

2.2.10. Isolation of recombinant viruses 

2.2.10.1. Isolation of BHV-1 recombinants by plaque purification  

According to the manufacturer’s instructions for Fugene HD transfection reagent 

(Roche) or for Mammalian transfection Kit (Stratagene), confluent KOP-R cells in 6-well 

plate were co-transfected with 5 µg of the respective recombination plasmid and 1µg of 

purified BHV-1 DNA and incubated at 370C until complete CPE. The cell lysate containing 

virions was harvested and stored at -700C for at least 30 min prior to sonication for 20 sec in 

an ultrasonic water bath at 40 W. Virus dilution series (10-1 to 10-6) were then prepared in 

DMEM culture medium and 100 µl of dilutions 10-4, 10-5 and 10-6) were used to inoculate 

cells in 6-well plates containing a monolayer of MDBK cells. After 2 h incubation at 370C, 

the inoculum was removed by aspiration and the cells were washed once with 2ml of 

sterilized PBS- buffer. Subsequently, the cells were overlaid with 2 ml of a medium 

containing 0.6% agarose, 5% FCS and antibiotics and incubated at 370C for 3 days until the 

appearance of plaques. Individual plaques from the virus progeny were picked, screened for 

the desired recombinants and purified until homogeneity. Finally, the resulting viruses were 

aliquoted and stored at -700C.  

 

2.2.10.2. Purification of BHV-1 virions 

MDBK cells in 6-well plates were infected with respective BHV-1 at an M.O.I of ~ 

10 PFU/cell and incubated at 370C overnight until complete CPE was observed. All infected 

cells and inoculum were harvested by pipette, sonicated for 20 sec in an ultrasonic water bath 

at 40 W and centrifuged at 14000 rpm for 5 min at 200C to remove cell debris. Subsequently, 

supernatant containing virus particles was gently laid over 15% sucrose prepared in a new 

ultracentrifuge Eppendorf and centrifuged at 45000 rpm for 1 h at 40C (Optimal TL 

ultracentrifuge, Beckman) to pellet the virus particles. After centrifugation, the supernatant 

was aspirated and the virion pellet was washed by adding 1 ml of PBS- buffer and gentle 
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aspiration. Finally, the virion pellet was resuspended at 40C overnight in 50 µl sterilized PBS- 

buffer and stored at -700C. 

 

2.2.10.3. Isolation of recombinant baculovirus by plaque purification 

 

 
 

Fig. 5. Schematic representation of the production of BHV-1pUS3 expressing recombinant 
baculovirus for transduction of mammalian cells. 
 

Confluent insect HIGH V cells in 6-well plates were transfected with 5 µg of the 

recombinant bacmid DNA according to the manufacturer’s instructions for  FuGene HD 

transfection reagent (Roche) and incubated in a humidified atmosphere at 270C and 2.5% 

CO2 for 3 to 5 days until CPE caused by the replication of recombinant baculovirus was 

observed. The cell lysate was then harvested and stored at -700C for at least 30 min prior to 

sonication for 20 sec in an ultrasonic water bath at 40 W. The virus dilution series (100, 10-1, 

10-2) were prepared in Grace’s culture medium (ZB15) and 100 µl of each dilution was used 

for the infection of a monolayer of insect Sf9 cells seeded in 6-well plate in ZB15 medium. 

Infected Sf9 cells were agitated by hand, incubated at 270C for at least 1 h and the inoculum 
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was replaced by 2.5 ml of overlay solution containing one part of 2% low-melting-point 

(LMP) agarose and one part of double-concentrated Grace’s medium and 10% FCS. The cells 

were continuously incubated at 270C for 3 to 5 days until the appearance of plaques. 

Individual plaques from the recombinant baculovirus progeny that showed autofluorescence 

of GFP as a marker were picked and screened until homogeneity. The respective plaques 

were resuspended in 1 ml of ZB15 medium in a shaker at RT for 30 min and used for 

infection of Sf9 cells in T25 culture flasks prior to incubation at 270C for 3 to 5 days until all 

cells showed a diffuse autofluorescence indicating that the whole culture was infected. The 

cell lysate was harvested and stored at -700C for propagation and titration of the resulting 

recombinant baculovirus (Fig. 5). 

 

2.2.11. Purification of proteins 

2.2.11.1. Expression and affinity chromatography purification of maltose binding protein-

US3sm (Mal-US3sm) fusion proteins 

5 µg of expression plasmid pMal-p2x-US3sm in which the US3sm ORF was fused in 

frame to the malE ORF of E.coli, which encodes the maltose-binding protein (MBP), were 

transformed into 100 µl of competent E.coli K12 TB1 cells (BioLabs) and incubated on ice 

for 30 min. The bacterial cells were then incubated at 370C for exact 5 min, subsequently 

immediately incubated on ice for 10 min and 200 µl of SOC medium was added prior to 

incubation at 370C for 30 min at 300 rpm in a thermo mixer. The transformation mixtures 

were then spread on ampicillin LB agar plates and incubated at 370C overnight. All colonies 

formed on the LB plates were harvested and used to inoculate 5 ml of LB medium containing 

100 µg/ml ampicillin and incubated at 370C overnight on a gyratory shaker. The next day, 0.5 

ml of the overnight culture was added to 50 ml of LB-rich medium containing 100 µg/ml 

ampicillin and further incubated at 370C for about 2.5 h until the absorbance of the cells at 

600 nm was 0.56 (about 0.5 mg/ml). To express the Mal-US3sm fusion protein, the cells 

were induced by 0.6 mM IPTG and immediately incubated at 250C for 2 h in the shaker. 

Subsequently, bacterial cells were pelleted at 4500 rpm for 15 min at 40C and stored at -200C 

until purification of the fusion protein. For that, the bacterial cell pellet was thawed on ice, 

resuspended in 1x fresh buffer for Mal-fused protein purification and sonicated for 1 min in 

an ultrasonic water bath at 20 W prior to centrifugation at 20000 rpm for 30 min at 40C. The 

supernatant was loaded on an amylose resin column for purification by affinity 

chromatography. The whole process was done according to the manufacturer’s instructions 

for the pMal Protein Fusion and Purification System (BioLabs). The purified Mal-US3sm 
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fusion protein was separated by SDS-10% PAGE and the concentration of the fusion protein 

was estimated after Coomassie blue staining using BSA as a standard. The fusion protein was 

used for immunization of a rabbit (see below) to obtain a US3-specific antiserum. 

 

2.2.11.2. Affinity chromatographic purification of Flag-tagged US3 variants from transduced 

mammalian cells by anti-Flag M2 affinity gel beads (Sigma). 

 

 

 

Fig. 6. Principle of affinity chromatography (Source: http://www.shodex.de/illust/i0007.gif) 

 

HEK293T cells in 6-well plates were transduced with recombinant baculoviruses 

containing expression cassettes for respective Flag-tagged US3 variants at an M.O.I of 25 

TCID50/cell and incubated at 370C. At 20 h post transduction, the cells were washed twice 

with PBS- buffer and harvested in 2ml of lysis buffer and immediately stored at -200C. Next, 

the cells were thawed on ice and sonicated in an ultrasonic water bath at 40 W for 20 sec 

prior to centrifugation at 14000 rpm for 15 min at 40C. According to the manufacturer’s 

instructions for Anti-Flag M2 affinity gel (Sigma), supernatants containing the protein of 

interest were added to the agarose affinity resin equilibrated with TBS washing buffer and 

incubated at 40C overnight in a tumbling shaker. Subsequently, the agarose affinity beads 

were washed by adding 1 ml of TBS washing buffer, gently agitated for 30 sec prior to 
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centrifugation at 1000 rpm for 5 min at 40C. The supernatant was aspirated and the washing 

steps were repeated four times to completely remove unbound proteins from the agarose 

resin. The Flag-tagged US3 proteins were eluted by 400 µl of 0.1 M Glycin-HCl (pH 3.5) or 

150 µg/ml Flag peptide (Sigma). The steps were repeated four times to completely elute the 

Flag tagged proteins. The purified proteins were stored at -200C for further analyses. The 

principle of the purification procedure is briefly outlined in Fig. 6. 

 

2.2.12. Gel electrophoresis 

2.2.12.1. DNA agarose gel 

To analyze restriction enzyme cleavages, nucleic acid purification, PCR products as 

well as DNA fragment purification for cloning, agarose gel electrophoresis was used. The 

agarose gels were prepared 0.6% to 2% in 1x TA buffer, melted in a microwave oven and 

cooled down in a 560C water bath prior to addition of ethidium bromide to a final 

concentration of 100 µg/ml. The agarose was poured into a horizontal gel apparatus and left 

at RT until it became solidified. DNA samples were loaded and the separation was performed 

at a 60 to 135 V for 25 min to 14 h, depending on the size of the gel and DNA fragments in 

running buffer containing 1x TA buffer and 100 µg/ml of ethidium bromide. About 0.5 µg of 

a 1 kb standard DNA ladder was used as a marker. The documentation of the gel was carried 

out under UV light at 256 nm or at 366 nm for DNA fragment isolation from the agarose gel. 

 

2.2.12.2. SDS-polyacrylamide gel 

Protein separation electrophoresis was carried out in discontinuous polyacrylamide 

gels which were composed of a 10% polyacrylamide separation gel and a 4.5% 

polyacrylamide stacking gel. Protein samples were resuspended in protein loading buffer, 

sonicated for 20 sec in an ultrasonic water bath at 40 W and mercaptoethanol was added to a 

final concentration of 4% prior to incubation at 850C for 5 min. Subsequently, the samples 

were loaded on the gel and the protein separation was performed in a vertical gel apparatus 

(Mini Protean, Biorad) at 200 V for 45 min in 500 ml of protein running buffer (1x Tris-

glycine). An amount of 1 to 5 µl of BenchMark protein ladder (Invitrogen) used for 

Coomassie blue staining and silver staining or BenchMark pre-stained protein ladder 

(Invitrogen) used for Western blots was loaded as a marker. 

 

2.2.13. Protein staining 

2.2.13.1. Staining of SDS-polyacrylamide gel with colloidal Coomassie blue G250 
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The gels were removed from the electrophoresis chamber and immersed in the 

staining solution containing 0.1% Coomassie blue G250 prepared in 10% methanol and 8% 

ammonium sulphate/phosphoric acid for 30 min at RT. Next, the staining solution was 

discarded and the gels were gently rinsed twice with Milli-Q water. The gels were then 

destained with fixation solution containing 40% methanol and 10% acetic acid in a shaker at 

RT. The solution was replaced every 30 min for 3 to 4 times and kept at RT overnight until 

protein bands in the gels were observed. The gels were washed once with Milli-Q water and 

then analysed. 

 

2.2.13.2. Silver staining of SDS-polyacrylamide gel 

The gels were removed from the electrophoresis chamber and fixed with a solution 

containing 50% ethanol and 12% acetic acid for 30 min for two times. This step was repeated 

once and the gels were washed three times with 50% ethanol for 20 min each time. 

Subsequently, the gels were sensitized for 1 min with 0.02% Na2S2O3 x 5 H2O solution, 

washed three times with Milli-Q water for 20 sec and incubated with a solution containing 

0.2% AgNO3 and 0.075% formalin for 20 min. The gels were washed twice with Milli-Q 

water for 20 sec prior to development for 3 to 6 min with a solution containing 3% K2CO3 (or 

Na2CO3), 0.0004% Na2S2O3 x 5 H2O and 0.05% formalin until faint protein bands in the gels 

were observed. To stop the development process, the gels were incubated in 1% glycin or 

10% acetic acid for 1 to 2 min, washed in Milli-Q water for 30 sec, and then further incubated 

in 1% glycerin for 20 to 60 min. Finally, the gels were dried at 60 to 800C for 30 to 120 min 

and ready for analyses.  

 

2.2.14. Western blot (WB) 

2.2.14.1. Transfer of proteins from SDS-PAGE to nitrocellulose membrane 

Proteins were separated in SDS-polyacrylamide gels (Mini-Protean, Biorad) as 

described above and transferred onto nitrocellulose membranes (Schleicher & Schuell) by 

electroblotting using a Trans-Blot ® SD Semi-Dry Transfer (Biorad). 10 pieces of Whatman 

3MM filter papers, nitrocellulose membranes and SDS-polyacrylamide gels were soaked with 

Western-blot transfer buffer and arranged in an order as follows: 5 pieces of Whatman 3MM 

papers, nitrocellulose membrane, gel and 5 pieces of Whatman 3MM papers so as to be sure 

that the negative electrode of Trans-Blot ® SD Semi-Dry Transfer is above the gels and the 

positive electrode is below the nitrocellulose membranes (Fig. 7). Proteins in transfer buffer 
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are negatively charged due to residual SDS and they therefore move to the positive pole. The 

transfer process was conducted at 20 V for 45 min. 

 

 
 

Fig. 7. Schematic representation of electroblotting process using a Trans Blot ® SD Semi-Dry 
Transfer. 
 

2.2.14.2. Chemiluminescence detection 

To block non-specific binding sites, the nitrocellulose membranes were incubated in 

6% skimmed milk (non-fat dry milk) prepared in PBS- buffer for 1 h at RT or overnight at 

40C. The membranes were washed once with washing buffer II and probed with specific 

primary antibody diluted in washing buffer II for 1 h at RT or overnight at 40C with shaking. 

Note that the dilutions of the primary antibodies are different, depending on the concentration 

of each antibody. Next, the membranes were quickly rinsed three times additionally for 15 

min on a shaker with washing buffer I. This step was followed by quick rinsing for three 

times and once in a shaker for 5 min with washing buffer II prior to incubation of appropriate 

peroxidase-conjugated secondary antibodies (Dianova) diluted 1 : 20000 in washing buffer II 

for 1 h at RT with shaking in a dark-box. Subsequently, the membranes were rinsed again 

with washing buffer I and II as described above to remove unbound conjugate and incubated 

with sufficient volume of substrate for peroxidase that was prepared according to the 

manufacturer’s instructions for Super Signal West Pico Chemiluminescent Substrate (Pierce) 

for 5 min at RT with shaking in a dark-box. The membranes were then wrapped by a nylon 

sheet, placed in an X-ray cassette and exposed to hyper autoradiography film (Amersham 

Bioscience) in a dark room. Finally, the films were developed, fixed and rinsed with dH2O.  

 

2.2.15. Indirect immunofluorescence (IIF) 

For IIF, infected or transduced cell cultures were washed with PBS- buffer and then 

fixed with 3% paraformaldehyde (PFA) prepared in PBS- buffer for 20 min at RT. To 
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permeabilize the cell membrane, Triton X100 was added to a final concentration of 0.2% and 

incubated for 10 min at RT. The cells were then gently washed three times with PBS- buffer 

and incubated with specific primary antibodies for 1 h at RT or overnight at 40C. Next, the 

antibodies were aspirated and the cells were gently washed three times with PBS- buffer prior 

to addition of relevant fluorescence-labelled secondary antibody (AlexaFluor - Invitrogen). 

After 1 h incubation at RT in a dark box, the cells were gently washed twice with PBS- buffer 

and results of immunofluorescence were evaluated with a fluorescence microscope.  

 

2.2.16. Immunoprecipitation (IP) assay 

Immunoprecipitation (IP) is the technique that can be used to isolate and concentrate a 

particular protein from a sample containing many thousands of different proteins or to 

analyse the protein-protein interaction. For that, an antibody for the protein of interest is 

incubated with a cell extract so that the antibody will bind the protein in solution and the 

antibody/antigen complex will then be pulled out of the sample using inactivated 

staphylococcus aureus cells.  

Depending on the purpose of each experiment, infected or transduced cell cultures 

were washed once with PBS- buffer and the cell lysate was prepared as follows: cells were 

harvested with lysis buffer and incubated by constant agitation of the sample for 5 to 10 min 

at 40C. The cells were then sonicated for 10 sec in an ultrasonic water bath at 40 W, kept on 

ice for 30 min and sonicated again for 10 sec prior to ultracentrifugation at 45000 rpm for 1 h 

at 40C. The supernatant containing proteins was transferred to new Eppendorf tubes and 

incubated with the specific antibody for 1 h at RT and then 1 h on ice with occasionally 

shaking. After a centrifugation at 14000 rpm for 30 min at 40C, the supernatants were 

incubated with Staphylococcus aureus cells (Pansorbin, Calbiochem), prepared according to 

the instructions of the manufacturer, on ice for 30 min to allow the formation of protein A-

antibody/antigen complexes which were precipitated by centrifugation at 14000 rpm for 2 

min at RT. The pellet was washed four times in lysis buffer (each time centrifuging at 14000 

rpm for 30 sec at RT and aspirating the supernatant). Finally, the sample was laid over VSB 

solution containing 30% sucrose, centrifuged at 14000 rpm for 2 min at RT and the pellet was 

resuspended in protein loading buffer, heated at 950C for 5 min to denature the protein and 

separate it from the protein A-antibody/antigen mixture, then centrifuged at 14000 rpm for 2 

min at RT. Finally, the supernatant was transferred to new Eppendorf tubes and frozen at -

200C for Western blotting or Coomassie blue staining or silver staining analyses. 
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2.2.17. Radio-immunoprecipitation assay (RIPA) 

Principle and procedure of this method is similar to the immunoprecipitation (IP) 

method but uses 35S methionine/35S cysteine-labelled protein to detect the target proteins. 

Cells were infected or transduced with viruses and newly synthesized proteins were 

metabolically labelled with 100 µCi/ml of 35S-methionine and 35S-cysteine. The cells were 

processed for immunoprecipitation assay described before and then, harvested proteins were 

separated by SDS-PAGEs. These gels were fixed, dried, exposed in a BAS cassette (Fujifilm) 

for autoradiography and results were recorded by a Bio-imaging analyzer FLA 3000 

(Fujifilm). 

 

2.2.18. Immunization of rabbits 

About 300 to 500 µg of purified protein in PBS- buffer were mixed with an equal 

volume of complete Freund’s adjuvant (Sigma), kept on ice and sonicated in an ultrasonic 

water bath at 40W for 1 to 2 min to form an emulsion. Rabbits were injected subcutaneously 

with the emulsion and kept for about 3 to 4 weeks. Booster inoculations of the rabbits with 

the same amount of the protein prepared in incomplete Freund’s adjuvant were repeated three 

times in 3 to 4 weeks intervals. Before each injection, about 5 to 10 ml of blood was taken 

and kept at 40C overnight. Serum was transferred to Eppendorf tubes after brief 

centrifugation at 1500 rpm for 5 min at 200C and incubated at 560C for 30 min to inactivate 

the complement system. Samples were stored at -200C. 

 

2.2.19. Single-step growth kinetics 

To analyse the growth kinetics of BHV-1, MDBK cells in 6-well plates were infected 

with BHV-1 at an M.O.I of ~ 10 PFU/cell. After 3 h incubation at 370C, cells were washed 

once with 2 ml of DMEM culture medium and 1 ml of citrat buffer (pH 3.0) was added. The 

cells were kept at RT for 2 min to inactive non-penetrated virions and washed twice with 

DMEM culture medium prior to addition of 1 ml of DMEM culture medium. Cells were 

continuously incubated at 370C until they were harvested. At the indicated time p.i (6, 8, 10, 

16, 20 and 32 h), the inoculum containing released virions (extracellular virions) was 

transferred to new Eppendorf tubes and kept on ice. The cells, containing intracellular 

virions, were treated with 1 ml of citrate buffer (pH 3.0) for 2 min at RT, washed once with 

DMEM culture medium and trypsinized at 370C for 5 to 10 min. Finally, fetal calf serum was 

added to neutralize trypsin and cells were transferred to Eppendorf tubes and kept on ice. 
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Samples including extracellular BHV-1 virions and intracellular BHV-1 virions were kept at -

700C for at least 1 h until titration.  

 

2.2.20. Determination of the plaque size for analysing direct cell-to-cell spread of BHV-1 

Confluent MDBK cells in 6-well plates were infected with BHV-1 at various M.O.I. 

After 2 h incubation at 370C, the inoculum was removed and the infected cells were overlaid 

with methylcellulose-containing semisolid medium prior to incubation at 370C for 2 to 3 

days. Plaques formed under these conditions were fixed with 3% PFA for 20 min at RT, 

incubated with 0.2% Triton X100 for 10 min at RT to increase the permeability of cell 

membrane. Next, cells were incubated with BHV-1gB specific Mab (42/18/7) for 1 h at RT, 

washed three times with PBS- buffer and further incubated with AlexaFluor 594 goat-anti-

mouse IgG for 1 h at RT in a dark box. Glycoprotein B (gB) is an abundant viral envelope 

protein. Therefore, the expression of gB was used to monitor and visalize infected cells. 

Finally, cells were washed twice with PBS- buffer and 100 individual plaques formed by 

each virus were photographed using a fluorescence microscope and subsequently, the area of 

each plaque was determined using AnalySis labFlow Solfware.  

 

2.2.21. In-vitro site-direct mutagenesis, based on QuikChange II XL Site-Directed 

Mutagenesis Kit (Stratagene). 

In-vitro site-directed mutagenesis is an invaluable technique for characterizing the 

dynamic, complex relationships between protein structure and function, for studying gene 

expression elements, and for carrying out vector modification. QuikChange II XL Site-

Directed Mutagenesis Kit allows site-specific mutation in virtually any double-stranded 

plasmid. Mutagenesis was performed according to the manufacturer’s instructions of the 

QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene). In brief, primers containing 

the desired mutation, flanked by unmodified nucleotide sequences were designed and then 

used for mutant strand synthesis reaction, in which a mutagenized plasmid including the 

desired mutation will be amplified from the parental plasmid DNA template isolated from a 

dam+ E.coli strain by PCR. The PCR reaction was done in 100 µl reaction containing 1x PCR 

buffer, 1x DMSO, 0.5mM MgCl2, 100 ng of plasmid DNA template, 1.25  µM each primer, 

250  µM dNTP mix and 2.5 U of FastStart tag DNA polymerase (Roche), following thermal 

cycles: pre-heat 950C for 2 min; 950C for 5 min; repeat 20 cycles with 950C for 30 sec, 550C 

for 30 sec, 680C for 6 min; and complete at 680C for 10 min. The PCR product was then 

cleaved with DpnI restriction enzyme to digest all parental methylated and hemimethylated 
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plasmid DNA that might remain in the PCR product. Subsequently, the PCR product 

containing the mutagenic plasmid was transformed into E.coli cells (C600) and the 

transformation mixture was incubated at 370C for 1 h, spread on ampicillin LB agar plates 

and incubated at 300C overnight. Colonies formed in the LB plates were screened and finally, 

mutant plasmids were isolated by QUIAGEN Plasmid Midi Kit ®. 

 

2.2.22. Fusion PCR to generate a BHV-1 US3-deletion sequence 

Two flanking sequences of BHV-1 US3, locating upstream and downstream of US3 

ORF, were invididualy amplified by PCR using two pairs of primer US3deltaUP+ and  

US3deltaUP- and US3deltaDOWN+ and US3deltaDOWN-, respectively (Tab. 4). The PCRs 

were prepared in 100 µl reaction in 1x PCR buffer, 1x DMSO, 0.5 mM MgCl2, 200 µM 

dNTPs, 1.25 µM each primer, 30 ng DNA of BHV-1/Aus12, 4 U of FastStart Taq DNA 

polymerase (Roche), and were performed in a standard thermal cycle with 600C annealing 

temperature as described above (see PCR procedure). Next, PCR products of US3deltaUP 

and US3deltaDOWN were fused in a reaction known as fusion PCR where these PCR 

products were mixed with 1x PCR buffer, 1x DMSO, 0.5 mM MgCl2, 200 µM dNTPs, 2 U of 

FastStart Taq DNA polymerase (Roche). The reaction was carried in a thermal cycler as 

mentioned above.   

 

2.2.23. Preparation of infected cells for electron microscopy 

MDBK cells were infected with the respective viruses at an M.O.I of 2.5 PFU/cell and 

incubated at 370C for 14 h. The cells were processed for ultrastructure analyses by the 

laboratory of Dr. H. Granzow, FLI. 

 

2.2.24. Nucleus staining with Hoechst 33258 dye (Sigma) 

Cells were washed with PBS- buffer, fixed with 3% PFA prepared in PBS- buffer for 

20 min at RT and permeabilized with 0.2% Triton X100 for 10 min at RT. Next, the cells 

were gently washed twice with PBS- buffer and 0.5 µg/ml Hoechst dye solution was added. 

The cells were incubated at RT or 370C for 10 to 15 min in a dark box, washed once with 

PBS- buffer and analyzed by a fluorescence microscopy. 

 

2.2.25. Statistical analysis 

 Results of titration and the significant difference between plaque sizes of the relevant 

BHV-1 were statistically evaluated by using GraphPad Prism5 software (Student’s t-test).
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3. RESULTS 

 

3.1. Role of BHV-1pUS3 on cell culture properties of BHV-1 

 

3.1.1. Generation of US3-deleted BHV-1 mutants 

To analyse the significance of BHV-1pUS3 for BHV-1 replication, US3-deleted 

BHV-1 mutants were generated as follows: sequences flanking the BHV-1 US3 open reading 

frame (ORF), were amplified using primer pairs US3deltaUP+ and US3deltaUP- and 

US3deltaDOWN+ and US3deltaDOWN-, respectively (Fig. 8A, Tab. 4).  

 

 
 

Fig. 8. Construction of US3-deletion plasmid pBHV-1dUS3-GFP. Schematic representation of the 
BHV-1 genome (not drawn to scale). The unique long (UL) and the unique short (US) segments, the 
internal (IR) and terminal (TR) repeats are indicated. The region encoding US3 is expanded and the 
transcription is indicated by an arrow. The US3 promoter and polyadenylation signal sequences are 
indicated by a green and red asterisk, respectively. The regions up- and downstream from the US3 
ORF, used to provide sequences for homologues recombination, are boxed.  B) and C) Diagram of  
the operative regions in plasmids  pBHV-1US3-del and  pBHV-1dUS3-GFP. Only relevant restriction 
enzyme cleavage sites are indicated. 
 

The resulting PCR products were then used in a fusion-PCR to generate an amplicon 

which lacked the US3 ORF but contained a cleavage site for BamHI at this position. This 

amplicon was cleaved with XbaI and EcoRI and integrated into plasmid vector pSP73 

cleaved with the same enzymes to generate plasmid pBHV-1US3del (Fig. 8B). The ORF 
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encoding GFP was isolated from pEGFP-N1 after cleavage with BamHI and NotI, blunt-

ended and integrated into the BamHI-cleaved and blunt ended plasmid pBHV-1US3del to 

generate plasmid pBHV-1dUS3-GFP (Fig. 8C) which contains the GFP ORF under the 

transcriptional control of the US3-promoter and polyadenylation signal sequences. 

The plasmid pBHV-1dUS3-GFP was cotransfected with purified genomic DNA of 

BHV-1/Aus12 and BHV-1/Schönböken into KOP-R cells. Viruses from plaques from the 

respective virus progenies showing GFP fluorescence (Fig. 9, left panel) were picked and 

purified until homogeneity. The resulting US3-deleted BHV-1 mutants were named BHV-

1/Aus12dUS3 and BHV-1/Schönböken-dUS3. 

To control the correct integration of the GFP ORF into the US3 locus of both BHV-1 

strains, whole-cell DNA from MDBK cells infected with the respective viruses was cleaved 

with HindIII and size separated by agarose gel electrophoresis. The resulting cleavage 

patterns  (Fig. 9, right panel) showed the expected differences between the genomic HindIII 

fragments from the wild type BHV-1 strains (red rhombs in Fig. 9, right panel) and the 

respective recombinants (green rhombs) because the HindIII cleavage site introduced by the 

recombination plasmid results in cleavage of the respective wild type virus fragments. In 

addition, sequencing of PCR products spanning the mutated region revealed that the US3 

ORF flanking sequences were left unchanged by the recombination events.  

 

 
 

Fig. 9. Intergration of the GFP ORF into the US3 locus. Left panel: US3-deleted BHV-1 mutant 
induced plaque with GFP autofluorescence. Right panel: HindIII cleavage patterns of whole-cell 
DNA, prepared 24 hours after infection of MDBK cells with BHV-1/Schönböken (lane 1), BHV-
1/Schönböken-dUS3 (lane 2), BHV-1/Aus12 (lane 3), and  BHV-1/Aus12dUS3 (lane 4). DNA 
fragments obtained after HindIII were size separated by 0.6% agarose gel electrophoresis and 
visualized by staining with ethidium bromide. M: 1 kbp ladder. Red and green rhombs mark 
fragments before and after replacement of the US3 ORF by the GFP ORF, respectively. 
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3.1.2. Expression and purification of a Mal-US3sm fusion protein for generation of 

monospecific pUS3 antibodies in rabbits 

To raise a monospecific serum against BHV-1pUS3, the artificial US3sm ORF which 

will be discussed in more detail later, was amplified by PCR using primers US3sm-toC-Flag+ 

and US3toC-Flag- (Tab. 4), and integrated into the bacterial expression vector pMal-p2x to 

generate plasmid pMal-p2x-US3sm. The resulting ORF encodes an 88 kDa apparent 

molecular weight fusion protein consisting of 40 kDa from the maltose binding protein and of 

48 kDa aminoterminal truncated BHV-1pUS3. Expression of this ORF by recombinant E.coli 

and purification of the fusion protein by affinity chromatography on amylose resin columns 

(see Materials and Methods section) was monitored by SDS-10% PAGE which revealed 

some degradation of the fusion protein. The concentration of the preparation was estimated to 

correspond to about 2 mg/ml using BSA as a standard (Fig. 10). 

  

 
 

Fig. 10. Estimation of the purified Mal-US3sm fusion protein concentration. Purified Mal-US3sm 
fusion protein and a BSA standard was separated by SDS-10% PAGE and visualized by Coomassie 
blue staining. Position of the 88 kDa fusion protein is indicated.  
Lanes 1, 2, 3:  1µl, 5µl and 10 µl, purified Mal-US3sm fusion protein  
Lanes 4, 5, 6:  5µg, 10 µg and 25 µg BSA, respectively  
Lane 7:   Induced  bacterial cell lysate  
Lane M:   Molecular  mass  marker. Selected apparent  molecular masses are depicted.  
 

A rabbit was immunized with 400 µg of the fusion protein with complete Freund’s 

adjuvant and boosted 3 times with the same amount of the protein prepared in incomplete 

Freund’s adjuvant in 3 to 4 weeks intervals. Indirect immunofluorescence on BHV-1/Aus12- 

and BHV-1/Aus12dUS3 induced plaques on MDBK cells revealed that the resulting 

monospecific anti-US3 serum specifically bound, as expected, only to proteins in BHV-

1/Aus12-infected cells (Fig. 11).  
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To identify the BHV-1/Aus12 and BHV-1/Schönböken encoded pUS3, lysates of 

MDBK cells infected at an M.O.I of 2.5 PFU/cell for 20 h with BHV-1 strains Aus12 and 

Schönböken or the respective BHV-1dUS3 mutants were size separated by SDS-10% PAGE  

and Western blot analysis was performed using the anti-pUS3 serum. As shown in Fig. 12, 

the anti-pUS3 serum detected pUS3 which exhibited an apparent molecular mass of 58 kDa 

in cells infected with the wt BHV-1 strains (lanes 1 and 3), whereas no specific reactivity 

with proteins from cells infected with the deletion mutants was detectable. These results 

demonstrated that the anti-pUS3 serum recognizes BHV-1pUS3 and confirmed absence of 

the pUS3 ORFs in the deletion mutants. 

 

 
 

Fig. 11. Reactivity of the anti-pUS3 serum with BHV-1 infected cells. MDBK cells were infected 
with appropriate dilutions of BHV-1/Aus12 (left) and BHV-1/Aus12dUS3 (right) stocks. After 
development of plaques under methylcellulose-containing semisolid medium cells were fixed for IIF 
using the anti-pUS3sm serum and AlexaFluor 594 goat-anti-rabbit IgG.  
 

 
 

Fig. 12. Reactivity of the anti-pUS3 serum. MDBK cells were infected with BHV-1/Aus12 (lane 1), 
BHV-1/Aus12dUS3 (lane 2), BHV-1/Schönböken (lane 3) and BHV-1/Schönböken-dUS3 (lane 4) for 
20 hours. Proteins from cell lysates were separated by SDS-10% PAGE, transferred to nitrocellulose 
membranes for Western blotting, using the anti-pUS3sm serum and peroxidise-conjugated goat-anti-
rabbit IgG. The position of pUS3 is indicated by an arrow.  
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3.1.3. Effect of pUS3 on direct cell-to-cell spread of BHV-1 

Function of pUS3 for direct spreading of BHV-1/Aus12 and BHV-1/Schönböken in 

infected cells was analyzed by determining sizes of plaques induced by the respective viruses. 

100 individual plaques formed by each virus were visualized by IIF using anti-gB MAb 

42/18/7 and AlexaFluor 594 labelled secondary antibody, photographed and the area of each 

plaque was determined using AnalySis labFlow software. The results are presented in Fig. 13 

and show that the plaque sizes formed by BHV-1/Schönböken-dUS3 were about 99 % of 

those induced by BHV-1/Schönböken. Using GraphPadPrism5 software (Student’s t-test), 

this difference was statistically not significant. In contrast, the sizes of plaques induced by 

BHV-1/Aus12dUS3 were only about 52 % of those obtained by BHV-1/Aus12. This result 

suggests that pUS3 is involved in direct cell-to-cell spread, a function which is redundant in 

BHV-1/Schönböken but reduced or absent in BHV-1/Aus12. 

 

 
Fig. 13. Effect of pUS3 on direct cell-to-cell spread of BHV-1. MDBK cells were infected with 
appropriate dilutions of BHV-1/Aus12, BHV-1/Aus12dUS3, BHV-1/Schönböken and BHV-
1/Schönböken-dUS3, and incubated for 2 days under methylcellulose-containing semisolid medium. 
Plaques were stained for IIF with a BHV-1gB specific MAb (42/18/7) and AlexaFluor 594 goat-anti-
mouse IgG. 100 plaques for each virus were photographed (upper panel) and the plaque areas were 
determined (lower panel). Plaque sizes of the respective wild type viruses were set as 100%.  
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3.1.4. Effect of pUS3 on single-step growth of BHV-1 

To investigate whether pUS3 affects growth of BHV-1/Aus12 and BHV-

1/Schönböken in cell culture, single-step growth was analysed on MDBK cells infected with 

wt BHV-1 strains Aus12 and Schönböken or US3-negative mutants BHV-1/Aus12dUS3 and 

BHV-1/Schönböken-dUS3 at an M.O.I of 10 PFU/cell.  

 
Fig. 14. Effect of pUS3 on single-step growth of BHV-1. A) MDBK cells were infected with BHV-
1/Schönböken (blue and pink) and BHV-1/Schönböken-dUS3 (green and black) or B) BHV-1/Aus12 
(blue and pink) and BHV-1/Aus12dUS3 (green and black) at an M.O.I of 10 PFU/cell. At the 
indicated times p.i, cells and supernatants were harvested. Titres of released infectivity and 
intracellular infectivity were determined on MDBK cells. The dot-and-dash line indicates the time 
point when released infectivity surpasses intracellular infectivity.  
 

As shown in Fig. 14, intracellular and released infectivity for both wild type strains 

are always higher than the respective values for the corresponding US3 deletion mutants. 

Comparison of the final titres reached at 32 h.p.i showed that virus yields from the US3 

deleted mutants were about 10-fold lower than those from the respective wt BHV-1 (0.7 x 107 
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PFU/ml versus 6.3 x 107 PFU/ml for the Schönböken pair and 2.9 x 107 PFU/ml versus 2.5 x 

108 PFU/ml for the BHV-1/Aus12 pair), indicating that pUS3 is, independent from the wild 

type strain used, beneficial for the infectious replication of BHV-1.  

Release of infectious US3-negative progeny, however, appears to be not affected by 

the deletion since the time point (indicated by dot-and-dash lines in Fig. 14) when 

extracellular infectivity surpassed intracellular infectivity (at about 14 h.p.i) was similar for 

the parent strains and the recombinants. 

 

3.1.5. Ultrastructural analysis of BHV-1pUS3-deletion mutants 

To analyse the effect of the pUS3 deletion on the ultrastructural level, MDBK cells 

were infected with the parent strains and the deletion mutants at an M.O.I of 2.5 PFU/cell. 

Fixation at 14 h.p.i. and electron microscopy was done by the laboratory of Dr. H. Granzow 

at the FLI. Since the results for BHV-1/Aus12 and BHV-1/Schönböken and their respective 

US3-deletion mutants were identical, only pictures from cells infected with BHV-1/Aus12 

and BHV-1/Aus12dUS3 are presented in Fig. 15.  

The pictures show that in nuclei of cells infected with the US3-negative mutants, 

aggregates of electron dense material of unclear nature and origin with large amounts of 

embedded nucleocapsids is present which is not observed in cells infected with the parent 

strains. It is tempting to speculate that accumulation of nucleocapsids in these aggregates may 

account for the reduced virus yield from cells infected with the US3 deletion mutants. 

 

Granzow H., FLI Granzow H., FLIGranzow H., FLI

BHV-1/Aus12 BHV-1/Aus12dUS3
An aggregate with embedded 
nucleocapsids 

 
 

Fig. 15. Ultrastructural analysis of US3-negative BHV-1 mutants. MDBK cells were infected with 
BHV-1/Aus12 and BHV-1/Aus12dUS3 and processed for electron microscopy at 14 h.p.i. Red arrows 
mark nucleocapsids, green arrows mark electron dense aggregates with embedded nucleocapsids. The 
figure on right side shows an enlarged view of an aggregate with embedded nucleocapsids. 
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3.2. Generation of revertant viruses and analysis of the significance of the amino-

terminal domain of pUS3 for pUS3 function 

 

3.2.1. Generation of BHV-1US3 revertants and BHV-1US3-kinase deleted mutants 

To generate BHV-1US3 revertant viruses based on the deletion mutants to verify that 

the observed phenotypes are indeed attributed to pUS3, the US3 ORF was integrated into 

plasmid pBHV-1US3del between the US3 promoter and polyA signal (Fig. 8) to achieve 

transcription regulation by the authentic regulatory sequences and to ensure identical 

structural organization in this region as in the deletion mutants. The resulting plasmid pBHV-

1dUS3-revUS3L was cotransfected with purified genomic DNA of BHV-1/Aus12dUS3 and 

BHV-1/Schönböken-dUS3 into KOP-R cells. Viruses from plaques from the respective virus 

progenies that did not show GFP autofluorescence were picked and purified until 

homogeneity. The resulting revertant viruses were named BHV-1/Aus12-revUS3L and BHV-

1/Schönböken-revUS3L and the correct integration of the US3 ORF was controlled by PCR 

and sequencing (data not shown).  

 

 
 

Fig. 16. Alignment of the aminoterminal region of PrVpUS3s and BHV-1pUS3 and sequence of the 
corresponding region of BHV-1pUS3sm (red). Amino acids are given in one-letter code. 

 

Since the growth defect of BHV-1/Aus12dUS3 and BHV-1/Schönböken-dUS3 and 

the appearance of intranuclear inclusion bodies were comparable and only BHV-

1/Aus12dUS3 showed a defect in direct cell-to-cell spread, only BHV-1/Aus12-revUS3L was 

included in the further analyses which involved also BHV-1/Aus12dUS3-based recombinants 

expressing pUS3dKin and BHV-1/Aus12-revUS3sm. The latter was generated to elucidate 

the significance of the aminoterminal part of BHV-1pUS3 since, in contrast to HSV-1 and 

PrV which code for two isoforms of pUS3 from which the smaller proteins lack the 76 (HSV-

1) and 54 aminoterminal (PRV) amino acids, BHV-1 expresses only one pUS3 form which 

corresponds to the larger pUS3 isoforms of HSV-1 and PrV. The artificial BHV-1 US3sm 

ORF was designed after alignment of the amino acid sequences of BHV-1pUS3 and 

PrVpUS3s using the GCG version 11.1 “Gap” function (Accelrys Inc. San Diego, CA). As 
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depicted in Fig. 16, the resulting BHV-1 US3sm ORF encodes BHV-1pUS3sm which starts 

with a methionine before alanine 102 of BHV-1pUS3. The BHV-1 US3sm ORF was obtained 

by PCR amplification using primers US3sm-toC-Flag+ and US3toC-Flag- (Tab. 4) and 

plasmid pMammBAC-DualMCMVieBHV-1US3 as template obtained from Dr. G. Keil, FLI. 

The resulting DNA fragment was integrated into pBHV-1US3del and sequenced to verify 

correct amplification. 

To analyse the role of the kinase activity of pUS3 in in-vitro replication and direct 

cell-to-cell spread, BHV-1US3dKin was generated by introduction of point mutations into the 

catalytic region of pUS3 which is conserved among the US3 molecules of alphaherpesviruses 

(Fig. 17A, Brzozowska et al., 2010). Based on reports describing the inactivation of the 

kinase activity of pUS3 orthologues of alphaherpesviruses (Coller and Smith, 2008; 

Schumacher et al., 2008; Deruelle et al., 2007; Olsen et al., 2006 and Ogg et al., 2004) the 

US3 ORF contained in plasmid pBHV-1dUS3-revUS3L was modified accordingly by site-

directed mutagenesis. In addition to the exchange of the codon for asp280 by a codon for ala, 

the introduction of a diagnostic restriction enzyme cleavage site (SmaI) resulted in 

replacement of the codon for his278 by a codon for pro (Fig. 17B).  

 

 
Fig. 17. Rationale for the construction of the ORF encoding pUS3dKin. A) amino acid sequence 
alignment of the region spanning the catalytic domain (boxed) of pUS3 of different 
alphaherpesviruses. Amino acids are given in one-letter code.  B) Nucleotide and amino acid sequence 
comparison between BHV-1 US3 and BHV-1 US3dKin. Changed nucleotides and mutated amino 
acids are marked in red.  The SmaI cleavage site, introduced in the US3dKin ORF is indicated. 

 

Plasmids pBHV-1US3dKin or pBHV-1-revUS3sm were cotransfected with purified 

DNA of BHV-1/Aus12dUS3 into KOP-R cells and viruses from non-autofluorescent plaques 
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from the transfection progenies were purified until homogeneity on MDBK cells. The 

resulting recombinants were named BHV-1/Aus12-revUS3sm and BHV-1/Aus12US3dKin, 

respectively. Correct orientation and sequence authenticity of the respective integrated ORFs 

was verified by sequencing (data not shown) of PCR products amplified using whole-cell 

DNA from MDBK cells infected with the recombinants and primers BHV1-US3 inscontrol+ 

and BHV1-US3 inscontrol- (Tab. 4).  

To test for expression of the pUS3 variants, MDBK cells were infected with diluted 

stocks of BHV-1/Aus12, BHV-1/Aus12dUS3, the respective US3 revertants and BHV-

1/Aus12US3dKin and processed for IIF with the anti-US3 serum after appearance of plaques 

2 to 3 days later. As shown in Fig. 18, cells infected with BHV-1/Aus12, BHV-1/Aus12-

revUS3L, BHV-1/Aus12-revUS3sm and BHV-1/Aus12US3dKin expressed proteins that 

reacted with the anti-pUS3 serum whereas no specific reaction with BHV-1/Aus12dUS3 

infected cells was detectable.  

  

 
Fig. 18. Expression of pUS3 variants by recombinant BHV-1. MDBK cells were infected with diluted 
virus stocks as indicated and processed for indirect-immunofluorescence using the anti-pUS3sm 
serum and AlexaFluor 594 goat-anti-rabbit IgG 2 to 3 days later.  
 

 
Fig. 19. Western blot analysis of pUS3 variants expressed by recombinant BHV-1. MDBK cells were 
infected with BHV-1/Aus12-revUS3sm (lane 1), BHV-1/Aus12-revUS3L (lane 2), BHV-1/Aus12 
(lane 3), BHV-1/Schönböken (lane 4), BHV-1/Aus12US3dKin (lane 5) or BHV-1/Aus12dUS3 (lane 
6) for 20 hours. Proteins from cell lysates were separated by SDS-10% PAGE, transferred to 
nitrocellulose membranes for Western blotting, using the anti-pUS3sm serum and peroxidise-
conjugated goat-anti-rabbit IgG. The position of pUS3L and pUS3sm is indicated by arrows.  
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To analyze protein expression in more detail, MDBK cells were infected with these 

viruses and BHV-1/Schönböken as a further control at an M.O.I of 2.5 PFU/cell for 20 h, 

lysed and proteins from the cell lysates were separated by SDS-10% PAGE and processed for 

Western blotting using the anti-pUS3 serum.  

As seen in Fig. 19, the anti-pUS3 serum detected pUS3sm which exhibits an apparent 

molecular weight of the 48 kDa (lane 1) and the 58 kDa apparent molecular weight pUS3 

after infection with BHV-1/Aus12-revUS3L (lane 2), wt BHV-1/Aus12 (lane 3), BHV-

1/Schönböken (lane 4) and BHV-1/Aus12US3dKin (lane 5) whereas no specific reactivity 

was found among proteins from cells infected with BHV-1/Aus12dUS3 (lane 6).   

 

3.2.2. Expression of the pUS3L and pUS3sm by BHV-1/Aus12dUS3 reverts the growth 

defect 

Fig. 20. Effect of pUS3 revertants on single step growth of BHV-1/Aus12. MDBK cells were infected 
with indicated viruses shown in the graph. At the indicated time p.i, cells (pink curves) and 
supernatants (blue curves) were harvested. Titres of released infectivity and intracellular infectivity 
were determined on MDBK cells. Arrows indicate the time point when released infectivity surpasses 
intracellular infectivity.  
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To verify that the deletion of pUS3 is responsible for the growth defect of BHV-

1/Aus12dUS3 and to test for the effect of the aminoterminal truncated form of pUS3 kinase 

on single-step growth, MDBK cells were infected with BHV-1/Aus12, BHV-1/Aus12dUS3 

and the BHV-1/Aus12US3 revertants at an M.O.I of 10 and titres of intracellular and released 

infectivity were determined at the time points indicated in Fig. 20 in which it is shown that 

final virus titres in the culture medium reached 2 x 107 PFU/ml in BHV-1/Aus12dUS3  

infected cells and  about 1.5 x 108 PFU/ml in BHV-1/Aus12, BHV-1/Aus12-revUS3L and 

BHV-1/Aus12-revUS3sm-infected cells, demonstrating that the reduced virus yield caused by 

the pUS3 deletion in BHV-1/Aus12dUS3 is completely restored by both pUS3L and pUS3sm 

expression which confirms that pUS3 is beneficial for infectious replication of BHV-1 and 

indicates that the 101 aminoterminal amino acids of pUS3 are not required for that function.  

 

3.2.3. pUS3sm and pUS3L complement the defect in direct spreading of BHV-

1/Aus12dUS3 

 

 
Fig. 21. Effect of pUS3 revertants on direct cell-to-cell spread of BHV-1/Aus12. MDBK cells were 
infected with appropriate dilutions of the indicated viruses shown in graph and overlaid with 
methylcellulose-containing semisolid medium. Plaques were stained for IIF with an anti-gB MAb and 
AlexaFluor 594 goat-anti-mouse IgG. 100 plaques of each virus were photographed (upper panel) and 
the plaque areas were determined (lower panel). Plaque size of the respective wild type virus was set 
as 100%.  
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To prove that the deletion of pUS3 was also responsible for the defect in direct 

spreading of BHV-1/Aus12dUS3 and to test for the effect of pUS3sm on this phenotype, 

MDBK cells were infected with appropriate dilutions of the respective virus stocks and 

overlaid with methylcellulose-containing semisolid medium. After 3 days at 370C, cultures 

were fixed and stained for IIF with anti-BHV-1gB specific MAb 42/18/7 and AlexaFluor 594 

goat-anti-mouse. 100 individual plaques of each virus were photographed (Fig. 21, upper 

panel) and their areas were determined using AnalySis labFlow solfware. 

Results of the determination of plaque areas (Fig. 21, lower panel) revealed that the 

sizes of plaques induced by BHV-1/Aus12dUS3 were significantly smaller (54.8%) than 

those of wt BHV-1/Aus12 (set as 100%). This inhibition of direct cell-to-cell spread was 

complemented by the expression of pUS3sm and pUS3L. The difference in the plaque sizes 

induced by BHV-1/Aus12 and the revertant viruses was statistically not significant (Student’s 

t-test, GraphPadPrism5 software). These results indicate that: 

1). pUS3 is involved in direct spreading of BHV-1/Aus 12 and,  

2). the 101 aminoterminal amino acids of pUS3 are not required for that function.  

The same applies for the ultrastructural phenotype of the pUS3 deletion mutants. 

MDBK cells were infected with wt BHV-1/Aus12, BHV-1/Aus12dUS3 and the BHV-

1/Aus12US3 revertants at an M.O.I of 2.5 PFU/cell and processed for electron microscopy at 

14 h.p.i. by the laboratory of Dr. H. Granzow, FLI. Since the images for BHV-1/Aus12-

revUS3L and -revUS3sm were comparable, only the pictures from cells infected with BHV-

1/Aus12-revUS3L are presented (Fig. 22).  

 

 
 

Fig. 22. Ultrastructural analysis of BHV-1/Aus12-US3 revertants. MDBK cells were infected with 
BHV-1/Aus12 and BHV-1/Aus12dUS3 and BHV-1/Aus12-revUS3L and processed for electron 
microscopy at 14 h.p.i. Red arrows mark nucleocapsids, blue arrows mark extracellular virions, green 
arrows mark electron dense aggregates with embedded nucleocapsids.  

Granzow H., FLI Granzow H., FLI Granzow H., FLI 

BHV-1/Aus12 BHV-1/Aus12dUS3 BHV-1/Aus12-revUS3L 
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The results in Fig. 22 show that in contrast to the nuclei of cells infected with BHV-

1/Aus12dUS3 no aggregates of electron dense material with embedded nucleocapsids were 

detectable in nuclei of cells infected with BHV-1/Aus12 and the pUS3L or pUS3sm 

expressing revertants which verifies that absence of pUS3 alone causes this phenotype and 

that the 101 aminoterminal amino acids of pUS3 are not required for the ultrastructural wild 

type phenotype. 

In addition, also nuclear localization appears not to be affected by the aminoterminal 

truncation since indirect immunofluorescence analyses demonstrated that pUS3sm 

predominantely located in the nucleus of infected cells as is pUS3L (Fig. 23). In contrast, 

transport into the nucleus of pUS3dKin appears inhibited since at least the majority of the 

protein is found associated with the cytoplasm of infected cells (Fig. 23). 

 

 
 

Fig. 23. Intracellular localization of BHV-1 encoded pUS3 variants. MDBK cells were infected with 
appropriate dilutions of virus stocks as indicated in the figure at an M.O.I ~ 0.1 PFU/cell. 2 h.p.i, cells 
were overlaid with methylcellulose-containing semisolid medium. After development of plaques 
under methylcellulose-containing semisolid medium, cells were fixed for IIF using the anti-pUS3sm 
serum and AlexaFluor 594 goat-anti-rabbit IgG (upper panel) and nuclei were stained with Hoechst 
33258 dye  (lower panel). 
 

To test whether association of pUS3 with virions requires the aminoterminal domain, 

MDBK cells were infected with BHV-1/Aus12, BHV-1/Aus12dUS3, BHV-1/Aus12-
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revUS3L and BHV-1/Aus12-revUS3sm. 24 h after infection proteins from released virions 

and from the infected cells were analysed using the anti-pUS3 serum or anti-gB monoclonal 

42/18/7 to control infection and virus purification. Fig. 24 shows that also pUS3sm is 

incorporated into virions, demonstrating that the aminoterminal domain of pUS3 is not 

needed for that.  

 

 
 

Fig. 24. Incorporation of pUS3 and pUS3 revertants into virions. MDBK cells were infected with the 
BHV-1/Aus12 (lane 1), BHV-1/Aus12dUS3 (lane 2), BHV-1/Aus12-revUS3L (lane 3) and BHV-
1/Aus12-revUS3sm (lane 4) at an M.O.I of 10 and incubated at 370C for 24 h. Cell culture 
supernatants were clarified by low-speed centrifugation and released virions were pelleted by 
ultracentrifugation through a 15% sucrose cushion. Proteins from virions and infected cells were 
analysed by Western blotting using the anti-pUS3 serum and peroxidase-conjugated goat-anti-rabbit 
IgG (left panel) or anti-gB specific MAb (42/18/7) and  peroxidase-conjugated goat-anti-mouse IgG 
to control infection and virus purification (right panel).  
 

3.2.4. Effect of kinase activity of pUS3 on single-step growth of BHV-1 

To investigate whether the kinase activity of pUS3 alone affects the growth of BHV-

1, single-step growth kinetic was analysed on MDBK cells infected with wt BHV-1/Aus12, 

BHV-1/Aus12US3dKin or BHV-1/Aus12dUS3 at an M.O.I of 10 PFU/cell. 

As shown in Fig. 25, single-step growth curves reveal that at 32 h.p.i infectivity 

obtained from the US3-kinase deleted mutant (ca. 2.1 x 107 PFU/ml) was equal to the virus 

yield from the US3-negative mutant (ca. 2.3 x 107 PFU/ml) and was about 10-fold lower than 

infectious virus yield from BHV-1/Aus12 (ca. 2 x 108 PFU/ml) infected cells. Release of 

infectious virus was apparently not affected by the inactivation of the kinase activity, since 
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the time points when extracellular infectivity exceeded intracellular infectivity were the same 

for the three viruses tested. 

 
Fig. 25. Effect of kinase activity of pUS3 on single step growth of BHV-1/Aus12. MDBK cells were 
infected with the indicated viruses. At the indicated times p.i, cells (pink curves) and supernatants 
(blue curves) were harvested. Titers of released infectivity and intracellular infectivity were 
determined on MDBK cells. Arrows indicate the time point when released infectivity surpassed 
intracellular infectivity.  
 

 
Fig. 26. Effect of kinase activity of pUS3 on direct cell-to-cell spread of BHV-1/Aus12. MDBK cells 
were infected with appropriate dilutions of the indicated viruses and overlaid with methylcellulose-
containing semisolid medium. Plaques were stained for IIF with an anti-gB MAb and AlexaFluor 594 
goat-anti-mouse IgG 3 days p.i. 100 plaques of each virus were photographed (upper panel) and the 
plaques sizes were determined (lower panel). Average diameter of wt BHV-1/Aus12 plaques was set 
as 100%.  
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3.2.5. Effect of kinase activity of pUS3 on direct cell-to-cell spread of BHV-1 

The role of the kinase activity of BHV-1pUS3 on direct spreading between cells in 

infected cells was elucidated by the plaque size assay described above. Results presented in 

Fig. 26 showed that the plaque size formed by BHV-1/Aus12US3dKin was similar to that of 

BHV-1/Aus12dUS3 and that both reached only about 50 % of the plaque size induced by 

BHV-1/Aus12 which is statistically significant (Student´s t-test, GraphPadPrism5).  

In summary, in the viral background the aminoterminal domain of BHV-1pUS3 is 

dispensable in-vitro for all functions tested. 

 

3.3. Functional analysis of BHV-1pUS3 apart from other BHV-1 encoded proteins 

 

3.3.1. Generation of recombinant baculoviruses for the expression of BHV-1pUS3L, 

pUS3sm, pUS3dKin and their Flag-tagged variants 

To analyse functional properties of pUS3 in mammalian cells independent from the 

authentic viral context, recombinant baculoviruses (rBacs) containing vertebrate cell-active 

expression cassettes for BHV-1pUS3L, BHV-1pUS3L-Flag, BHV-1pUS3sm, BHV-

1pUS3sm-Flag, BHV-1pUS3dKin and BHV-1pUS3dKin-Flag were generated using transfer 

vectors based on plasmid pFastBacDual-iePH-GFP (Keil et al., 2009). Transcription of the 

respective US3-related ORFs within the expression cassettes is controlled by the MCMVie1 

enhancer/promoter element (Fig. 27).  

 

 
 

Fig. 27. Schematic representation of the relevant segments of the transfer plasmids for expression of 
the pUS3 variants by recombinant baculoviruses. Tn7L and Tn7R depict sequences needed for the 
Tn7-mediated transposition of the expression cassette in the baculovirus genome. The polyhedrin 
promoter (PolH) and the BHV-1 glycoprotein D gene polyadenylation signal (gD-polyA) regulate 
expression of the GFP ORF in insect cells. The distinct US3 ORFs were integrated between the 
immediate early 1 enhancer/promoter element of the murine cytomegalovirus (MCMVie1) and the 
SV40 early polyadenylation signal (SV40-polyA).  
 

Recombinants rBacBHV-1US3L-Flag and rBacBHV-1US3sm-Flag expressed the 

pUS3 variants with the Flag-tag (DYKDDDDK) fused to the respective carboxy termini to 

facilitate further analyses since Flag-tag specific monoclonal antibodies in solution and 

bound to agarose beads are available.  
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The so-called BacMam technology for the expression of the pUS3 variants in 

mammalian cells was chosen because this approach yields highly efficient gene transfer into 

a large number of mammalian cell lines (Gao et al., 2007; Keil et al., 2009; Kost et al., 

2005). Expression of the US3 proteins was examined by indirect immunofluorescence (IIF) 

and immunoblot analyses after transduction of L11 or HEK 293T with rBacs expressing 

pUS3 variants or with rBac-ieGFP as a control. After 23 h at 370C, cells were fixed for IIF or 

harvested for Western blot analysis using the anti-pUS3 serum or a monoclonal antibody 

against the Flag-tag (anti-Flag MAb).  

 

 
Fig. 28. Expression of Flag-tagged and non-tagged pUS3 variants in BacMam-transduced cells. A). 
L11 cells were transduced with BacMams expressing the indicated proteins and  fixed for IIF using 
the anti-pUS3 serum and AlexaFluor 594 goat-anti-rabbit IgG or anti-Flag MAb and AlexaFluor 594 
goat-anti-mouse IgG 23 h after transduction. B and C). HEK 293T cells were transduced by 
recombinant baculoviruses expressing BHV-1pUS3L-Flag (lanes 1), BHV-1pUS3L (lanes 2), BHV-
1pUS3sm-Flag (lanes 3), BHV-1pUS3sm (lanes 4), BHV-1pUS3dKin-Flag (lanes 6), BHV-
1pUS3dKin (lanes 7) or GFP (lanes 5). Cells were harvested at 23 h.p.i. and proteins were separated 
by SDS-10% PAGE and analysed by WB using the anti-pUS3 serum and peroxidise-conjugated goat-
anti-rabbit IgG (B) or anti-Flag MAb and peroxidise-conjugated goat-anti-mouse IgG (C). 
 

The results shown in Fig. 28A demonstrate that the Flag-tagged pUS3 variants were 

detected by both the anti-pUS3 serum and the anti-Flag MAb and indicated that they 

exhibited an intracellular distribution similar to their nontagged counterparts. The Western 

blots shown in Fig. 28B and 28C confirmed that pUS3L, pUS3sm and pUS3dKin as well as 
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their particular Flag-tagged derivatives were recognized by the anti-pUS3 serum (Fig. 28B)  

whereas the anti-Flag MAb reacted only with the tagged proteins (Fig. 28C). 

 

3.3.2. Kinase activity affects nuclear transport of pUS3 

To confirm that the intracellular localization of the pUS3 variants was comparable to 

the respective BHV-1 expressed proteins, L11 cells were transduced with the rBacs encoding 

pUS3s, pUS3L and pUS3dKin and analyzed by IIF using the anti-pUS3 serum and staining 

of the DNA in nuclei with Hoechst 33258 dye.  

Results in Fig. 29 showed that baculovirus expressed pUS3L and pUS3sm localized 

predominantly to the nucleus of transduced cells whereas pUS3dKin accumulated in the 

cytoplasm. These results demonstrated that the nuclear localization of pUS3 and pUS3sm is 

independent from other BHV-1 encoded functions and indicated that transport of pUS3 into 

the nucleus might be coupled with the kinase activity of pUS3. 

 

 
 
Fig. 29. Intracellular localization of BHV-1pUS3, pUS3sm and pUS3dKin. L11 cells were transduced 
with BacMam viruses expressing pUS3sm, pUS3L and pUS3dKin at an M.O.I of 20 TCID50/cell for 
23 h and processed for IIF using the anti-pUS3sm serum and AlexaFluor 594 goat-anti-rabbit IgG (red 
fluorescence). Nuclei of the cells were stained using Hoechst 33258 dye (blue fluorescence). Pictures 
were processed and merged using Analysis Pro software. 
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3.3.3. Neither BHV-1pUS3L nor BHV-1pUS3sm inhibits staurosporine-induced 

apoptosis 

The pUS3 orthologues of PrV and HSV-1 inhibit apoptosis caused by the infection 

itself or induced by exogenous excitation whereas pUS3 of BHV-1 is regarded as not anti-

apoptotic (Benetti et al., 2007; Cartier et al., 2003a/b; Geenen et al., 2005a). This conclusion, 

however is mainly based on the observation that a US3-negative BHV-1 mutant protects cells 

from sorbitol-induced apoptosis and there is, however, some controversies whether BHV-

1pUS3 is anti-apoptotic or not (Deruelle and Favoreel, 2010; Takashima et al., 1999). To 

clarify this question, the effect of pUS3L and pUS3sm on staurosporine-induced apoptosis in 

Hela cells and in L11 cells was analysed.  

Results in Fig. 30 showed the time kinetics of apoptosis-induction by 2 µM 

staurosporine, monitored by cleavage of the 116 kDa poly [ADP-ribose] polymerase 1 

(PARP-1) in Hela cells, or in both Hela and L11 cells, visualized by DNA fragmentation 

which revealed that both PARP-1 cleavage and DNA laddering could be clearly demonstrated 

after 6 hours incubation of the respective cell lines with 2 µM staurosporine. Unfortunately, 

the anti-PARP-1 polyclonal Ab did not react with the protein from L11 cells. Thus, two cell 

lines (Hela and L11 cells) which could be efficiently transduced by BacMam viruses were 

chosen for the analyses.  

 

 
 

Fig. 30. Apoptosis induction by staurosporine in Hela and L11cells. Left panel:  Hela cells  were 
incubated with 2 µM of staurosporine for the times indicated and proteins were size separated by 
SDS-7.5% PAGE and transferred to nitrocellulose for immunoblotting. PARP-1 cleavage was 
monitored using an anti-PARP-1 antibody. To control loading, membranes were stripped and stained 
for tubulin using a monoclonal antibody against tubulin. Middle and right panels: Hela and L11 cells, 
respectively were incubated with 2 µM of staurosporine for the times indicated and fragmented DNA 
was prepared and analyzed by 2% agarose gel electrophoresis. M = 1 kbp ladder. 
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Fig. 31. BHV-1pUS3L and pUS3sm do not inhibit apoptosis. Hela cells (A - C) or L11 cells were 
transduced with rBacPrV-US3s (lanes 1 and 2), rBacPrV-US3L (lanes 3 and 4), rBacPrV-US3dKin 
(lanes 5 and 6), rBacBHV-1US3sm (lanes 7 and 8), rBacBHV-1US3L (lanes 9 and 10) and rBac-
ieGFP (lanes 11 and 12) for 14 hours and then incubated with 2 µM staurosporine (+) or left untreated 
(-) for 6 hours. Proteins in lysates of Hela cells were analysed by Western blotting, with the anti-
PARP antibody (A), anti-tubulin MAb after stripping (B), a monospecific serum against PrVpUS3 (C, 
lanes 1 to 6)  and the anti-serum against BHV-1pUS3 (C, lanes 7 to 12). The gel for the analyses 
shown in C was run in parallel to the gels used for A and B. The position of the proteins and the 
respective apparent molecular masses are indicated. (D). Fragmented DNA from transduced L11 cells 
was prepared and analyzed by 2% agarose gel electrophoresis. M = 1 kbp ladder.  
 

Hela cells were transduced with the recombinant baculoviruses expressing BHV-

1pUS3L and pUS3sm (rBacBHV-1US3L, rBacBHV-1US3sm) and, as controls, with 

rBacPrV-US3L and rBacPrV-US3s and rBacPrV-US3dKin at an M.O.I of 20 TCID50/cell. 

Recombinant baculoviruses expressing the respective PrVpUS3L, PrVpUS3s and 

PrVpUS3dKin were generated previously in the laboratory using the respective ORFs 

provided by Dr. B. Klupp, FLI/IMB. At 14 h after transduction, the cells were treated with 2 

µM staurosporine for 6 hours (+) or were left untreated (-). Afterwards, PARP-1 cleavage in 

the cells was analysed by Western blotting, using a rabbit anti-PARP-1 polyclonal Ab and 

peroxidase-conjugated goat-anti-rabbit IgG (Fig. 31A). To prove uniform loading, the filters 

were stripped and cellular tubulin was visualized by a monoclonal anti-tubulin antibody and 

peroxidise-conjugated goat-anti-mouse IgG (Fig. 31B). Expression of the respective US3 
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proteins was monitored using a monospecific rabbit serum (kindly provided by Dr. B. Klupp, 

FLI) directed against pUS3 of PrV (Fig. 31C, lanes 1 to 6) or the anti-BHV-1pUS3 serum 

(Fig. 31C, lanes 7 to 12).  

The results demonstrated that pUS3s and pUS3L of PrV completely inhibited 

staurosporine-induced PARP-1 cleavage whereas in PrVpUS3dKin-expressing cultures an 

only small amount of PARP-1 remained uncleaved which is in accordance with published 

knowledge (Ogg et al., 2004; Poon et al., 2006). Whether PrVpUS3L alone inhibits 

staurosporine induced apoptosis can’t be deduced because both PrVpUS3L and pUS3s are 

expressed from the gene contained in rBacPrV-US3L (Fig. 31C, lanes 3 and 4). The origin of 

the US3 related protein, detected by the anti-PrVpUS3 serum, which migrates between the 

long and short isoform is not clear. It may be a degradation product of pUS3L. In contrast, 

neither the authentic long form of BHV-1pUS3 nor the artificial short isoform is capable to 

inhibit apoptosis induced by staurosporine. These interpretations were corroborated by the 

results obtained by the analysis of DNA fragmentation in L11 cells using the same protocol 

for transduction/staurosporine treatment (Fig. 31D). Thus, the functions of PrVpUS3 and 

BHV-1pUS3 differ significantly with regard to apoptosis inhibition in-vitro.  

 

3.3.4. Purification of pUS3L-Flag, pUS3sm-Flag and pUS3dKin-Flag 

To facilitate purification, the BHV-1pUS3 variants were genetically tagged with the 

Flag epitope. Intracellular localization and impact on morphology of cells expressing the 

tagged proteins were indistinguishable from the respective effects caused by expression of the 

unmodified proteins which indicates the presence of the Flag epitope at the carboxy termini 

of the proteins does not inhibit their functional activity. 

Since HEK 293T cells could be efficiently transduced by BacMam viruses and 

expressed high levels of respective target proteins, HEK 293T cells in 6-well plates were 

transduced with the respective recombinant baculoviruses encoding pUS3L-Flag, pUS3sm-

Flag, pUS3dKin-Flag and GFP as a control at an M.O.I of 25 TCID50/cell. After 20 h 

incubation at 370C, the cells were harvested in 2ml of lysis buffer, sonicated in an ultrasonic 

water bath for 20 sec and centrifuged at 14000 rpm for 15 min at 40C. The supernatants of the 

respective cell lysates were incubated with anti-Flag M2 affinity agarose gel at 40C overnight 

on a tumbling shaker. The agarose affinity beads were then washed four times with TBS and 

bound proteins were eluted by 150 µg/ml Flag peptide (see Materials and Methods section for 

details).  
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To monitor the purification process, aliquots from the cell lysates (Fig. 32, lanes 1), 

from the first (Fig. 32, lanes 2) and the last washing steps (Fig. 32, lanes 3), and from the 

eluted proteins (Fig. 32, lanes 4) were separated by SDS-10% PAGE and stained with 

Coomassie blue (Fig. 32, upper panel) or processed for Western blotting using the anti-Flag 

MAb (Fig. 32, lower panel). The latter shows that the Flag-tagged proteins from the 

respective cells efficiently bound to the anti-Flag MAb whereas no reaction was observed 

among proteins from BacMam-ieGFP transduced cells. The Coomassie blue staining of the 

samples shows that all Flag-tagged proteins were visible in the respective lanes and indicated 

that a 39 kDa protein (red rhombs in Fig. 32) copurified with pUS3sm-Flag and pUS3L-Flag 

which was not detected in the eluates from pUS3dKin-Flag or GFP expressing cells. 

 

 
 

Fig. 32. Purification of the Flag-tagged BHV-1 US3 proteins. HEK 293T cells were transduced with 
the indicated BacMam viruses, harvested 24 h later and Flag-tagged proteins were purified using anti-
Flag M2 MAb-coated agarose beads as described in the Materials and Methods section. Aliquots of 
the lysed cells (lanes 1), first (lanes 2) and last washing steps (lanes 3) and the eluate (lanes 4)  were 
size separated by SDS-10% PAGE and either stained with Coomassie blue (upper panel) or 
transferred to nitrocellulose for Western blot analysis using the anti-Flag MAb and peroxidase-
conjugated goat-anti-mouse IgG (lower panel). Position of the 48 kDa pUS3sm-Flag is indicated by 
arrows and a green rhomb, and positions of the 58 kDa pUS3L-Flag is indicated by arrows and a blue 
rhomb and pUS3dKin-Flag is indicated by arrows and a yellow rhomb. The red rhombs inidcate 
position of a 39 kDa apparent molecular weight protein that copurifies only with pUS3sm-Flag and 
pUS3L-Flag. M: prestained protein ladder; + and - indicate positions of the 52 kDa and 46 kDa 
apparent molecular marker proteins. 
 

3.3.5. Identification of the protein that copurifies with pUS3sm-Flag and pUS3L-Flag  

To identify the protein that interacted specifically with Flag-tagged pUS3sm and 

pUS3L, eluted samples prepared as above were concentrated using 10 kDa-cut off vivaspin 

concentrators. The concentrated proteins were then size separated by SDS-10% PAGE for 
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both Coomassie blue staining and silver staining, and Western blot analyses. Results are 

shown in Fig. 33.  

 

 
 

Fig. 33. Analysis of concentrated pUS3sm-Flag, pUS3L-Flag and pUS3dKin-Flag eluates. Proteins in 
purified Flag-tagged pUS3sm (lanes 1), pUS3L (lanes 2), and pUS3dKin (lanes 3) were concentrated 
and separated by SDS-10% PAGE and analysed by Coomassie blue staining, silver staining, and 
Western blot analyses with anti-Flag MAb or anti-SET polyclonal Ab as indicated. Position of the 48 
kDa pUS3sm-Flag is indicated by arrows and green rhombs, and position of the 58 kDa pUS3L-Flag 
is indicated by arrows and blue rhombs and pUS3dKin-Flag is indicated by arrows and yellow 
rhombs. The red rhombs inidcate position of the 39 kDa apparent molecular weight SET protein that 
copurifies only with pUS3sm-Flag and pUS3L-Flag. M: prestained protein ladder; + and - indicate 
positions of the 52 kDa, 46 kDa and 37 kDa apparent molecular weight marker proteins, respectively. 
 

Both staining and Western blot analysis with the anti-Flag MAb confirmed that the 39 

kDa apparent molecular weight protein (red rhombs) was present only in eluates containing 

the 48 kDa pUS3sm-Flag (green rhomb) and the 58 kDa pUS3L-Flag (blue rhombs) but was 

not detactable in pUS3dKin-Flag eluates (yellow rhombs).  

To identify the 39 kDa apparent molecular weight protein, the Coomassie blue stained 

proteins were processed for peptide fragment analysis by Maldi TOF/TOF mass spectrometry 

by the laboratory of Dr. A. Karger, FLI/IMB. The results of the peptide analysis are shown in 
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Fig. 34 and verified the identity of the purified Flag-tagged pUS3 variants and revealed that 

the 39 kDa apparent molecular weight protein is the cellular phosphatase 2A-specific 

inhibitor protein (I2PP2A), also named SET protein. 

This was confirmed by Western blot analysis using a rabbit anti-I2PP2A (SET) 

polyclonal antibody (Santa Cruz Biotechnology, Inc) which reacted with the 39 kDa apparent 

molecular weight protein that copurified with pUS3sm-Flag and pUS3L-Flag but did not 

react with any proteins from the pUS3dKin-Flag eluate (Fig. 33). Thus, these results provide 

convincing evidence that biologically active pUS3 interacts with the cellular SET protein 

whereas protein kinase negative pUS3 does not. 

 

 
 

Fig. 34. Peptide fragment analysis, using Maldi TOF/TOF mass spectrometry (Ultraflex I TOF/TOF), 
Bruker, Germany. Results were provided by Dr. A. Karger, FLI/IMB.  
 

3.3.6. Effect of SET overexpression on productive BHV-1 replication 

Having shown that biologically active pUS3 interacts with the cellular SET protein, it 

was asked whether this protein might influence BHV-1 replication. For that, a BacMam virus 

was constructed which contained a MCMVie1-directed expression cassette for human SET 



Results 

90 
 

and the resulting recombinant rBacSET was used to transduce L11 cells at M.O.I of 10, 30 or 

100 PFU/cell. Transduction with rBac-ieGFP served as a control. Transduced cells were 

infected 20 h after transduction with BHV-1/Aus12 at an M.O.I of 10 PFU/cell. Culture 

supernatants were titrated 28 h.p.i. and the infected cells were analysed for SET expression. 

 

 
 

Fig. 35. Overexpression of SET interferes with BHV-1 replication. L11 cells were transduced with 
rBacSET and at an M.O.I of 10 (lanes 1), 30 (lanes 2), 100 (lanes 3), or rBac-ieGFP at an M.O.I of 
100 (lanes 4). 20 hours later, cells were infected with BHV-1/Aus12 at an M.O.I of 10. Culture 
supernatants and cells were harvested 28 h.p.i. for titration (B) and Western blot analyses (A), 
respectively. A). Proteins were separated by SDS-10% PAGE, transferred to nitrocellulose and SET 
expression was monitored using anti-SET specific antibodies. The arrow points to the barely visible 
signal from internal SET. To control loading, membranes were stripped and stained for tubulin using a 
monoclonal antibody against tubulin. B). Reduction in titres of BHV-1/Aus12 infectivity released into 
the respective culture supernatants. Titres were determined on MDBK cells and the titre reached by 
BHV-1/Aus12 in cells transduced with rBac-ieGFP at an M.O.I of 100 was set to 100%. 

 

The results are shown in Fig. 35 demonstrate that overexpression of SET inhibits 

BHV-1/Aus12 replication in a dose dependent manner. Repetition of this experiment using 

also BHV-1/Schönböken, BHV-1/Aus12dUS3 and BHV-1/Schönböken-dUS3 revealed 

similar dose dependent titre reductions, which suggests that the inhibition of BHV-1 

replication by SET is independent from the expression of pUS3. Thus, the significance of the 

pUS3 - SET interaction for BHV-1 replication and the molecular mechanism by which SET 

interferes with BHV-1 production need to be identified. 
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4. DISCUSSION 

 

4.1. Functional analyses of BHV-1pUS3 in in-vitro BHV-1 replication 

Viral replication cycles involve both host cell and viral proteins. The serine/threonine 

kinase pUS3, the product of the US3 gene which is highly conserved among 

alphaherpesviruses, is one of the viral proteins that actively interacts with cellular proteins 

from e.g. the programmed cell death pathway (Munger and Roizman, 2001; Cartier et al., 

2003a/b; Ogg et al., 2004; Poon et al., 2006) and phosphorylates also other viral proteins like 

pUL31, pUL34 and gB in hepres simplex virus infected cells (Reynolds et al., 2002; 

Ryckman and Roller, 2004; Mou et al., 2009; Kato et al., 2005 and 2009). Thus, pUS3 is a 

multifunctional protein involved in a variety of aspects of the virus lifecycle such as nuclear 

egress of virus particles, cell-to-cell spread of virus infection, modulation of apoptosis and 

modification of the cellular cytoskeleton. The functions of pUS3 have been rather well 

analyzed in HSV-1 and PrV whereas little is known on the activities of BHV-1 pUS3. 

To analyze the functions of BHV-1pUS3, US3-negative mutants of BHV-1 strains 

Schönböken and Aus12 were generated in which the GFP ORF replaced the US3 ORF (Fig. 

8). To include the effect of BHV-1 cell culture adaptation on pUS3 function in the analyses, 

these two viruses were selected because they differ significantly in their passage history. The 

BHV-1/Schönböken stock used for virus DNA preparation has been propagated only 7 times 

after isolation from cattle whereas BHV-1/Aus 12 was passaged more than 200 times in cell 

culture (O. C. Straub, FLI, personal communication).  

Isolation and plaque purification of the recombinants BHV-1/Schönböken-dUS3 and 

BHV-1/Aus12dUS3 which confirmed that pUS3 is not essential for BHV-1 replication in-

vitro (Takashima et al., 1999), was facilitated by the GFP expression which, due to the design 

of the recombination plasmid pBHV-1dUS3-GFP (Fig. 8C) is controlled by the authentic 

US3 promoter and signal sequences for polyadenylation. The rationale to exchange only the 

ORFs was to avoid unwanted side effects which might result from integration of heterologous 

transcription regulating elements like e.g. the human cytomegalovirus major immediate early 

promoter into the viral genomes. Correct integration of the recombination cassette was 

analyzed by restriction enzyme cleavage with HindIII which revealed the expected fragment 

patterns for the DNA of both recombinants (Fig. 9, right panel), and verified by sequencing 

of PCR products spanning the mutated region which revealed that the US3 flanking 

sequences containing the promoter as well as the poly A signal were left unchanged by the 

recombinant events. 
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Indirect immunofluorescence (IIF) analyses on MDBK cells infected with the wild 

type BHV-1 strains and the respective US3 deletion mutants using a monospecific serum 

against BHV-1pUS3 raised in rabbits against a bacterial expressed fusion protein showed that 

the anti-pUS3 serum bound only to proteins in wild type BHV-1 cells whereas no specific 

reactivity with proteins from cells infected with the US3 deletion mutants could be detected 

(Fig. 11). This result proved both the specificity of the anti-pUS3 serum and absence of pUS3 

expression by the recombinants. In addition, Western blotting analyses using the  anti-pUS3 

serum demonstrated that BHV-1pUS3 exhibited an apparent molecular mass of 58 kDa in 

cells infected with both wild type BHV-1 strains while no specific reactions were found in 

cells infected with the respective US3-deletion mutants (Fig. 12). 

Both wild type BHV-1/Schönböken and BHV-1/Aus12 and the US3-negative BHV-1 

mutants were used to assess the effect of pUS3 on growth properties in cultured cells. Plaque 

assays revealed that direct cell-to-cell spread of BHV-1/Aus12dUS3 is significantly hindered, 

because the size of plaques formed in MDBK cells infected with US3-deletion mutant was 

only around 52% of those achieved by BHV-1/Aus12 (Fig. 13). That BHV-1/Aus12dUS3 

exhibits a small plaque phenotype appears to be consistent with previous publications on 

HSV-1pUS3 by Poon et al., (2006) and on US3-null PrV by Van den Broeke et al. (2009b), 

Favoreel et al. (2005) who reported that US3-null PrV plaques were apparently smaller than 

plaques formed by wild type PrV. Since pUS3 mediated formation of cellular protrusions is 

associated with enhanced virus spread (Deruelle and Favoreel, 2010) it may be assumed that 

absence of these branched projections results in reduced direct spreading from cell to cell. 

Surprisingly, direct cell-to-cell spread of BHV-1/Schönböken was not affected by the 

US3 deletion since BHV-1/Schönböken-dUS3 induced plaques were of nearly the same size 

as those from the wild type virus (Fig. 13). The observed small difference in the plaque size 

was statistically not significant (Student’s t-test, GraphPadPrism5). That the impaired 

spreading of BHV-1/Aus12dUS3 was solely dependent on the lack of the pUS3 protein 

kinase activity was unequivocally proven by analysis of the plaque formation by the revertant 

viruses BHV-1/Aus12-revUS3L and BHV-1/Aus12-revUS3sm which spreaded comparable 

to BHV-1/Aus12 (Fig. 21) and by the significantly small plaque phenotype of mutant BHV-

1/Aus12dKin which expresses kinase negative pUS3dKin (Fig. 26). The reason for the 

observed different effects of the US3 deletion may be that in BHV-1/Schönböken at least one 

redundant function involved in direct spreading compensates for the role of pUS3 for direct 

spreading and that this activity is modified or absent in BHV-1/Aus12. Unfortunately no 

lower passage numbers of BHV-1/Aus12 were preserved to clarify whether this assumed 
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redundancy was absent already in the original isolate or was lost during passaging in cell 

culture. 

Single step growth kinetics using BHV-1/Schönböken, BHV-1/Aus12 and the 

respective US3-negative mutants were performed to analyze generation of intracellular and 

released infectious virions. Compared to their parent strains, both US3-deletion mutants 

showed a reduction in intracellular and extracellular infectivity throughout the time range 

which resulted in an about 10-fold reduction at the end of the kinetics at 32 h.p.i. for both 

mutants. Release of infectious virions from the cells, however, appeared to be not affected. 

The time point when infectivity was detected in the culture medium and, more important, the 

time point when extracellular infectivity surpassed intracellular infectivity was identical for 

the wild type and mutant strains (Fig. 14). That the growth defect of BHV-1/Aus12dUS3 and 

BHV-1/Schönböken-dUS3 was solely dependent on the lack of the pUS3 protein kinase 

activity was unequivocally proven by analysis of single step growth of the revertant viruses 

which was comparable to the BHV-1 parent strains (Fig. 20) and by the again reduced growth 

of recombinants expressing pUS3dKin (Fig. 25). A moderate impairment of infectious virus 

replication has also been reported for US3 deletion mutants of HSV-1 (Reynolds et al., 2002; 

Ryckman and Roller, 2004) and PrV (Kimman et al., 1994; Olsen et al., 2006). 

Thus, although not essential, the protein kinase activity of pUS3 is beneficial for 

productive BHV-1 replication in cell culture. 

One of the functions reported for the pUS3 orthologues of PrV, HSV-1 and also MDV 

is facilitating the nucleocapsid egress from nuclei (Klupp et al., 2001; Mou et al., 2009; 

Reynolds et al., 2002; Schumacher et al., 2005; Wisner et al., 2009) since in the absence of 

pUS3 a defect in nuclear egress resulting in accumulation of primary enveloped virions in 

perinuclear invaginations of cells infected with HSV-1 or PrV is observed. To evaluate the 

effect of BHV-1pUS3 on the nuclear egress of nucleocapsids, ultrastructural analysis was 

performed after infection of MDBK cells with BHV-1/Schönböken and BHV-1/Aus12 and 

both US3-negative mutants. The results for BHV-1/Aus12 and BHV-1/Schönböken as well as 

for their respective mutants were independent from the genetic background and revealed the 

expected image for the wild type viruses (Fig. 15). In cells infected with the BHV-1US3 

deletion mutants accumulation of primary enveloped virions could not be detected. However, 

the nuclei of these cells contained large aggregates of electron dense material in which a 

considerable number of nucleocapsids was embedded. This phenotype is totally distinct from 

what can be seen in the nuclei of cells infected with US3 negative mutants of the 

abovementioned alphaherpesviruses. That this phenotype was solely dependent on the lack of 
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the pUS3 protein was unequivocally proven by ultrastructural analysis of cells infected with 

the corresponding US3 revertant viruses (Fig. 22). It is tempting to speculate that the 

retention of nucleocapsids in the aggregates may account for the reduced virus yield. 

The exact mechanism by which BHV-1pUS3 functions during nuclear egress remains 

to be clarified but the data clearly demonstrate that distinct differences to the activities of 

pUS3 from other alphaherpesviruses exist. 

In summary, analysis of the cell culture properties of the BHV-1US3-negative 

mutants revealed that pUS3 of BHV-1 fulfils several functions during viral replication 

although none of them appears essential. 

 

4.2. Analysis of the significance of the aminoterminal domain of pUS3 and the kinase 

activity for pUS3 function 

Unlike PrV and HSV-1 which both encode two US3 isoforms (Calton et al., 2004; 

Geenen et al., 2005a; Poon et al., 2006), BHV-1 encodes only a unique pUS3 which has a 

molecular weight of 58 kDa and corresponds to the larger pUS3 isoforms of PrV and HSV-1. 

According to these authors, the short pUS3 isoforms of PrV (PrVpUS3s) or HSV-1 (HSV-

1pUS3.5) differ from the long isoforms (PrVpUS3L or HSV-1pUS3) by the lack of a 

sequence of 54 or 76 amino acids, respectively in the N-terminal region that probably plays 

the role in the intracellular localization as well as in the functions of the proteins in infected 

cells. In order to analyze the significance of the N-terminal region of BHV-1pUS3 for its 

function, an ORF encoding a short isoform (BHV-1pUS3sm) that corresponds in size to the 

natural pUS3s isoform of PrV (Fig. 16) was designed by alignment of the deduced amino 

acid sequences of BHV-1pUS3 and PrVpUS3s. The resulting ORF was named BHV-1 

US3sm and used to replace the GFP ORF in the US3 deletion mutants. In addition, to test 

also for the role of the kinase activity which in a recent report by Brzozowska et al., (2010) 

was suggested to be required for the cytoskeleton remodelling function, mutations were 

introduced in the catalytic domain encoding sequence of the BHV-1 US3 ORF (Fig. 17) 

based on reports describing the inactivation of the kinase activity of pUS3 orthologues of 

alphaherpesviruses (HSV-1pUS3, PrVpUS3, MDVpUS3) by Brzozowska et al. (2010), 

Coller and Smith (2008), Schumacher et al. (2008), Deruelle et al. (2007) and Olsen et al. 

(2006). Also this ORF, named BHV-1 US3dKin, was used to replace the GFP ORF in the 

US3 deletion mutants. 

Since the growth defect of BHV-1/Aus12dUS3 and BHV-1/Schönböken-dUS3 and 

the appearance of intranuclear inclusion bodies were comparable and only BHV-
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1/Aus12dUS3 showed a defect in direct cell-to-cell spread, only BHV-1/Aus12-revUS3sm 

and BHV-1/Aus12US3dKin were included in the further analyses. Protein expression 

analyses demonstrated that the artificial pUS3sm isoform exhibited its specific reaction with 

the anti-pUS3 serum in IIF analysis as well as an apparent molecular weight of 48 kDa in 

SDS-10% PAGE and that the mobility of pUS3dKin was not affected by the introduced 

mutations (Fig. 18 and Fig. 19). As mentioned before, BHV-1/Aus12dKin exhibited the same 

in-vitro phenotype as BHV-1/Aus12dUS3 with regard to reduced single step growth (Fig. 25) 

and plaque size formation (Fig. 26) demonstrating that the kinase activity is required for wild 

type growth and direct spreading. The aminoterminal region of BHV-1pUS3, however, 

proved to be not needed for these activities since the cell culture properties of BHV-1/Aus12-

revUS3sm that expressed an aminoterminal 101 residues truncated form of the pUS3 kinase 

appeared similar to those of wild type BHV-1/Aus12 (Fig. 20 and Fig. 21). Ultrastructural 

analyses showed that nuclear egress of BHV-1 capsids was also not detectably affected by the 

truncation (Fig. 22). Furthermore, this domain is also not required for association of the 

protein kinase with virions since BHV-1pUS3sm was also found associated with purified 

virions (Fig. 24). Taken together, these results provide convincing evidence that the 101 

aminoterminal amino acids of BHV-1pUS3 are dispensable for its beneficial function for 

efficient BHV-1 replication in cell culture. 

 

4.3. Subcellular localization of the BHV-1pUS3 variants in infected cells 

Calton et al., (2004) and Geenen et al., (2005a) reported that PrVpUS3L is located 

predominantly to mitochondria while pUS3s is found prevalently in the nucleus of transfected 

cells. The different locations between two PrVpUS3 isoforms are caused by the 54 amino 

acids N-terminal region of pUS3L which are regarded as a mitochondrial localization signal 

(Van Minnebruggen et al., 2003; Calton et al., 2004). In contrast, in HSV-1 transduced cells, 

both pUS3 and pUS3.5 were reported to cofractionate with mitochondria and therefore they 

are predominantly located in the cytoplasm (Poon et al., 2006). The prevailing localization of 

BHV-1pUS3L, BHV-1pUS3sm and BHV-1pUS3dKin was analyzed after infection of 

MDBK cells by indirect immunofluorescence. The images (Fig. 23) revealed that both the 

full-length pUS3 and pUS3sm accumulated in the nucleus of infected cells whereas BHV-

1pUS3dKin appeared predominantly in the cytoplasm. The same result was obtained after 

expression in absence of other BHV-1 encoded proteins by gene transfer using baculovirus 

vectors (Fig. 29). Thus, transport into the nucleus of BHV-1pUS3L and BHV-1pUS3sm 

appears to be mediated by a nuclear localization signal which is not located in the 
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aminoterminal region that is missing in BHV-1pUS3sm. It is tempting to speculate that 

transport of the BHV-1pUS3 kinase might be connected with the phosphorylating activity of 

the enzyme.  

With regard to full-length BHV-1pUS3 and BHV-1pUS3dKin, this result is in good 

accordance with the findings by Brzozowska et al. (2010) who used transduction by 

recombinant baculoviruses for expression of the wild type protein kinase and a kinase-

negative mutant in which leucine 265 was replaced by proline. It should be noted, however, 

that in this publication a mutant pUS3 was described in which lysine 282 was exchanged to 

alanine and which is still transported into the nucleus of transduced cells. This BHV-1pUS3-

K282A was inactive in terms of actin reorganization and formation of cell projections. 

Whether the US3 kinase catalytic activity was also abolished by this mutation was not tested. 

 

4.4. Functional analysis of BHV-1pUS3 independent from the authentic viral context 

To analyse functional properties of pUS3 in mammalian cells independent from the 

authentic viral context, recombinant baculoviruses rBacs expressing BHV-1pUS3L, BHV-

1pUS3sm and BHV-1pUS3dKin as well as their respective carboxyterminal Flag-tagged 

variants BHV-1pUS3L-Flag, BHV-1pUS3sm-Flag and BHV-1pUS3dKin-Flag were 

generated (see Fig. 5 and Fig. 27) to facilitate further analyses and purification. The 

expression of the pUS3 variants in BacMam transduced mammalian cells (L11 and HEK 

293T cells) by the respective rBacs was examined by IIF (Fig. 28A) and Western blotting 

(Fig. 28B and C).  

The results, shown in Fig. 28A and Fig 29, revealed that the Flag-tagged pUS3 

variants localized as their untagged counterparts, indicating that the Flag tag did not interfere 

with nuclear localization of BHV-1pUS3L and BHV-1pUS3sm. 

 

4.4.1. Effect of BHV-1pUS3L and pUS3sm expression on staurosporine-induced 

apoptosis 

Apoptosis is the process of programmed cell death that plays an essential role in 

regulating growth, development and immune responses by clearing redundant or abnormal 

cells in organisms. Apoptosis can be induced by viral infection or exogenous stimuli such as 

staurosporine, solbitol, UV irradiation (Benetti et al., 2007; Cartier et al., 2003a/b; Geenen et 

al., 2005a; Poon et al., 2006). Upon receiving specific signals instructing the cells to undergo 

apoptosis, a number of distinctive changes occur in the cell. A family of cellular proteins 

known as caspases is typically activated in the early stages of apoptosis. These proteins 
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cleave key cellular components including structural proteins in the cytoskeleton and nuclear 

proteins such as poly [ADP-ribose] polymerase 1 (PARP-1) that are required for normal 

cellular function (Boulares et al., 1999). The caspases can also activate other degradative 

enzymes such as DNases that results in DNA degradation in the nucleus of apoptotic cells 

(http://www.sgul.ac.uk/depts/immunology/~dash/apoptosis/apoptosis.pdf).  

In a similar manner, individual cells in multicellular organisms often respond to viral 

infection by undergoing apoptosis, thus protecting other cells from infection and reducing 

production of new virus from these cells. Therefore, most viruses have developed anti-

apoptotic mechanisms. Up to now, several anti-apoptotic genes have been identified in HSV-

1 and PrV, in which pUS3 kinase appears to be one of the most potent anti-apoptotic proteins 

(Nishiyama, 2002; Pomeranz et al., 2005). However, publication of studies to analyse this 

function of BHV-1pUS3 are missing. The only report so far by Takashima et al. (1999) 

described that a US3-negative BHV-1 mutant can protect cells from sorbitol-induced 

apoptosis and thus provided only indirect evidence. Up to now it is still a matter of 

controversy whether BHV-1pUS3 has anti-apoptotic activity or not (Deruelle and Favoreel, 

2010). This study therefore addressed whether BHV-1pUS3L or BHV-1pUS3sm, expressed 

independent from the viral context, affects staurosporine-induced apoptosis. Staurosporine  

(C28H26N4O3) is a fungal alkaloid that has for a long time been used in-vitro as an inducer of 

apoptosis in many different cell types, but the mechanism involved remains poorly 

understood (Zhang et al., 2004). 

 

Liulab.uts.cc.utexas.eduLiulab.uts.cc.utexas.edu
 

Fig. 36. One of mechanisms of PARP-1 cleavage by apoptosis induction 
(Source: http://uts.cc.utexas.edu/~liulab/research.php?id=4) 
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Analysis of apoptosis induced by staurosporine was done by monitoring PARP-1 

cleavage and cellular DNA fragmentation. These methods, as noted by Munger and Roizman 

(2001), are accurate. The mechanisms by which PARP-1 and cellular DNA were cleaved 

during apoptosis induction are briefly outlined in Fig. 36 and Fig. 37. 

 

 
Fig. 37. One of mechanisms of DNA fragmentation by apoptosis induction 

(Source: Croston G., http://www.biocarta.com/pathfiles/h_DNAFRAGMENTPATHWAY.asp) 
 

Since staurosporine-induced apoptosis depends on the sensitivity of the cell lines used 

(Zhang et al., 2004), Hela cells and L11 cells which could be efficiently transduced by 

baculoviruses were tested for their reactivity. The results revealed that incubation for 6 h with 

staurosporine at a concentration of 2 µM yields a sufficient level of apoptosis induction in 

both cell lines (Fig. 30).  

Immunoblot analyses, performed after transduction of Hela cells and L11 cells with 

pUS3 protein variants of BHV-1 and PrV expressing baculoviruses revealed that both BHV-

1pUS3L and pUS3sm expression do not inhibit staurosporine-induced apoptosis in either cell 

line (Fig. 31) whereas apoptosis was completely inhibited after expression of the PrV US3L 

and US3s ORFs.  

In summary, our experiments indicated that neither BHV-1pUS3L nor BHV-

1pUS3sm prevents staurosporine-induced apoptosis and thus confirms the assumption made 

by Takashima et al. (1999) that BHV-1pUS3 is not involved in apoptosis inhibition.  
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4.4.2. Purification of Flag-tagged pUS3 variants and effect of the copurifying SET 

protein on productive BHV-1 replication 

To date no viral or cellular interaction partners for BHV-1pUS3 have been identified. 

To identify cellular proteins that specifically interact with the US3L and pUS3sm, rBacs 

expressing pUS3sm-Flag, pUS3L-Flag and pUS3dKin-Flag were used for transduction of 

HEK 293T cells to purify these proteins using Flag-tag specific monoclonal antibodies bound 

to agarose beads. Results shown in Fig. 32 and Fig. 33 indicated that a 39 kDa protein 

copurified with Flag-tagged BHV-1pUS3L and BHV-1pUS3sm but not with Flag-tagged 

BHV-1pUS3dKin. MALDI-TOF/TOF analysis revealed that the 39 kDa apparent molecular 

weight protein is the cellular phosphatase 2A-specific inhibitor protein (I2PP2A) also named 

SET protein (Fig. 34). Western blotting analyses confirmed that anti-SET antibodies reacted 

with the 39 kDa apparent molecular weight of SET protein that bound to pUS3sm-Flag and 

pUS3L-Flag which were detected by anti-Flag MAb (Fig. 33). As mentioned before, 

intracellular localization and impact on cellular morphology that were observed in Fig. 28A 

and Fig. 29 of the Flag-tagged pUS3 variants were similar to those phenotypes of their 

untagged counterparts, respectively, indicating that the presence of the Flag epitope at the 

carboxy termini of the pUS3 variants did not interfere their functional activity. Taken 

together, these results provide convincing evidence that biologically active BHV-1pUS3sm 

and BHV-1pUS3L interact with the cellular SET protein. These results also suggest that the 

kinase activity of pUS3 is required for the interaction since the SET protein did not copurify 

with kinase-negative BHV-1pUS3. The 101 amino acids at N-terminus domain of BHV-

1pUS3 are not required for the interaction with SET.  

SET (I2PP2A) is one of two inhibitor proteins of the major mammalian protein 

serine/threonine phosphatase 2A (PP2A) that regulates diverse cellular processes. Previous 

reports by Matsumoto et al. (1999), Canela et al. (2003), Madeira et al. (2005), Neviani et al. 

(2005) and Klooster et al. (2007) indicated that SET plays a role as a multitasking protein, 

involved in apoptosis, transcription, cell migration, nucleosome assembly and histone 

binding. Based on the amino acid sequence, the SET protein is highly conserved in mammals 

(Tanimukai et al., 2004; Huyton et al., 2007 and Kovacech et al., 2007). 

Normally, the SET complex is associated with the endoplasmic reticulum in the 

cytoplasm and translocates to the nucleus upon specific stimulation treatment with specific 

chemicals or infection with viruses (Fan et al., 2003; Carlson et al., 1998; Li et al., 1998). 

Regarding apoptosis of tumor cells and virus-infected cells, SET is thought to be an anti-

apoptotic protein since it combines with other cellular proteins such as pp32 (Inhibitor of 
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protein phosphatase 2A, I1PP2A), Ape1 (Apurinic/apyrimidinic endonuclease), HMG2 (High 

mobility group protein 2) and NME1 (GZMA-activated DNase) to form a SET complex that 

inhibits NME1, a protein that induces cellular DNA fragmentation during apoptosis (Madeira 

et al., 2005; Fan et al., 2002 and 2003). In the course of cytotoxic T-lymphocyte (CTL)-

induced apoptosis to kill tumor cells or viral-infected cells, granzyme A (GZMA) released by 

cytotoxic T cells cleaves SET, disrupting its binding to NME1 and therefore, NME1 is 

released into nucleus to cause apoptotic DNA degradation (Fig. 38). 

 

 
Fig. 38. SET functions as an anti-apoptotic protein in the course of (CTL)-induced apoptosis 

(Source: Croston G., http://www.biocarta.com/pathfiles/h_setpathway.asp) 
 

To analyse the significance of the BHV-1pUS3-SET interaction, SET expressing L11 

cells were infected by BHV-1/Aus12 which revealed that SET expression inhibited infectious 

BHV-1/Aus12 replication in a dose dependent manner. However, repetition of this 

experiment using BHV-1/Schönböken, BHV-1/Aus12dUS3 and BHV-1/Schönböken-dUS3 
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also revealed similar dose dependent titre reductions of these viruses (data not shown), 

suggesting that the inhibition of BHV-1 replication by SET is independent from the 

expression of pUS3. Thus, the significance of the BHV-1pUS3-SET interaction and the 

molecular mechanism by which SET inhibits productive BHV-1 replication needs to be 

identified. 
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5. SUMMARY 

 

Bovine herpesvirus 1 (BHV-1) a member of the subfamily Alphaherpesvirus, family 

Herpesviridae, is a major pathogen of cattle associated with several disease manifestations 

such as IBR, IPV, IPB, abortion and ‘shipping fever’ syndrome, resulting in significant 

economic losses in cattle industry worldwide. Vaccination is widely used to control the 

disease. To improve control strategies, a better understanding of the functions and activities 

of viral proteins interacting with cellular proteins and signaling cascades in infected cells is 

needed. 

 The serine/threonine protein kinase encoded by the US3 gene (pUS3), conserved in 

alphaherpesviruses including BHV-1, PrV and HSV-1, is such a protein. Although functions 

of PrVpUS3 and HSV-1pUS3 in phosphorylation and modification of other proteins, in 

nuclear egress of nucleocapsids, in apoptosis inhibition and in modulation of the host immune 

responses have been identified, the function of BHV-1pUS3 is not yet fully understood. 

Unlike PrV and HSV-1 which both encode two US3 isoforms where the respective short 

isoforms differ from the respective long isoforms by the lack of 54 and 76 amino acids in the 

respective aminoterminal domain of its pUS3, BHV-1 encodes only a unique pUS3 which has 

an apparent molecular weight of 58 kDa and corresponds to the larger pUS3 isoforms of PrV 

and HSV-1. The aims of this study were to investigate the functions of BHV-1pUS3 and the 

significance of the aminoterminal domain of pUS3 for pUS3 functions by generation of 

BHV-1 recombinants expressing BHV-1pUS3sm which lacks the aminoterminal 101 amino 

acids of pUS3. 

In this study, US3-deleted BHV-1 mutants of strains BHV-1/Schönböken and BHV-

1/Aus12, US3 kinase-deleted BHV-1 mutants which express pUS3dKin that differs from the 

original pUS3 by two mutations (H278P and D280A) in the catalytic domain and BHV-1US3 

revertants which express pUS3L and pUS3sm where the latter is an aminoterminal 101 

residues truncated form of the first which retains the authentic structure of the original pUS3, 

were generated.  

Analyses of cell culture characteristics of these mutants and revertants in comparison 

to wt BHV-1 infected cells demonstrated that BHV-1pUS3 is, although not essential, 

beneficial for BHV-1 infectious replication in-vitro. Deletion of pUS3 resulted in diminished 

virus yield and affected direct cell-to-cell spread. However, reduced plaque size formation 

was only observed for BHV-1/Aus12dUS3, indicating that this defect might be 
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complemented by another viral protein in BHV-1/Schönböken-dUS3 which might be missing 

or mutated in BHV-1/Aus12.  

Ultrastructural analyses of cells infected with wild type viruses, recombinants and 

revertant strains showed that the US3-deleted BHV-1 mutant infected-cell nuclei contained 

large aggregates of electron dense material of unclear origin in which large numbers   of 

nucleocapsids were embedded.  

In order to analyze functional properties of BHV-1pUS3 independent from the 

authentic viral context, recombinant baculoviruses (rBacs) expressing pUS3L, pUS3sm and 

pUS3dKin as well as their respective Flag-tagged variants were generated. The rBacs were 

used to analyse the effect of BHV-1pUS3 expression on staurosporine-induced apoptosis. 

PARP-1 cleavage and cellular DNA fragmentation as indicators for apoptosis 

detection were both not inhibited by presence of pUS3 activity confirming previous indirect 

evidence that, in contrast to PrV and HSV-1, BHV-1pUS3 has no anti-apoptotic activity.  

By affinity chromatography, using anti-Flag M2 affinity gel beads, pUS3 variants 

(pUS3L, pUS3sm and pUS3dKin) that were genetically fused to the Flag tag (DYKDDDDK) 

at their carboxy termini, were purified. A 39 kDa protein which copurified with kinase active 

BHV-1pUS3 but not BHV-1pUS3dKin was identified by Maldi TOF/TOF analysis to be the 

cellular phosphatase 2A-specific inhibitor protein (I2PP2A) also named SET protein. 

Overexpression of SET resulted in a dose dependent inhibition of BHV-1 replication 

which, however, was independent from pUS3 expression. Thus, the significance of the 

BHV-1pUS3-SET interaction and the molecular mechanism by which SET inhibits 

productive BHV-1 replication need to be identified. 

In summary, this work demonstrated that pUS3 is not essential but beneficial for 

infectious replication of BHV-1, that BHV-1pUS3 physically interacts with the cellular SET 

protein and that the aminoterminal 101 amino acids of BHV-1pUS3 are not required for its 

in-vitro functions.  
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7. ANNEX 

 

7.1. Media and solutions for cell culture 

Citrate buffer (pH 3.0) contains: 

40 mM citric acid monohydrate, 10 mM KCl, 135 mM NaCl.  

Adjust to pH 3.0 with NaOH 

DMEM - culture medium (in 1000 ml) contains: 

13.45 g Dulbecco`s Modified Eagle’s Medium (Invitrogen-GIBCO), 2.2 g/l NaHCO3, 

100 U/ml PenicillinG, 100 µg/ml Streptomycin, 350 µg/ml L-Glutamin, 10 % FCS 

and dH2O at 1000 ml.  

Stir at RT for 5 min and sterilize by filtration through a 0.22 µm GP express plus 

membrane filter unit (Millipore)  

Store at 40C. 

Double-concentrated DMEM medium (in 1000 ml) contains: 

Same as DMEM - culture medium with 26.9 g Dulbecco`s Modified Eagle’s Medium, 

4.4 g/l NaHCO3.  

Store at 40C. 

Grace’s medium or ZB15 medium (in 1000 ml) contains:     

45.5 g Serva insect medium supplemented with 0.35 g NaHCO3, 3.3 g lactose albumin 

hydrolysate (LAH), 3.3 g yeast, 10 % FCS, 100 U/ml PenicillinG, 100 µg/ml 

Streptomycin per liter. 

Insect express SF9-S2 medium (PAA), supplemented with: 

0.14 µg/ml L-Glutamin, 100 U/ml PenicillinG, 100 µg/ml Streptomycin per liter. 

Methyl-cellulose stock solution (in 250 ml) contains:  

3.75 g methyl cellulose in 250 ml dH2O. 

Autoclave for 30 to 60 min and stir at RT until the methyl cellulose is resolved.  

Store at 40C. 

Trypsin solution contains:     

136.0 mM NaCl, 2.6 mM KCl, 8.0 mM NaH2HPO4 , 1.5 mM KH2PO4, 3.3 mM 

EDTA, 0.125% trypsin and 16.0 mg/l phenol red (pH 7.2). 

ZB5 medium (in 1000 ml) contains:    

5.32 g MEM Hanks (Invitrogen-GIBCO), 4.76 g MEM Earle (Invitrogen-GIBCO), 

suppöememnted with 1.52 g NaHCO3, 0.12 g Sodium pyruvate, 10 ml NEAS, 10% 

FCS, 100 U/ml PenicillinG, 100 µg/ml Streptomycin and dH2O ad 1000 ml. 
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Working methyl-cellulose solution (in 500 ml) contains: 

250 ml of methyl-cellulose stock solution, 225 ml of double-concentrated DMEM 

medium, 5% FCS, 100 µg/ml streptomycin, 100 U/ml PenicillinG and 350 µg/ml L-

Glutamin. Stir at RT for 10 min  

and store at 40C. 

 

7.2. Media and solutions for bacterial culture     

CaCl2 buffer (in 50 ml) contains: 

3 ml 1 M CaCl2, 7.5 ml glycerol, 1 ml 0.5 M PIPES (pH 7.5) and dH2O ad 50 ml. 

Ingredients for selection of bacterial clones 

Final concentrations: 100 µg/ml Ampicillin, 10 µg/ml Tetracycline, 50 µg/ml 

Kanamycin, 7 µg/ml Gentamycin, 100 µg/ml X-Gal (in dimethylformamide) and 40 

µg/ml IPTG. Store at 40C. 

LB (lysogeny broth) agar contains:   

LB medium with 1.5% agarose and respective selective markers in the same 

concentrations as in selection medium. Store at 40C  

LB (lysogeny broth) medium (in 1000 ml) contains:       

10 g bacto tryphon (Pepton 140), 5 g Yeast extract, 8 g NaCl and dH2O ad 1000 ml. 

Store at 40C 

LB+ medium (in 1000 ml) contains: 

1000 ml LB medium with 10 mM KCl and 20 mM MgSO4. Store at 40C 

SOA medium (in 500 ml) contains: 

10 g bacto tryphon (Pepton 140), 2.5 g yeast extract, 1 ml 5M NaCl, 1.25 ml 1M KCl 

and dH2O ad 500 ml. Autoclave for 30 - 60 min. 

Store at RT. 

SOC medium (in 10 ml) contains:      

10 ml SOA medium, 100 µl 1M MgSO4, 100 µl 1M MgCl2 and 200 µl 1M glucose 

Store at 40C. 

 

7.3. Buffers and solutions 

Coomassie brillant blue (Neuhoff et al., 1988) 

100x Coomassie brillant blue (CBB) G-250 stock solution contains: 

CBB G250   10 % (w/v) 

Methanol   50 % (v/v) 
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Ammonium sulphate/phosphoric acid stock solution contains: 

Ammonium sulphate   10 % (w/v) 

Phosphoric acid   2 % (v/v) 

Working dye solution contains: 

A mixture includes 1 part of CBB stock solution and 20 parts of methanol and 80 

parts of ammonium sulphate/phosphoric acid stock solution 

Fixation solution contains: 

10% acetic acid, 40% methanol and 50% H2O 

 

Protein sample buffers 

4x Protein sample buffer contains: 

40% sucrose, 12% SDS, 0.025% bromophenol blue, 12.5% 4x upper-Tris buffer and 

8% β-mercaptoethanol (β-mSH). 

Working protein loading buffer contains: 

A mixture includes 1 part of 4x protein sample buffer and 2 parts of dH2O 

 

Solutions for silver staining 

Fixation solution contains: 

50% ethanol, 12% acetic acid and 38% dH2O 

Sensitizing solution contains: 

0.02% Na2S2O3 x 5 dH2O (prepared from stock solution 43% Na2S2O3) 

Silver incubation solution contains: 

0.2% AgNO3 and 0.075% formalin (37% formaldehyde)  

Development solution contains: 

3% K2CO3 (or 3% Na2CO3), 0.0004% Na2S2O3 x 5 dH2O and 0.05% formalin 

Stop solution contains: 

1% glycine (or 10% acetic acid)  

 

Solutions for SDS-polyacrylamide gel electrophoresis (PAGE) 

10x Tris-glycine contains 

144 g/l glycine, 30 g/l Tris and 10 g/l SDS 

SDS - 10 % polyacrylamide (in 15 ml) for separation gel contains:   

4.8 ml  of 30% acrylamide/0.8% bis-acrylamide,  3.75 ml of 4x lower-Tris buffer (pH 

8.8), 6.45 ml of dH2O, 30 µl of 10% ammonium persulfate (AP) and 15 µl TEMED. 
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SDS - 4.5 % polyacrylamide (in 10 ml) for stacking gel contains:   

1.5 ml of 30% acrylamide/0.8% bis-acrylamide, 2.5 ml of 4x upper-Tris buffer (pH 

6.8), 6.0 ml of dH2O, 30 µl of 10% ammonium persulfate (AP) and 30µl TEMED. 

4x Upper-Tris buffer contains: 

0.5 M Tris-HCl (pH 6.8) and 0.4 % SDS. Adjust to pH 6.8. Store at 40C. 

4x Lower-Tris buffer contains: 

1.5 M Tris-HCl (pH 8.8) and 0.4 % SDS. Adjust to pH 8.8. Store at 40C. 

 

Solutions for agarose electrophoresis 

50x Tris acetat (TA) buffer for agarose gel contains: 

2 M Tris, 0.25 M Sodium acetate and 0.05 M EDTA free acid. Adjust to pH 7.8 with 

acetic acid. 

Ethidium bromide (EtBr) solution contains: 

10 mg/ml EtBr in 20 mM Tris HCl solution (pH 8.0) 

 

Solutions for plasmid DNA mini-preparation  

Solution I contains:   

10 mM EDTA (pH 8.0), 20 mM Tris (pH 8.0), 50 mM glucose and 2 mg/ml lysozyme 

Solution II contains: 

0.2 M NaOH and 1 % SDS 

Solution III contains: 

3 M sodium acetate. Adjust to pH 4.8 with glacial acetic acid 

 

Solutions for Western blotting     

Washing buffer I contains:    

1x PBS with 0.3 % Tween 20    

Washing buffer II contains: 

1x PBS with 0.1 % Tween 20 

10x TBS buffer for Western blot contains: 

20 mM Tris, 137 mM NaCl. Adjust to pH 7.6 with HCl 

Transfer buffer for Western blot (in 1000 ml) contains:  

3.02 g Tris, 14.4 g glycin, 1.0 g SDS, 200 ml methanol  and dH2O ad 1000 ml. 

Power strip buffer for Western blot contains: 

 0.2 M glycine and 1% SDS. Adjust to pH 2.0 with HCl 
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Solutions for protein extraction in radio-immunoprecipitation assay 

Lysis buffer for protein extraction (RITA) contains: 

10 mM Tris HCl (pH 7.5), 150 mM NaCl, 1% Na-desoxychol acid, 0.1% SDS, 2 mM 

methionine, 1 mg/ml ovalbumin, 0.02% NaN3, 1 mM PMSF (in EtOH) and 1% NP40. 

 

Solutions for protein purification from bacterial cells 

5x buffer for Mal fusion protein purification contains: 

100 mM Tris (pH 7.5), 1 M NaCl, 5 mM DTT, 5 mM EDTA (pH 7.5) in cool 

sterilized dH2O. Prepare fresh. 

Elution buffer for Mal-fused protein purification contains: 

 1x buffer for protein purification and 10 mM maltose in cool sterilized dH2O 

 

Solutions for protein purification from transduced mammalian cells 

Lysis buffer for Flag-tagged protein purification contains: 

50 mM Tris HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA (pH 7.5), 1 % Triton X100, 

1x complete protease inhibitor cocktail-EDTA free (Roche). Store at 40C. 

Elution buffer for Flag-tagged protein purification contains: 

0.1 M Glycine-HCl (pH 3.5) 

        or 100 µg/ml 3x Flag peptide (Sigma) or 150 µg/ml 1x Flag peptide (Sigma) 

TBS washing buffer for Flag-tagged protein purification contains: 

50 mM Tris HCl (pH 7.5) and 150 mM NaCl 

 

Solutions for transfection 

Glycerol shock solution for transfection contains:      

20 % pure glycerol, 50 % double-concentrated Hepes and 30 % dH2O. Autoclave and 

store at 40C. 

Polyethylenimine (PEI) solution for transfection contains: 

1 mg/ml in dH2O. Adjust to pH 7.2 with HCl and sterilize with 0.22 µm filter. 

Aliquote and store at -700C (After working, PEI solution can be kept at 40C). 

 

Other solutions 

CsCl solution (density 1.5 g/cm3) contains: 

50 g CsCl , 20 mM Tris (pH 8.0). Resolve in 65 ml of dH2O. Check for refraction 

index (RI) standing in a range from 1.3822 to 1.3868 by refraction meter. 
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CIAA (Chloroform : isoamylalcohol) solution (24:1, v/v) in 100 ml contains: 

 96 ml chloroform and 4 ml isoamylalcohol 

Citrate buffer contains:    

40 mM citric acid monohydrate, 10mM KCl, 135 mM NaCl. Adjust to pH 3.0 with 

5M NaOH. Autoclave for 30 - 60 min and store at 40C. 

Sample buffer for DNA marker contains: 

40 % Sucrose, 0.05 % bromphenol blue, 0.1 % SDS and 1 mM EDTA. 

DNA marker solution (in 500 µl) contains: 

30 µl 1 kb Ladder (1000 µg/ml), 40 µl 10x TA buffer (for cloning), 330 µl dH2O and 

100 µl sample buffer for DNA marker. Incubate 10 min at 56°C. 

Klenow buffer  contains: 

50 mM Tris-HCl (pH 7.6), 10 mM MgCl2 and 0.1 mM each dNTP    

NaCl saturated isopropanol solution contains: 

300 ml NaCl-saturated TE buffer (10 mM Tris / 1 mM EDTA - pH 8.0) and 20 ml 

isopropanol. Stir at RT for 10 min. 

Phosphate buffered saline (PBS) buffer contains:     

140 mM NaCl, 2.7 mM KCl, 6.5 mM Na2HPO4, 1.5 mM KH2PO4
 . Adjust to pH 7.4 

Phosphate buffered saline+ (PBS+) buffer contains: 

140 mM NaCl, 2.7 mM KCl, 6.5 mM Na2HPO4, 1.5 mM KH2PO4, 0.9 mM CaCl2 2 

dH2O, 0.5 mM MgSO4. Adjust to pH 7.4. 

Tris-EDTA (TE) buffer contains: 

10 mM Tris (pH 7.5) and 1 mM EDTA (pH 7.5). Adjust to pH 7.5 with HCl. 

Tris-EDTA-sodium chloride (TEN) buffer for DNA isolation contains: 

10 mM Tris (pH 8.0), 10 mM EDTA (pH 8.0) and 150 mM NaCl.  

Adjust to pH 8.0 and store at RT.  

VSB solution contains: 

50 mM Tris, 10 mM KCl and 5 mM EDTA. Adjust to pH 7.8. Store at 40C. 

30% Sucrose in VSB contains: 

30 g D+ saccharose in 100 ml VSB solution. Store at 40C. 

3% Paraformaldehyde (PFA) contains: 

3 g paraformaldehyte in 100 ml PBS-. Aliquote in eppendorf tubes and store at -200C. 

10x Tris acetate (TA) buffer for cloning contains: 

330 mM Tris, 660 mM potassium acetate, 100 mM magnesium acetate, 1 mg/ml BSA 

and 5 mM DTT. Adjust to pH 7.9 with acetic acid.  



Annex 

133 
 

100 mM PMSF solution contains: 

1.74 g PMSF in 100 ml anhydrous ethanol (EtOH) 

10x T4 kinase buffer contains: 

500 mM Tris-HCl (pH 7.5), 100 mM MgCl2, 50 mM DTT and 1 mM spermidin.  

Store at -200C.  

10 x T4 DNA ligase buffer contains: 

660 mM Tris HCl (pH 7,5), 50 mM MgCl2, 10 mM DTT, and 10 mM ATP. Adjust to 

pH 7.5 and store at -200C. 

1 M Tris HCl (pH 7.4) contains: 

12.1 g Tris base in 100 ml dH2O. Adjust to pH 7.4 with HCl. 

1 M Glycine-HCl (pH 3.5) contains: 

7.5 g glycine in 100 ml dH2O. Adjust to pH 3.5 with HCl. 

10% Triton X100 solution contains: 

10 g Triton X100 in 100 ml dH2O and stir at RT. 

1 mM Staurosporine (C28H26N4O3) solution contains: 

0.0466 g staurosporine in 100 ml dH2O. Aliquote in eppendorf tubes. Store at -200C.  

20% Sarcosyl (C15H28NNaO3) solution contains: 

20 g sodium lauroyl sarcosinate in 100 ml dH2O. 

60 mM EGTA  solution (pH 7.0) contains: 

2.3 g EGTA in 100 ml dH2O and adjust to pH 7.0 with 5M NaOH. 

0.5 M EDTA  solution (pH 7.5) contains: 

14.61 g EDTA in 100 ml dH2O and adjust to pH 7.5 with 5M NaOH. 

1 M Butyrate solution contains: 

8.8 g butyric acid in 100 ml dH2O. 

3 M NaOAc solution (pH 4.8) contains:  

24.6 g sodium acetate in 100 ml dH2O and adjust to pH 4.8 with glacial acetic acid 

3 M NaOAc solution (pH 7.0) contains: 

24.6 g sodium acetate in 100 ml dH2O and adjust to pH 7.0 with glacial acetic acid 

20% NP40 solution contains: 

20 g nonidet P-40 in 100 ml dH2O. 

10% SDS solution contains: 

10 g sodium dodecyl sulfate in 100 ml dH2O. 

10% NaN3 solution contains: 

10 g sodium azide in 100 ml dH2O. 
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