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1. The pseudorabies virus as a model for 
alphaherpesviruses 
 
1.1. Introduction 
 
Pseudorabies virus (PRV), also known as Aujeszkyʼs disease virus or suid 
herpes virus 1 (SHV-1), is a member of the Herpesviridae family. Although 
there are numerous differences between the members of the herpesvirus 
family, all share some biological characteristics. All herpesviruses have a 
double-stranded DNA genome, similar virion size (200 to 250 nm) and 
structure (capsid, tegument, and envelope), and may undergo a latent phase 
in their life cycle. They all encode their own enzymatic machinery for the 
nucleic acid metabolism and DNA synthesis, and capsid assembly and 
encapsidation of viral genomes take place in the nucleus (Roizman and Pellet, 
2001). 
Based on their biological properties, genome content and organization, most 
herpesviruses can be subdivided into three major subfamilies: 
Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae. 
Additionally, there are several herpesviruses awaiting classification.  
The herpesvirus subfamilies differ in the cell type where latency is established 
and the length of their productive replication cycle (Roizman and Pellet, 2001). 
PRV is a member of the Alphaherpesvirinae, which have the broadest host 
range, tend to replicate rapidly with cytopathic effects to produce viral 

particles in a matter of hours, and generally establish latency in neurons of the 
sensory ganglia. There are three human alphaherpesviruses: herpes simplex 
virus 1 (HSV-1), herpes simplex virus 2 (HSV-2) and varicella zoster virus 
(VZV). Besides PRV, several other animal pathogens are classified within this 
subfamily:  equine herpesvirus 1 and 4 (EHV-1 and EHV-4), the avian 
herpesvirus Marekʼs disease virus  (MDV), bovine herpesvirus 1 and 5 
(BoHV-1 and BoHV-5), canine herpesvirus 1 (CHV-1) and feline herpesvirus 1 
(FHV-1).  
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PRV as a model to study alphaherpesvirus biology 
PRV has proven to be an excellent model system to investigate many aspects 
of alphaherpesvirus biology for a number of reasons (Enquist, 1999; 
Pomeranz et al., 2005):  (1) the virus has a remarkably broad host range, 
causing a lethal infection in diverse animals, yet poses little to no danger to 
lab workers, (2) PRV grows well and is easy to manipulate in the laboratory, 
(3) purified DNA is infectious and the techniques to replace and manipulate its 
genes are well established, (4) bacterial artificial chromosomes carrying the 
entire PRV genome have been constructed (Kopp et al., 2003; Smith and 
Enquist, 1999; Smith and Enquist, 2000) and (5) animal experiments can be 

performed in the natural host, the pig, or in other favored model organisms 
such as rats, mice, and rabbits. PRV research has provided insights both into 
the basics of the viral life cycle and the more complex interactions with the 
host. 
 

1.2. Structure  
 
The complete PRV genome was sequenced and comprises approximately 
144 kbp (Klupp et al., 2004). The PRV genome is arranged in a unique long 
segment (UL) and a unique short region (US). The US region is bracketed by 
inverted repeat sequences, resulting in the formation of two possible PRV 
genome isomers with oppositely oriented US regions. The different 
alphaherpesvirus genes are designated as UL or US, depending on the 
position of the gene within its specific region, followed by a number. This 
number indicates the place of the gene within each specific region. 
The PRV genome contains 72 open reading frames (ORF) and encodes 70 
different proteins, which all have orthologs in other alphaherpesviruses (Klupp 
et al., 2004; Pomeranz et al., 2005). The PRV virion is, similar to other 
alphaherpesvirus virions, composed of four morphologically distinct structural 
layers: the genome, the capsid, the tegument and the envelope. The general 

structure and an electron microscopic picture of the PRV virion are depicted in 
Figure 1.  
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The genome consists of a double-stranded linear DNA molecule and is 
encapsulated in an icosaedral capsid, which is formed by 162 capsomers: 150 
hexons and 12 pentons. Together, genome and capsid form the nucleocapsid 
(Mettenleiter, 2000; Newcomb et al., 1999). The tegument layer fills the space 

between capsid and envelope membranes of mature herpesvirus particles. 
Beside viral proteins it also compromises cellular actin (del Rio et al., 2005; 
Michael et al., 2006; Wong and Chen, 1998).  
Tegument proteins play important roles during viral entry and virion 
morphogenesis (Mettenleiter, 2002b). The outer layer of the virion consists of 
a double phospholipid layer, called the viral envelope. This membrane is 
acquired by budding of the capsids in the trans-Golgi network (Mettenleiter et 
al., 2006; Mettenleiter and Minson, 2006). Several viral proteins (most of them 
glycoproteins but also at least three non-glycosylated proteins) are embedded 
in the envelope membrane (gB, gC, gD, gE, gG, gH, gI, gK, gL, gM, gN, 
UL20, UL43, US9) (reviewed in Mettenleiter, 2000). These envelope proteins 
play important roles in viral entry, egress, cell-associated spread, induction of 
protective immunity, and immune evasion (reviewed in Nauwynck et al., 2007; 
Pomeranz et al., 2005). 
 
 

 
 

Fig.1. A. Schematic representation of the PRV virion (De Regge, 2007). B. 

Transmission electron microscopic picture of the PRV virion (Granzow et al., 1997).  

 
 
 

A B 
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1.3. Infection cycle 
 
A schematic representation of the infection cycle of PRV is depicted in Figure 
2. The overview of the PRV replication cycle is based on data obtained for 
PRV and for the prototypical member of the alphaherpesvirus subfamily, 
herpes simplex virus 1. Roughly, the replication cycle can be subdivided into 
the following 5 stages: (A) virion attachment and entry (1 and 2 in Fig.2), (B) 
transport of the nucleocapsid to the nucleus (3 in Fig.2), (C) gene expression, 
(D) replication and virion assembly (5 to 7 in Fig.2) and (E) egress (8 to 13 in 
Fig.2).  

 
Fig.2. PRV replication cycle. Virions attach to (1) and subsequently fuse (2) with the plasma 

membrane. Capsids are released in the cytoplasm and transported along microtubules to the 

nucleus (3), where viral DNA is released into the nucleus (4).  After DNA replication (5) and 

capsid assembly (6), DNA is packaged into the preformed capsids (7). Capsids bud into the 

inner nuclear membrane (8) and primary enveloped virus particles are found in the 

perinuclear space (9). The primary envelope is lost during fusion with the outer nuclear 

membrane (10). Subsequently, a secondary envelope is acquired by budding into the trans-

Golgi network (11).  Virus particles are released (13) by fusion with the plasma membrane 

(12) (adapted from (Mettenleiter, 2004)). 
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Entry 
The first step in infection of a susceptible host cell is the attachment of the 
virion to the plasma membrane. This attachment can be subdivided into two 

stages: first, a labile binding occurs between the viral glycoprotein gC (and to 
a lesser extent gB) and the cellular heparan sulphate, followed by a stable 
interaction between gD and its cellular receptor. Although the first, labile 
binding significantly enhances the efficiency of infection, it is not absolutely 
essential (Immergluck et al., 1998; Karger et al., 1995; Mettenleiter et al., 
1990; Shukla and Spear, 2001; Spear and Longnecker, 2003). The entry 
receptors that associate with the gD envelope protein discovered to date fall 
into three classes (Spear et al., 2000). They include HVEM (herpesvirus entry 
mediator), a member of the TNF receptor family; nectin-1 and nectin-2, 
members of the immunoglobulin superfamily; and specific sites in heparan 
sulphate generated by certain 3-O-sulfotransferases (Geraghty et al., 1998; 
Heldwein and Krummenacher, 2008; Montgomery et al., 1996; Shukla et al., 
1999; Warner et al., 1998). HSV-1 and HSV-2 differ somewhat in receptor 
preferences. Whereas both HVEM and nectin-1 are excellent entry receptors 
for both genotypes, nectin-2 is virtually inactive for HSV-1 entry but does have 
weak entry activity for HSV-2. The converse is true for 3-O-sulphate-modified 
heparan sulphate. Up until now, nectin-1, nectin-2 and CD155 were described 
as receptors for PRV, with nectin-1 being the most effective one (Campadelli-
Fiume et al., 2000; Mettenleiter, 2002a; Nixdorf et al., 1999; Spear et al., 
2000; Spear and Longnecker, 2003). Besides these cellular receptors for gD, 
for HSV-1, the paired immunoglobuline-like type 2 receptor PILRα was 

reported as a coreceptor that associates with gB (Satoh et al., 2008). 
Recently, it was also reported that gB may interact with lipid membranes 
(Hannah et al., 2009). 
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Binding is followed by fusion mediated by the envelope glycoproteins gB, gD 
and gH-gL (Klupp et al., 1997; Mettenleiter and Spear, 1994; Rauh and 
Mettenleiter, 1991). The exact mechanism of fusion has not yet been clarified, 
but glycoproteins gB and gH-gL are necessary for fusion since absence of 
either one of these proteins abolishes viral entry (Gianni et al., 2006; Klupp et 
al., 1997; Mata et al., 2001; Peeters et al., 1992a; Rauh and Mettenleiter, 
1991; Rauh et al., 1991; Reske et al., 2007; Subramanian and Geraghty, 
2007; Turner et al., 1998). Although direct fusion between the plasma 
membrane and the virion envelope is still considered the major entry route, 
recent data indicate that endocytosis may also be an important route in 

several cell types (Clement et al., 2006; Frampton et al., 2007; Gianni et al., 
2004; Hambleton et al., 2007; Milne et al., 2005; Nicola et al., 2005; Nicola et 
al., 2003; Nicola and Straus, 2004). 

 
Transport to the nucleus 
Once arrived in the cytoplasm, incoming capsids are efficiently and rapidly 
transported across the cytosol to the nuclear pore complexes, where the viral 
DNA genomes are released into the nucleoplasm. Capsids bind to 
microtubules and use dynein, a minus end- (located at the microtuble 
organizing center (MTOC) near the nucleus) directed, microtubule-dependent 
motor, to propel them from the cell periphery to the nucleus (Smith and 
Enquist, 2002; Sodeik et al., 1997). The viral proteins VP11/12, VP26, UL9 
and UL34 of HSV-1 have been shown to interact with dynein and were 
proposed to be candidates to engage dynein to capsids (Diefenbach et al., 
2008; Douglas et al., 2004; Martinez-Moreno et al., 2003; Purves et al., 1992; 
Ye et al., 2000). The role of both proteins in retrograde transport has however 
been challenged. UL34 is absent from mature PRV virions and is not essential 
during PRV and HSV-1 infection (Klupp et al., 2000; Roller et al., 2000), while 
virus mutants lacking VP26 were still transported to the nucleus and this 

transport relied on dynein (Antinone et al., 2006; Dohner et al., 2006). This 
suggests that other receptors for dynein are encoded by alphaherpesviruses.  
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Gene expression 
Upon deposition in the nucleus, the genome circularizes and is transcribed in 
a tightly regulated cascade-like manner (Ben-Porat and Kaplan, 1985). First, 

immediate early genes (IE) are transcribed by the host cell machinery. These 
genes encode potent transcriptional regulatory proteins. In contrast to most 
herpesviruses, for PRV, only one immediate early gene has been described: 
IE180, which is homologous to the HSV ICP4 gene (Cheung, 1989; Vlcek et 
al., 1990). The IE180 gene activates the promotors of the PRV genes US4 
(gG), UL12 (alkaline nuclease), UL22 (gH), UL23 (thymidine kinase), and 
UL41 (viral host shut off) and promotors of cellular genes. The early genes 
function in regulating the expression of cellular and viral genes (EP0, UL48, 
UL54) and produce proteins important for nucleotide synthesis (UL23, 
UL39/UL40, UL50) and DNA replication (UL5, UL9, UL29, UL30, UL42, UL52) 
(Berthomme et al., 1995; Fuchs et al., 2002; Jons et al., 1997; Kaliman et al., 
1994; Kit et al., 1987; Lehman and Boehmer, 1999; Ono et al., 1998; 
Schwartz et al., 2006).  Finally, DNA replication triggers the transcription of 
late genes, which mainly encode structural proteins (Ben-Porat et al., 1984). 

 
Replication and assembly 
Replication of herpesvirus DNA begins with the formation of circular 
molecules from the linear viral genome and proceeds via a rolling circle 
mechanism.  All newly synthesized capsid proteins enter the nucleus for the 
assembly of progeny capsids (Newcomb et al., 1999). After replication, the 

replicated long, linear concatemeric DNA is cleaved into monomeric units and 
simultaneously packaged into newly formed capsids by pulling them through a 
cylindric entry pore encoded by the portal protein UL6 (Ben-Porat et al., 1984; 
Cardone et al., 2007; Kwong and Frenkel, 1989; Ladin et al., 1980; White et 
al., 2003). 
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Egress 
Most enveloped viruses assemble their capsids in the cytoplasm and acquire 
their envelope by budding from the plasma membrane or into cytoplasmic 
membranes. Viruses that assemble in the nucleus face the fundamental 
problem of transporting capsids across the nuclear envelope. Non-enveloped 
viruses that are relatively small, such as polyomavirus, can move through 
nuclear pores and larger non-enveloped viruses such as adenoviruses disrupt 
the nuclear envelope (Daniels et al., 2006; Tollefson et al., 1996). Herpesvirus 
capsids are too large to move through nuclear pores and instead, encode 
machinery that promotes envelopment at the inner nuclear membrane (INM) 

(Hofemeister and O'Hare, 2008), followed by fusion with the outer nuclear 
membrane (ONM). This unusual fusion process appears to be very rapid and 
efficient, as very few enveloped particles are normally observed in the 
perinuclear space (Mettenleiter, 2002b; Skepper et al., 2001). Subsequently, 
viral capsids reaching the cytoplasm receive their final envelope by budding in 
trans-Golgi network (TGN) vesicles. Hence, herpesvirus assembly can be 
subdivided in primary envelopment of capsids at the INM, de-envelopment by 
fusion of the primary envelope with the ONM, secondary envelopment at the 
TGN and subsequent release (Figure 3). 
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Figure 3. Transmission electron microscopic picture of PRV virions in MEF cells. 

 

Primary envelopment 
The egress of mature nucleocapsids from the nucleus occurs as a budding 
process at the INM, resulting in capsids surrounded by a primary tegument 
and envelope in the perinuclear space. 
On their way to the INM, capsids encounter a major obstacle, the nuclear 
lamina, a rigid meshwork of lamin proteins lining the INM. Herpesviruses 
appear to locally disrupt the nuclear lamina in order to assemble along the 
INM (Leach et al., 2007; Mou et al., 2007; Mou et al., 2008; Muranyi et al., 

2002; Scott and O'Hare, 2001). For HSV and PRV, expression of UL31 and 
UL34, two viral proteins that form a complex colocalizing to the INM, is 
reported to be responsible for local disruption of the nuclear lamina (Bjerke 
and Roller, 2006; Reynolds et al., 2004; Simpson-Holley et al., 2004).  
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Besides their role in lamina disruption, several other related mechanisms are 
described for a UL31-UL34 mediated role in virus assembly and nuclear 
egress. First, UL31 and UL34 were found to promote the late maturation of 
viral replication compartments by remodeling of the chromatin layer 
surrounding the replication compartments, enabling capsids to assemble 
adjacent to the nuclear membrane (Simpson-Holley et al., 2004). 
Furthermore, several data point at a role for UL31/UL34 in the budding 
process of capsids into the INM. Targeting of UL31 and UL34 to the nuclear 
rim was found to be required for nucleocapsid envelopment (Reynolds et al., 
2001) and UL31 and UL34 can promote vesicle formation in the perinuclear 

space, even in the absence of any other viral protein (Klupp et al., 2007). 
Recently, for HSV-1, UL31 phosphorylation was found to be important for both 
primary envelopment and de-envelopment (Mou et al., 2009).  
In addition, also the US3 kinase appears to play a crucial role in primary 
envelopment, but as the US3 protein has a central role in this thesis, this 
function will be discussed in more detail below. 
 

De-envelopment 
In this step, the envelope of the primary enveloped virions fuses with the 
ONM, resulting in loss of the primary envelope and release of capsids into the 
cytoplasm. Much less is known about this step. For HSV-1, infection with 
viruses carrying deletions in the US3 or gB/gH genes results in accumulation 
of a large number of enveloped virions in the perinuclear space (Farnsworth et 
al., 2007; Reynolds et al., 2002; Ryckman and Roller, 2004). A similar 
phenotype is seen during infection with PRV US3 deletion mutants, while a 
recent study involving a PRV gB/gH double deletion mutant did not detect 
defects in nuclear egress (Klupp et al., 2008; Klupp et al., 2001; Wagenaar et 
al., 1995). Recently, HSV-1 US3-mediated phosphorylation of gB has been 
implicated in fusion between the virion envelope and outer nuclear membrane 
during virus egress (Wisner et al., 2009).  
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Since for all mutant viruses mentioned above a significant amount of virus 
particles still reach the surface of the cells, other unidentified proteins are 
likely to be involved in this de-envelopment step (Farnsworth et al., 2007; 
Klupp et al., 2001).  

 

Secondary envelopment and release 
Upon arrival in the cytoplasm, the nucleocapsids are transported to the trans-
Golgi network, in which different viral glycoproteins are expressed. Final 
tegumentation is believed to occur in a two-step tegumentation process. The 
first step takes place in the cytoplasm and involves the UL36 protein that 
contacts the capsid and interacts with UL37. Other tegument proteins can 
assemble on the cytoplasmic domains of the envelope proteins anchored in 
the membranes of the trans-Golgi network (Chi et al., 2005; Farnsworth et al., 
2003; Farnsworth et al., 2007; Fuchs et al., 2002). US3 has been shown to be 
part of the capsid-associated tegument (Fuchs et al., 2004; Granzow et al., 
2004; Klupp et al., 2002; Zhou et al., 1999). It is likely that a complex 
interaction network between tegument and nucleocapsid proteins and 
cytoplasmic domains of glycoproteins causes the tegumented capsid to bud in 
the trans-Golgi network (Granzow et al., 1997; Mettenleiter et al., 2006). 
Budding in the trans-Golgi membranes results in secondary envelopment. The 
mechanism of this secondary envelopment process is not fully characterized 
yet. 
Infectious virus particles are then released in an exocytotic process of virion-

containing vesicles (Granzow et al., 2001; Granzow et al., 1997; Wittmann et 
al., 1980). 
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Intercellular spread 
Herpesviruses can be transmitted from infected cells to uninfected cells by 
two distinct pathways. The first, traditional way is by release of virions from an 
infected cell into the extracellular space and subsequent attachment and entry 
into an uninfected cell. Additionally, herpesviruses have developed a strong 
cell-associated way of spread, which may allow them to escape exposure to 
different components of the cellular immune system. To date, several ways of 
cell-associated spread have been described for herpesviruses. When infected 
cells are in direct contact with uninfected cells, spread can occur via fusion of 
the plasma membranes of both cells, resulting in syncytium formation. Viral 

envelope proteins, expressed on the surface of infected cells, mediate this 
process, much like they do during the fusion process between the viral 
envelope and the plasma membrane during entry. It is of interest that in PRV 
(but not in HSV), the gD envelope protein, which is essential for successful 
viral entry, is not required for intercellular spread (Ch'ng et al., 2007; Peeters 
et al., 1992b; Rauh and Mettenleiter, 1991). In neurons, gD- and nectin-driven 
formation of varicosities in sensory neurons of the trigeminal ganglion or rat 
hippocampal neurons were reported for PRV and HSV-1 respectively (De 
Regge et al., 2006; Mizoguchi et al., 2002). Since varicosities have been 
described as sites for herpesvirus egress, this suggests a possible role for 
gD-and nectin-induced varicosities in intercellular virus spread. In polarized 
epithelial cells, the gE glycoprotein plays an important role in direct cell-to-cell 
spread by sorting nascent virions to the cell junctions (Johnson et al., 2001; 
Zsak et al., 1992). PRV can also spread between distant cells after viral 
induced formation of protrusions that connect otherwise unconnected cells 
(Favoreel et al., 2005). 
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1.4. Pathogenesis  
PRV is the causative agent of Aujeszkyʼs disease in pigs and is highly 
pathogenic for many other mammalian species, excluding higher primates 

and humans. In most susceptible animals, infection leads to a mortality rate of 
almost 100%. Pigs however, can survive a productive PRV infection. For this 
reason, pigs are considered to be the natural host species of PRV. The 
severity of disease in pigs depends on the age and the immunological status 
of the animal. Symptoms range from severe to fatal affliction of the central 
nervous system in neonatal piglets to mild respiratory problems, such as 
coughing, sneezing and pneumonia, in older pigs. In pregnant sows, infection 
can result in reproductive failures, such as stillbirths, abortions and 
mummified fetuses (Akkermans, 1976; Baskerville, 1973).  
Following oronasal infection, which is the natural route of infection, the 
primary site of replication is located in the respiratory tract (tonsils, nasal 
cavity, pharynx and lungs) (Baskerville, 1973; Miry and Pensaert, 1989; Sabo 
et al., 1969). From these primary sites of replication, the virus spreads via the 
blood, lymph and nerves to the central nervous system and internal organs, 
such as the genital organs, which are the secondary sites of replication (Sabo 
et al., 1969; Sabo et al., 1968; Wittmann et al., 1980). Replication in the 
respiratory tract, central nervous system and reproductive organs is 
responsible for the clinical signs. 
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2. The US3 protein 
 
2.1. Introduction 
 
The US3 gene encodes a serine/threonine kinase that contains the catalytic 
domain in the C-terminal region of the protein. The US3 protein is conserved 
among all alphaherpesvirusses (Frame et al., 1987; McGeoch and Davison, 
1986). PRV US3 is a protein of approximately 390 amino acids and shares 
39% identity with the HSV-1 and HSV-2 US3 kinase, while HSV-1 and HSV-2 
US3 share 75% amino acid identity (McGeoch and Davison, 1986). PRV 
encodes two US3 isoforms: an abundant short isoform (> 95% of the US3 

protein in infected cells) of 41 kDa and a long isoform (< 5% of US3 protein in 

infected cells) of 53 kDa (van Zijl et al., 1990). Both isoforms only differ by the 
presence of a functional 51 amino acid N-terminally located mitochondrial 
localization sequence in the US3 long isoform (Van Minnebruggen et al., 
2003). In transfection assays, the PRV US3 short isoform localizes 
predominantly to the nucleus and to a lesser extent to the cytoplasm, while 
the US3 long isoform localizes to the mitochondria and the plasma 
membrane. In infection experiments, US3 was found predominantly in the 
nucleus, probably due to the low abundance of the US3 long isoform (Calton 
et al., 2004; Van Minnebruggen et al., 2003). For HSV-1, the US3 protein 
localizes to the plasma membrane and the nuclear envelope, where it 
colocalizes with the UL34 protein (Reynolds et al., 2002). Also for HSV-1, a 
shorter transcript of the US3 ORF was reported that differed from the long 
transcript with regard to some functions (Poon et al., 2006; Poon and 
Roizman, 2005). HSV-2 US3 was found in the cytoplasm and nucleus, both in 
infections and in transfection assays (Goshima et al., 1998). 
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US3 is a tegument protein that is a component of both primary and mature 
virions (Granzow et al., 2004). For PRV, it is the only tegument protein that is 
found in both forms of enveloped virions, while for HSV-1, both US3 and VP16 
are found in primary and mature virions (Naldinho-Souto et al., 2006; 

Reynolds et al., 2002). At present, it is not clear whether US3 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. 
 
The US3 kinase was originally found to be homologous to the protein kinase 
gene family of eukaryotes and retroviruses by DNA sequence analysis 
(McGeoch and Davison, 1986). In vitro biochemical studies characterized the 
consensus target sequence of pseudorabies virus US3 as RnX(S/T)ZZ, where 
n is greater than or equal to 2; X can be Arg, Ala, Val, Pro, or Ser; and Z can 
be any amino acid except an acidic residue (Leader et al., 1991; Purves et al., 
1986). The target site specificity of HSV-1 and HSV-2 US3 and VZV open 
reading frame 66 (ORF66) has been reported to be broadly similar to that of 
the PRV homologue (Daikoku et al., 1993; Eisfeld et al., 2006; Purves et al., 
1986). Recent findings indicate that the HSV-1 US3 kinase is more 
promiscuous than previously thought and suggest the existence of more 
substrates than previously predicted (Mou et al., 2007). Based on studies 
showing that recombinant US3 mutant viruses have impaired growth 
properties in cell cultures and virulence in mouse models and pigs (Kimman et 

al., 1994; Meignier et al., 1988; Reynolds et al., 2002; Van Minnebruggen et 
al., 2003), US3 was identified as a positive regulator of viral replication and 
viral pathogenicity. At present, the mechanisms by which this viral protein 
kinase acts in viral replication and pathogenicity remain largely undetermined, 
but several lines of evidence suggest possible functions for US3. 
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Although a variety of viral and cellular proteins have been suggested to be 
phosphorylated by US3, very few physiological relevant substrates have been 
identified. Physiological substrates are substrates that are specifically and 
directly phosphorylated in vitro and that show an altered phosphorylation 
pattern in cells infected with a mutant virus lacking kinase activity.  
Those physiological relevant substrates and the US3-mediated functions they 
are involved in, will be discussed below. Important remark here is that all 
these substrates were suggested for HSV US3, while to our knowledge, no 
direct phosphorylation by PRV US3 has been reported yet. 
 

2.2. US3 functions 
 
The US3 protein is a multifunctional protein that is involved in a variety of 
processes. Major functions of US3 kinase include the induction of 
rearrangements of the actin cytoskeleton, protection of cells from apoptotic 
cell death and assisting virions during egress from the nucleus. Besides these 
well-known functions, US3 has been reported or suggested to be involved in a 
variety of different other functions. A schematic overview of the different 
functions in which the US3 kinase has been implicated is given in Figure 4. 
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Figure 4. Schematic representation of the different functions of the US3 kinase. (A) 

InfectIon with wtPRV virus leads to normal nuclear egress (1) and the disassembly of actin 

stress fibers and the formation of cellular projections (2), which may enhance intercellular viral 

spread (3). (B) Infection with US3nullPRV leads to accumulation of primary enveloped virus 

particles in the perinuclear space (1), while actin stress fibers remain intact (2) and in later 

stages of infection to apoptotic cell death (4).   
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2.2.1. Cytoskeletal rearrangements 
 
A few years ago, it was found that PRV induces actin stress fiber breakdown 
in a variety of infected cells, appearing from 6hpi onwards (Van Minnebruggen 
et al., 2003; Van Minnebruggen et al., 2002). Using several PRV deletion 
mutants, it was found that the US3 protein is required for PRV-induced stress 
fiber disassembly (Van Minnebruggen et al., 2003). Furthermore, US3 
induces actin stress fiber breakdown in the absence of other viral proteins 
(Van Minnebruggen et al., 2003). Additionally, the US3 protein induces 
another rearrangement of the actin cytoskeleton: the formation of long cellular 

projections containing polymerized actin and microtubules, both in US3-
transfected and PRV-infected cells (Calton et al., 2004; Favoreel et al., 2005). 
In infected cells, virus particles move inside these projections, generally 
towards the tip, and the actin rearrangements are associated with an increase 
in the intercellular virus transmission in the presence of virus-neutralising 
antibodies (Favoreel et al., 2005).  
Similar reorganizations of the actin cytoskeleton have been reported for other 
members of the alphaherpesvirus family. Transfection of the HSV-2 US3 
orthologue results in stress fiber breakdown and cell rounding (Murata et al., 
2000). This US3-induced cell rounding was found to be dependent on the 
protein kinase activity of US3. Expression of HSV-2 US3 also suppressed the 
activation of c-Jun N-terminal kinase (JNK), a downstream effector of the 
small Rho GTPases and dominant active forms of Cdc42 and Rac1 were able 
to counteract cell rounding induced by US3, which suggests that US3 may 
affect a signal transducting pathway involving Cdc42/Rac1 (Murata et al., 
2000). For MDV, actin stress fiber disassembly was shown to be triggered by 
the MDV US3 orthologue, but this stress fiber breakdown was, unlike the actin 
rearrangements seen with PRV US3, only transient. Indeed, whereas stress 
fiber breakdown was seen at 24h post transfection, almost all stress fibers 
were intact again at 48h post transfection (Schumacher et al., 2005).  
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Later, the same group reported that the US3 mediated actin stress fiber 
breakdown seen for MDV did not depent on the kinase activity of the viral 
protein (Schumacher et al., 2008). Very recently, US3 orthologues of BoHV-1 
and BoHV-5 were also reported to induce stress fiber disassembly and 

projection formation (Brzozowska et al., 2009)(Ladelfa F., personal 
communication). In conclusion, the US3 protein induces actin rearrangements 
with implications for viral spread in a variety of alphaherpesviruses. However, 
whether the kinase activity of US3 is involved in the actin rearrangements 
appears to be ill understood and virus specific. In addition, it is unclear which 
cellular components involved in actin organization are targeted by US3.  
 

2.2.2. Apoptosis 
 
Several studies have shown that the US3 kinase protects cells from 
apoptosis. HSV US3 has been shown to suppress apoptosis triggered by 
virus infection, overexpression of a variety of pro-apoptotic Bcl-2 family 
members, CTLs, or various exogenous inducers of apoptosis such as osmotic 
shock, UV irradiation and Fas ligand (Asano et al., 1999; Cartier et al., 2003a; 
Cartier et al., 2003b; Hata et al., 1999; Jerome et al., 1999; Leopardi et al., 
1997; Murata et al., 2002; Ogg et al., 2004). Ogg et al. reported that the anti-
apoptotic properties of HSV US3 are conserved among alphaherpesviruses 
showing that the PRV US3 protein was as efficient as the HSV US3 protein in 
suppressing Bax-induced apoptosis in US3-transfection assays (Ogg et al., 

2004). Later, our lab reported that PRV US3 was able to inhibit apoptosis in 
late stages of infection as well as apoptosis induced by staurosporine and 
sorbitol. The US3 long isoform was more potent in this inhibition, suggesting a 
potential advantage for mitochondrial localization of PRV US3 in implementing 
its anti-apoptotic function (Geenen et al., 2005). 
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For both viruses it was demonstrated that the US3 kinase activity is required 
for its anti-apoptotic function (Deruelle et al., 2007; Ogg et al., 2004). 
However, the precise molecular mechanism by which US3 inhibits apoptosis 
remains incompletely understood. US3 has been shown to lead to 
phosphorylation of Bad, a pro-apoptotic protein, thereby inactivating its pro-
apoptotic features (Cartier et al., 2003b; Deruelle et al., 2007; Kato et al., 
2005; Munger and Roizman, 2001). It has also been reported that US3 
activates protein kinase A (PKA), a cellular cyclic AMP-dependent protein 
kinase playing a key role in survival signaling in eukaryotic cells, with 
phosphorylation target sequences resembling those of US3, suggesting that 

US3 mediates its antiapoptotic activity through phosphorylation of PKA 
substrates, by activating PKA, and/or by mimicking this cellular protein kinase 
(Benetti and Roizman, 2004). In addition, cellular apoptosis-regulating 
proteins, including Bid and procaspase 3, were suggested to be 
phosphorylated by US3 (Benetti and Roizman, 2007; Cartier et al., 2003b). 
However, the biological significance of US3-mediated phosphorylation of 
these cellular proteins in infected cells remains to be elucidated. 
Quite surprisingly, for the bovine herpesvirus 1 (BHV-1) US3 protein, no anti-
apoptotic activity could be demonstrated (Takashima et al., 1999). 
 

2.2.3. Nuclear egress 
  
The US3 protein has been implicated in different steps in the envelopment-de-
envelopment process during nuclear egress of virus particles. The most 
striking phenotype seen in cells infected with US3null HSV-1, PRV and MDV 
viruses, is that virions aggregate aberrantly within the perinuclear space in 
large invaginations (Klupp et al., 2001; Reynolds et al., 2002; Schumacher et 
al., 2005), suggesting a conserved role for the US3 kinase in the de-
envelopment step during nuclear egress.  
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For HSV-1 and MDV, it was demonstrated that the catalytic activity of US3 
itself is necessary for its function in nuclear egress (Ryckman and Roller, 
2004; Schumacher et al., 2008). However, how US3 influences de-
envelopment exactly remains unclear. Recently, the essential envelope 

glycoprotein gB, one of the viral proteins that mediates fusion during viral 
entry, was shown to be phosphorylated by and identified as a physiological 
substrate of HSV-1 US3 (Kato et al., 2009). Infection with gB/gH double 
deletion HSV-1 virus resulted in similar accumulations of enveloped particles 
in the perinuclear space as seen upon US3null virus infection (Farnsworth et 
al., 2007) and phosphorylation of the gB cytoplasmic domain by US3 was 
suggested to be important for gB-mediated fusion with the outer NM. In this 
model, the US3 kinase is incorporated into the tegument layer of HSV virions 
present in the perinuclear space. By this packaging, US3 might be brought 
close to the gB cytoplasmic tail, which has been suggested to lead to 
phosphorylation, and triggering fusion between the virion envelope and the 
outer nuclear membrane (Wisner et al., 2009). Remarkably, mutant PRV 
viruses lacking both gB and gH did not show defects in nuclear egress, and 
viral glycoproteins could not be detected in nuclear membranes nor in primary 
enveloped virus particles, suggesting that probably other additional 
mechanisms are involved in the fusion process of perinuclear virions with the 
ONM (Klupp et al., 2008).  
 
Second, US3-null virus infection induces a change in distribution of UL34 and 

UL31, both of which are crucial regulators of primary envelopment of 
nucleocapsids at the nuclear membrane, from the roughly continuous 
distribution to a distribution in discrete aggregates in the inner nuclear 
membrane (Klupp et al., 2001; Reynolds et al., 2001). HSV-US3 is a substrate 
for the protein kinase encoded by the UL13 gene, and this phosphorylation 
was suggested to be important for the smooth distribution of UL31/UL34 in the 
INM (Kato et al., 2006).  
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HSV-1 US3 has been reported to phosphorylate UL31 and UL34 and the 
catalytic activity of the US3 protein kinase is required for proper localization of 
UL31 and UL34 at the nuclear membrane (Reynolds et al., 2001). However, 
precluding phoshorylation of UL34 was not responsible for the nuclear egress 
defects induced by the absence of US3 or its kinase activity (Ryckman and 
Roller, 2004). Although the phenotypes of UL34 and US3 deletion mutants of 
PRV are similar to those of the corresponding recombinant HSV-1 mutants, 
the phosphorylation state of the UL34 homologue encoded by PRV does not 
appear to be affected by the US3 protein in infected RK-13 cells (Klupp et al., 
2001). Recently, Mou and colleagues showed for HSV-1 that phosphorylation 

of the N-terminus of UL31 by US3 can account for the change in distribution of 
the UL31/UL34 complex in the INM, but only partially for the accumulation of 
perinuclear virions, suggesting that other US3 substrates may be involved in 
this process (Mou et al., 2009).  
 
Furthermore, US3 phosphorylates and alters the localization of lamin A/C in 
the nuclear lamina, a fibrous meshwork lining the nucleoplasmic face of the 
inner nuclear membrane (Mou et al., 2007; Mou et al., 2008), which leads to 
disruption of the nuclear lamina. The nuclear lamina is thought to prevent 
efficient nuclear release of capsids and US3 kinase activity is thought to 
partially alliviate this impediment (Mou et al., 2008). US3 has also been 
implicated in phosphorylating the inner nuclear membrane protein emerin, 
which interacts with a number of nuclear components, including lamins and 
the DNA-binding protein BAF, and is suggested to be involved in maintaining 
nuclear integrity (Leach et al., 2007; Morris et al., 2007). These observations 
suggest that US3 regulates nuclear egress of nucleocapsids by mediating 
phosphorylation of cellular proteins that affect efficient access to the nuclear 
membrane and viral proteins that make part of the primary envelope in the 
different steps of nuclear egress.  
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2.2.4. Other functions 
 
Apart from its role in above-mentioned well-studied functions, the US3 kinase 

and orthologues have been reported to be involved in several other functions. 
The US3 orthologue in VZV, ORF66, was reported to be involved in 
downregulating the surface expression of the major histocompatibility complex 
class I (MHC I) in VZV-infected cells (Abendroth et al., 2001; Eisfeld et al., 
2007), suggesting a role for ORF66 in immune evasion. The kinase activity of 
ORF66 protein kinase was shown to be involved in this downregulation, but 
also kinase-independent mechanisms seemed to play a role. MHC I 
downregulation was suggested to be caused by a delay in MHC I maturation 
through impairment of MHC-I transport through the Golgi complex. Another 
mechanism suggesting the involvement of US3 in immune modulation is the 
HSV US3-induced inactivation of cytotoxic T-lymphocytes (CTLs) (Sloan et 
al., 2003). Inactivated CTLs lose their ability to release cytotoxic granules and 
synthesize cytokines when triggered through the T-cell receptor (TCR). 
Inactivation does not require infection of CTLs but requires cell-to-cell contact 
between CTLs and HSV-infected cells. HSV-infected cells were shown to 
require the expression of US3 to transmit the inactivating signal and the 
signaling block was suggested to be specific to the TCR, but the underlying 
mechanism remains poorly understood. 
Furthermore, the lack of US3 kinase orthologues reduced the capacity of the 
virus to interfere with induction of the interferon (IFN) signaling pathway 

following exposure to IFN in VZV and HSV-1 infection (Piroozmand et al., 
2004; Schaap et al., 2005). Recently, Peri et al. reported that HSV-1 US3 
downregulates the intracellular expression of TLR3 and the type-I interferon 
inducible protein MxA, which is known to posses anti-viral activity (Peri et al., 
2008) and US3-mediated phosphorylation of interferon-γ (IFNγ) receptor was 

also reported to block IFNγ-dependent gene expression (Liang and Roizman, 

2008).  
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In neurons, two virally encoded protein kinases, US3 and UL13, act together 
to sustain long distance transport of viral particles to the distal axon by 
stabilizing membrane–capsid interactions and restricting capsids from 
engaging in retrograde transport events. The kinases modulate what appears 
to be a delicate balance between retrograde and anterograde trafficking that 
occur at opposing stages of the herpesvirus infectious cycle (Coller and 
Smith, 2008; Kato et al., 2006). 
Recently, phosphorylation of specific gB residues by US3 was reported to 
cause a downregulation of cell surface gB expression (Kato et al., 2009). 
Since gB is known to be a potent inducer of the immune response in vivo 

(Bishop et al., 1983; Bishop et al., 1984; Sanchez-Pescador et al., 1992; 
Sanchez-Pescador et al., 1993), it was suggested that US3 downregulates the 
cell surface expression of gB as an immune evasion strategy, similar as been 
hypothesized for MHC-I downregulation (Abendroth et al., 2001).  
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3. The actin cytoskeleton and small Rho-GTPase signaling 
 

3.1. The actin cytoskeleton 

 
The cytoskeleton: an introduction 
The cellular cytoskeleton is a highly dynamic three-dimensional framework 
that plays a fundamental role in a variety of cellular processes, including (1) 
providing cell integrity, mobility and shape, (2) cell division and contraction, 
and (3)  the uptake of extracellular molecules. Eukaryotic cells contain three 
main kinds of cytoskeletal filaments: actin filaments (microfilaments), 
intermediate filaments, and microtubules.  
Actin filaments appear as tread-like, helical protein fibers with a diameter of 5 
to 7 nm (Alberts et al., 2002). Roughly, these actin structures can be 
subdivided into a dense meshwork of actin filaments just beneath the plasma 
membrane termed the actin cortex, a parallel array of actin bundles called 
contractile actin stress fibers, and several actin-based cell surface extensions 
such as microvili, pseudopodia, filopodia and lamellipodia (Amos and Amos, 
1991; Bretscher, 1991). The actin cytoskeleton is a flexible, highly adaptable 
network that provides mechanical strength, determines cell shape, drives cell 
motility, is involved in the establishment and maintenance of cell junctions and 
in endocytosis and cytokinesis (Glotzer, 2001; Qualmann and Kessels, 2002). 
Actin filaments function in non-muscle cells as a track for cargo transport 

myosins (non-conventional myosins) such as myosin V and VI. Non-
conventional myosins transport cargo, such as vesicles and organelles, in a 
directed fashion, using ATP hydrolysis, at a rate much faster than diffusion. 
Myosin V walks towards the barbed end (see below) of actin filaments, while 
myosin VI walks toward the pointed end (see below). 
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Intermediate filaments, 8 to 12 nm in diameter, are more stable (strongly 
bound) than actin filaments, and heterogeneous constituents of the 
cytoskeleton. Examples of intermediate filament proteins are vimentins, 
keratins, neurofilaments and lamins. Like actin filaments, they function in the 
maintenance of cell-shape by bearing tension. Intermediate filaments 
organize the internal tridimensional structure of the cell, anchoring organelles 
and serving as structural components of the nuclear lamina and sarcomeres. 
They also participate in some cell-cell and cell-matrix junctions.  
Microtubules are hollow, cylindrical tubes of varying length with an overall 
diameter ranging between 20 and 25 nm (Alberts et al., 2002). Their 
elementary building block is the tubulin subunit, a heterodimer of α- and β-

tubulin (Desai and Mitchison, 1997). Like actin filaments, microtubules are 
dynamic structures that can undergo rapid cycles of assembly and 
disassembly (Mitchison and Kirschner, 1984). They are also important in 
maintaining cell shape and play a key role in cell division. Furthermore, 
together with microtubule motor proteins such as dynein and kinesin, they are 
involved in the transport of cargo through the cell. 
 

The actin cytoskeleton 
Actin, a 43 kDa globular protein, is the most abundant protein in eukaryotic 
cells. F-actin (filamentous) is formed by the head-to-tail polymerization of actin 

monomers (also known as globular or G-actin). Actin assembly is coupled 
with continuous ATP hydrolysis and actin filaments are polarized, 
characterized by a plus (or barbed) end and a minus (or pointed) end. Under 
physiological conditions, MgATP-bound G-actin is incorporated into growing 
filaments at the barbed end. ATP-actin is then converted in ADP-actin by slow 
hydrolysis as actin monomers are shifted along the filament towards the 
pointed end. Thus, actin assembly at steady state can be described by an 
ATPase cycle featuring the energetic imbalance between the plus and minus 
ends of filaments linked to the irreversible hydrolysis of ATP.  
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This cycle comprises three steps: (1) net depolymerization at the pointed  (-) 
end, releasing G-actin-ADP, (2) exchange of ATP for bound ADP, (3) 
restoring G-actin-ATP which undergoes net assembly at the barbed (+) end 
(Disanza et al., 2005). This crucial process in actin motility, in which the 

filament length remains relatively constant, is called treadmilling. Filaments 
are oriented so that the growing barbed ends face the plasma membrane, 
while the pointed ends, where depolymerization occurs, are at the rear (Bailly 
et al., 1999; Small and Celis, 1978; Wang, 1985).  
A large repertoire of actin-binding proteins consistently regulates the dynamic 
assembly and spatial organization of actin filaments, thus orchestrating the 
behavior of cells. Among these are proteins that (1) promote the nucleation of 
actin, such as the Arp2/3 complex and formins, (2) affect the actin-
depolymerization of actin filaments, such as the actin depolymerizing factor 
(ADF/cofilin) family, (3) associate to monomeric actin, such as profilin, and (4) 
cap the ends of filaments (Figure 5).  

 
Fig. 5. Actin interacting proteins and mechanisms of actin modulation  (adapted from 

Disanza et al., 2005). 
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Although the assembly of actin subunits onto filament ends is a 
thermodynamically favorable process, spontaneous nucleation of new 
filaments is inefficient and, not surprisingly, is tightly regulated in cells. The 
Arp2/3 complex was the first direct nucleator of actin assembly to be 
discovered. This multi-subunit complex creates new filaments as branches on 
the sides of existing filaments, generating arborized networks of filaments 
similar in appearance to those found at the leading edge of migrating cells. 
The Arp2/3 complex contains two actin-like subunits, and it is thought that, 
when brought into register by binding of cellular regulators, these actin-like 
subunits form a “seed” that nucleates actin polymerization. The Arp2/3 

complex is incorporated as part of the branch point, and the new filament is 
oriented with its rapidly growing barbed end extending away from the mother 
filament (Machesky and Gould, 1999; Millard et al., 2004; Welch, 1999). In 
contrast, formins do not contain actin-like domains, and they nucleate linear 
unbranched actin filaments. Accordingly, they are known to direct the 
formation of distinct cellular structures comprised of primarily unbranched 
actin filaments, including actin cables, filopodia, stress fibers, actin-rich cell 
adhesions, and cytokinetic actin rings (CARs) in dividing cells. The ability of 
formins to remain associated with the rapidly growing barbed ends of nascent 
filaments also sets them apart from the sedentary Arp2/3 complex. In this 
way, they also prevent binding of barbed-end capping proteins, further 
encouraging actin polymerization. Furthermore, a growing body of literature 
demonstrates that some formins associate with microtubules and hints at a 
role for formins in mediating the rich interplay between actin filaments and 
microtubules (Ishizaki et al., 2001).  
Cofilin is a member of the ADF protein family and binds to actin-ADP along 
the sides of actin filaments, distorting the helical twist of F-actin. Under some 
conditions cofilin can sever actin filaments. Cofilin also promotes dissociation 
of G-actin-GDP from the minus end of actin filaments. Cofilin may then bind to 
G-actin-ATP and inhibit ADP/ATP exchange, which would inhibit actin 

repolymerisation.  
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Phosphorylation of cofilin causes it to dissociate from G-actin, which then can 
undergo ADP/ATP exchange and add to the barbed end of F-actin (Van Troys 
et al., 2008). This actin polymerization can be triggered by signal cascades 
leading to the phosphorylation of cofilin.   

Profilin is thought to play a central role in the regulation of de novo actin 
assembly by preventing spontaneous actin polymerization through the binding 
of actin monomers and the adding of monomeric actin to the barbed actin-
filament ends (Bishop and Hall, 2000; Disanza et al., 2005; Jaffe and Hall, 
2005). Profilin specifically binds G-actin-ATP in a complex that associates 
exclusively with barbed ends (Pantaloni and Carlier, 1993; Pollard et al., 
2001). The pool of G-actin-GDP derived from pointed ends is converted into 
an ATP-bound profilin-actin complex, which associates at the barbed ends, 
enhancing the treadmilling (Didry et al., 1998; Pantaloni et al., 2001). Capping 
proteins can bind to the free barbed end of the actin filament and thereby 
block further addition of subunits, which inhibits further elongation of the actin 
filament (Pollard, 2007). 
  

3.2. Rho-GTPase signaling 
 
Since small Rho GTPases play a crucial role in actin regulation in general and 
more specifically in the formation of stress fibers, filopodia and lamellipodia, 
their role in cytoskeletal signaling will be discussed in more detail. 
Rho-GTPases constitute a distinct family of more than 20 members within the 

superfamily of Ras-related small GTPases and are found in all eukaryotic 
cells. Many essential cellular processes are regulated by Rho GTPases, 
including actin dynamics, gene transcription, cell-cycle progression and cell 
adhesion. The most extensively characterized members are Rho, Rac and 
Cdc42. 
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Rho GTPases are molecular switches that cycle between an active GTP-
bound form and an inactive GDP-bound form. The cycling of Rho-GTPases 
between these two states is regulated by three sets of proteins: guanine 
nucleotide-exchange factors (GEFs) that catalyse exchange of GDP for GTP 
to activate the switch (Schmidt and Hall, 2002), GTP-ase activating proteins 
(GAPs) that stimulate the intrinsic GTPase activity to inactivate the switch 
(Bernards, 2003) and guanine nucleotide-dissociation inhibitors (GDIs), 
whose role appears to be to block spontaneous activation (Olofsson, 1999). It 
is in the active GTP-bound state that Rho GTPases perform their regulatory 
function through a conformation-specific interaction with target effector 

proteins. Rho GTPases are best documented for their crucial role in regulating 
the actin cytoskeleton. The activation of Rho, Rac or Cdc42 leads respectively 
to the assembly of contractile actin-myosin filaments (stress fibers), protrusive 
actin-rich lamellipodia and protrusive actin-rich filopodia (Etienne-Manneville 
and Hall, 2002; Hall, 1998; Hall, 1999; Heasman and Ridley, 2008; Nobes and 
Hall, 1995). The signal pathways of Rho, Rac and Cdc42 are interwoven and 
the RhoA pathway generally counteracts the Rac1 and Cdc42 pathways 
(Nimnual et al., 2003; Sander et al., 1999; Vignal et al., 2003). A series of 
signal transduction pathways controlled by each GTPase, leads to both the 
formation (actin polymerization) and the organization (filament bundling) of 
actin filaments. Downstream signaling of all these small Rho-GTPases leads 
to stabilization of F-actin through phosphorylation of LIM kinase (LIMK). Other 
specific targets of Cdc42/Rac/Rho and timing and location of activation define 
which type of F-actin structure will be formed. They all are involved in 
processes that lead to actin nucleation and polymerization, and influence 
actomyosin dynamics. 
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Effectors of Cdc42 

Several effectors that might be involved in the Cdc42-induced filopodia 
formation have been identified (Figure 6).  

The most extensively studied effectors of Cdc42 are the p21-activated 
kinases (PAKs). A variety of PAK substrates and downstream signaling 
pathways have been identified that could affect the actin cytoskeleton, among 
which the LIM kinase and myosin light chain (MLC) pathways are the best 
characterized. Since PAKs play an important role in this study, they will be 
described in more detail below. Cdc42 also binds to the actin-binding protein 
IQGAP, which is implicated in regulation of cell-cell adhesion through actin 
polymerization and sequestration of β-catenin. IQGAP regulates the actin 

cytoskeleton by interaction with Arp2/3 and formins, two nucleation factors 
(Bishop and Hall, 2000; Brandt and Grosse, 2007; Erickson et al., 1997; Jaffe 
and Hall, 2005; Kuroda et al., 1996).  

Cdc42 can bind directly to the Wiskott-Aldrich syndrome protein (WASP) and 
the closely related N-WASP protein, which in turn activate the Arp2/3 
complex. WASP and N-WASP both bind directly to actin monomers and N-
WASP binds to profilin. Thus, WASP/N-WASP is activated by Cdc42 and can 
act as a scaffold to recruit the machinery required for new actin 
polymerization: actin monomers, profilin and the Arp2/3 complex. Cdc42 also 
interacts with two serine/threonine kinases that are thought to be implicated in 
the regulation of myosin activity underlying cell protrusion and neurite 
outgrowth, namely the myotonic dystrophy kinase-related Cdc42-binding 
kinase (MRCK) α and MRCKβ (Chen et al., 1999; Leung et al., 1998; Tan et 

al., 2008). MRCKs can phosphorylate MLC via a ROCK-like kinase domain. 

PAK4 is another protein that is able to synergize with Cdc42 to produce large 
filopodia-like structures, through downstream targeting of LIMK and cofilin 
(Abo et al., 1998; Dan et al., 2001). 
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Figure 6. Downstream signaling from Cdc42 and Rac, which is thought to lead to the 

formation of actin-containing filopodia and lamellipodia respectively.  

 

Effectors of Rac  
Although Rac and Cdc42 lead to morphological distinct protrusions at the 
plasma membrane (i.e., lamellipodia and filopodia respectively), some 
common target proteins are involved in these processes. Again, group A 
PAKs are the most extensively studied effectors in this context. Furthermore, 
Rac also interacts with IQGAP and MRCKs. 

There are few examples of unique Rac effectors that have been implicated in 
actin reorganization. Partner of Rac (POR-1) has been suggested to be 
implicated in Rac-induced lamellipodia formation (D'Souza-Schorey et al., 
1997; Van Aelst et al., 1996). A better-characterized target of Rac is PI-4-
P5K.  Rac activation of PI-4-P5K leads to an increase in PIP2 levels and 
subsequently to actin-filament uncapping, which in turn leads to actin 
nucleation and polymerization (Hartwig, 1995; Tolias et al., 2000). 
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Furthermore, Rac also activates the Arp2/3 complex by activation of WAVE, a 
member of the WASP family of scaffolding proteins. However, the precise 
mechanism how this happens remains a matter of debate (Soderling and 
Scott, 2006). The downstream signaling pathway from Rac is depicted in 

Figure 6. 

 
Effectors of Rho proteins 
At least two effectors, ROCK and mDia appear to be required for Rho-induced 
assembly of stress fibers and focal adhesions (Figure 7).  
 
 

 
Fig. 7. Signaling pathways downstream of Rho, leading to the formation of actin stress 

fibers. 
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ROCK is necessary, but not sufficient for Rho-induced stress fiber assembly. 
ROCK is activated by binding of Rho-GTP (Ishizaki et al., 1996; Matsui et al., 
1996) and interacts with the MLC pathway to induce phosphorylation of MLC 
(both by direct MLC phosphorylation and inhibition of the MLC phosphatase), 
which promotes myosinII assembly and increases actomyosin based 
contractility necessary for the generation of stress fibers.   
Because Rho and PAK have opposing effects on MLC phosphorylation 
(reviewed in Bishop and Hall, 2000; Bokoch, 2003), the integrated cellular 
response to the activation of Rho, Rac, and Cdc42 may depend on the timing 
of GTPase activation as well as the intracellular localization and extent of 

MLC phosphorylation. Another ROCK target is LIM kinase, which activation 
leads to stabilization of filamentous actin structures (Bamburg, 1999; 
Maekawa et al., 1999). mDia on the other hand, is a member of the formin 
family that binds to the G-actin binding protein profilin and the barbed end of 
an actin filament (Zigmond, 2004). This interaction contributes to actin 
polymerization and F-actin organization into stress fibers (reviewed in Bishop 
and Hall, 2000; Jaffe and Hall, 2005). 
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3.3. p21-activated kinases (PAKs)  
 
Introduction 
PAKs are well-known regulators of cytoskeletal remodeling and cell motility, 
but have also been shown to promote cell proliferation and to regulate 
apoptosis and gene transcription. The p21-activated kinases were first 
identified in a screen for specific Rho-GTPase (p21) binding partners in rat 
brain cytosol (Manser et al., 1994). 
Six mammalian PAK isoforms have been identified and they are classified into 
two subfamilies based on domain architecture and regulatory mechanisms 
(Bokoch, 2003; Hofmann et al., 2004; Jaffer and Chernoff, 2002). Group A 
PAKs (PAK1–3) are generally activated upon interaction with the Rho 
GTPases Cdc42 and Rac1, whereas group B PAKs (PAK4–6) are active 
independent of GTPases. Group A PAKs are structurally very similar but differ 
with respect to tissue distribution: PAK1 is expressed in the brain, muscle and 
spleen, PAK2 is ubiquitously expressed and PAK3 is expressed only in the 
brain.  
 

Structure 
Group A PAKs contain a N-terminal regulatory domain and a highly conserved 
C-terminal catalytic domain. Distinguishing features of the regulatory domain 
are the presence of five (PAK1), two (PAK2) or four (PAK3) canonical PXXP 
SH3-binding motifs and one non-classical PXP SH3-binding site. Interaction of 

the first N-terminal site in PAK1 with the SH3-containing adaptor protein Nck 
(Bokoch et al., 1996; Galisteo et al., 1996), the second site with the adaptor 
protein Grb2 (Puto et al., 2003) and the non-canonical site with the PIX family 
of proteins (Manser et al., 1998) have been described. The regulatory domain 
of group A PAKs consists of a GTPase-binding domain (CRIB) and an 
autoinhibitory switch domain (AID). The p21-binding domain (PBD), which 
comprises the CRIB domain, contributes to overall binding affinity (Knaus and 
Bokoch, 1998; Lei et al., 2000; Sells and Chernoff, 1997).  
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PAKs exist as a homodimer in solution and in cells (Lei et al., 2000; Parrini et 
al., 2002), with the protein in a trans-inhibited conformation, where the N-
terminal regulatory region of one PAK molecule binds and inhibits the C-
terminal catalytic domain of the other  (Figure 8) (Bokoch, 2003; Jaffer and 
Chernoff, 2002; Zenke et al., 1999; Zhao et al., 1998).  

 
Fig. 8. Group A PAK structure and activation. 

 
 

Regulation of activity 
Group A PAKs are serine/threonine kinases that serve as molecular switches 
in signaling cross-talk by using several post-translational modifications and 
interactions with proteins and lipid moieties (Arias-Romero and Chernoff, 
2008; Bokoch, 2003; Kumar et al., 2006; Zhao and Manser, 2005). PAKs are 
activated in both GTPase-dependent and GTPase-independent manners.  
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The best-characterized mechanism of activation of group A PAKs is mediated 
by binding of active Rac and Cdc42 GTPases. Structural data, as well as 
genetic and biochemical studies, have shown that the binding of group A 
PAKs to activated GTPases disrupts PAK dimerization and leads to a series 

of conformational changes which destabilize the folded structure of the AID, 
inducing its dissociation from the catalytic domain and allowing 
autophosphorylation that is required for full kinase activity (Benner et al., 
1995; Gatti et al., 1999; Leeuw et al., 1998; Lei et al., 2000; Morreale et al., 
2000; Thompson et al., 1998; Zhao and Manser, 2005). All group A PAKs 
contain a threonine residue at the position corresponding to Thr423 in the 
activation loop of PAK1, namely Thr 402 in PAK2 and Thr 421 in PAK3. The 
phosphorylation of this residue is important for maintaining relief from auto-
inhibition and for full catalytic function toward its substrates (Gatti et al., 1999). 
Phosphorylation of PAK at additional residues, including Ser144, Ser199 and 
Ser204, can also contribute to kinase activation and/or maintenance of kinase 
activity (Chong et al., 2001; Gatti et al., 1999). In addition to Rac and Cdc42, 
other signaling molecules can also affect PAK activation. Autophosphorylation 
and activation of PAKs can be stimulated by limited protease digestion 
(Benner et al., 1995; Roig et al., 2001) or sphingolipids (Bokoch et al., 1998). 
Furthermore, protein binding and phosphorylation have been reported to 
induce PAK activation. The kinases Akt and PDK1 have been reported to 
phosphorylate and activate PAKs (King et al., 2000; Tang et al., 2000), while 
binding of adaptor proteins like Nck and Grb2 recruits PAKs to activated 

tyrosine kinases at the plasma membrane, which results in the stimulation of 
kinase activity of PAKs (Bokoch et al., 1996; Daniels et al., 1998; Galisteo et 
al., 1996; Izadi et al., 1998; Lu and Mayer, 1999; Puto et al., 2003; Yablonski 
et al., 1998). Interestingly, filamin A, an actin-binding protein that induces 
cross-linking of actin filaments, binds to a region that overlaps the CRIB/PBD 
domain of PAK1 (aa 52–132), and this binding appears to be sufficient to 
relieve autoinhibition, thereby enhancing intrinsic PAK1 activity (Stossel et al., 
2001).  
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Functions and functional differences of group A PAKs 

It is becoming increasingly evident that PAKs are involved in a plethora of 
different biological actions. These actions are modulated by a multitude of 
interacting proteins and phosphorylation substrates, as well as by the many 
stimuli that regulate PAK activity. Group A PAKs are known to play significant 
roles in cytoskeletal dynamics, cell death and survival signaling, cell growth 
signaling and transformation, and regulation of transcription and cell-cycle 
progression. Recently, a few studies suggest some functional differences 
between group A PAKs. Since it has been shown that PAK1 and PAK2 have 
virtually identical substrate specificities in vitro (Rennefahrt et al., 2007), it is 

likely that most isoform-specific functions of group A PAKs are mediated by 
their participation in distinct molecular complexes and their location to distinct 
subcellular structures. The majority of sequence differences among group A 
PAKs are located in the N-terminal regulatory region, which likely governs 
interactions between PAK proteins and their binding partners. 
 
Cytoskeletal dynamics 
A first clue for an involvement of PAKs in cytoskeletal regulation came from 
localization studies. After stimulation, PAKs were found predominantly 
redistributed into cortical actin structures and focal adhesions 
(Dharmawardhane et al., 1997; Frost et al., 1998; Manser et al., 1997). 
Furthermore, activation of PAK1 induced formation of filopodia, large 
polarized membrane ruffles, loss of actin stress fibers and increased focal 
adhesion turnover (Frost et al., 1998; Manser et al., 1997; Sells et al., 1997; 
Zhao et al., 1998). Cytoskeletal effects of PAKs observed in the above studies 
were largely independent of Rac and Cdc42, confirming that PAKs can also 
act downstream and/or independently from these Rho-GTPases. 
A variety of PAK substrates that could affect the actin cytoskeleton have been 
identified. The two most extensively studied pathways in this regard are the 
myosin light chain (MLC) kinase pathway and the LIM kinase pathway.  
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Myosins are actin-activated ATPases that convert energy of ATP hydrolysis 
into force between actin and myosin filaments, leading to either contraction or 
tension. Regulation of myosin dynamics by PAKs is complex and PAKs are 
probably involved in fine-tuning actomyosin dynamics and contractibility. 

MLC is reported to be phosphorylated directly by both PAK1 and PAK2, which 
results in increased contractibility (Chew et al., 1998; Kiosses et al., 1999; 
Sells et al., 1999; Stockton et al., 2004). On the other hand, PAKs are 
generally believed to phosphorylate and inactivate MLC kinase, decreasing 
MLC phosphorylation and thus reducing actomyosin assembly and cell 
spreading (Goeckeler et al., 2000; Sander and Collard, 1999; Schmitz et al., 
2000). The action of PAKs to inhibit myosinII-based contractibility via inhibition 
of MLCK may assist in the disassembly of actin stress fibers and focal 
adhesions by PAK (Burridge, 1999).  
LIM kinases are serine kinases implicated in actin dynamics through their 
ability to phosphorylate members of the ADF/cofilin family (Bamburg et al., 
1999; Stanyon and Bernard, 1999). PAKs can induce phosphorylation of 
LIMK, which in turn leads to inhibition of cofilin activity (Edwards et al., 1999). 
Indeed, phosphorylation of cofilin inhibits its binding to F-actin, and thus F-
actin depolymerisation and severing, leading to stabilization of filamentous 
actin structures (Bamburg, 1999; Maekawa et al., 1999).  
Recently, functional differences in effects on the actin cytoskeleton 
rearrangements between PAK1 and PAK2 isoforms were reported (Coniglio et 
al., 2008). Depletion of PAK1 had a stronger inhibitory effect on lamellipodia 

formation than depletion of PAK2 did. PAK1 and PAK2 were found to play 
opposite roles in MLC phosphorylation: whereas PAK1 appears to enhance 
MLC phosphorylation, PAK2 seems to inhibit MLC phosphorylation and thus 
limits myosinII activity. Furthermore, PAK2, but not PAK1, was shown to 
suppress RhoA activity (Coniglio et al., 2008). The latter could point at a novel 
role for PAKs in the regulation of actin dynamics.  
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The fact that PAK2 is able to suppress Rho activity is consistent with several 
previous reports that demonstrated an antagonism between Rac and Rho 
signaling (Nimnual et al., 2003; Sander et al., 1999; Vignal et al., 2003). In 
addition, PAK1 was reported to inhibit cofilin phosphorylation (Coniglio et al., 
2008). A possible explanation for this discrepancy with previous results is that 
PAK1, besides activating LIMK, also directly or indirectly activates cofilin 
phosphatase.  
 
Cell death and survival 
It has been demonstrated that different PAK family members participate in 

different apoptotic pathways to promote both apoptotic and antiapoptotic 
events. Several groups have shown that upon activation of various effector 
caspases, among which caspase 3, PAK2 is cleaved into a 28 kDa N-terminal 
and a 34 kDa C-terminal fragment and this event occurs in response to 
multiple stimuli that induce apoptosis (Jakobi et al., 2003; Lee et al., 1997; 
Rudel and Bokoch, 1997; Walter et al., 1998). PAK2 cleavage and activation 
is a relatively late event during apoptosis (Bokoch, 2003). It takes place well 
after cells have committed to the apoptotic program in response to 
proapoptotic signals. PAK1 however, is not cleaved by caspases but, quite 
contrary, is activated as an early event by certain receptors that promote cell 
survival. Also PAK2 was found to be implicated in a similar survival pathway. 
A consequence of PAK activation is the phosphorylation and inactivation of 
the death-promoting Bcl-2 family member Bad, implicating that PAKs are 
involved in survival pathways (Jakobi et al., 2001; Schurmann et al., 2000; 
Tang et al., 2000). 
In addition, PAKs have been reported to stimulate NFκB activity, and since 

NFκB is known to promote cell survival, some of the antiapoptotic effects of 

PAK may be mediated through this mechanism (Frost et al., 2000). 
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Cell growth and transformation 
Studies of PAK family members have demonstrated their pronounced role in 
cell growth, transformation, and oncogenesis (Bokoch, 2003; Kumar et al., 
2006). PAK1 is essential for cell transformation that is induced by various 

oncogenes and is upregulated and activated in several human tumour types 
(Benner et al., 1995; Knaus et al., 1998; Kondo et al., 2000; Premont et al., 
1998). A number of human breast cancer lines exhibit constitutively elevated 
PAK1 and PAK2 activity, in some cases associated with the presence of an 
activated Rac GTPase (Mira et al., 2000). PAKs participate in a number of 
pathways that are commonly deregulated in cancer cells. More than 20 
different PAK substrates were proven to be involved in tumorigenesis or 
potentially involved in tumour formation (Kumar et al., 2006). PAK2 negatively 
regulates the expression of myc, which is an oncogenic protein that is 
frequently involved in human cancers (Huang et al., 2004). Stathmin, also 
called oncoprotein 18 (Op18), is a microtubule destabilizing protein that is 
overexpressed in several proliferating cell types (Westphal et al., 1999). PAK1 
phosphorylation of stathmin inactivates it, which results in the stabilization of 
microtubules at the leading edge of motile cells, which allows increased 
migration (Wittmann et al., 2004). Both PAK1 and PAK2 have been 
associated with neurofibromatosis type 2 (NF2), through phosphorylation of 
the NF tumour suppressor gene product Merlin, which blocks its activity (Kissil 
et al., 2002; Xiao et al., 2002). Merlin loss of function by phosphorylation may 
contribute to tumor growth and invasiveness/metastasis (Xiao et al., 2002). 

PAKs are also a component of the mitogen activated protein kinase (MAPK), 
JUN N-terminal kinase (JNK), steroid hormone receptor, and nuclear factor κB 

(NFκB) signaling pathways (Bagrodia et al., 1995; Bokoch, 2003; Frost et al., 

2000; Lim et al., 1996; Zhang et al., 1995), but the exact biological 
consequences of the involvement of PAKs in these pathways are not fully 
unraveled yet.   
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Regulation of transcription and cell cycle progression 
PAKs might also contribute to nuclear events and mitotic regulation. PAK1 is 
phosphorylated at specific phases of the cell cycle on T212, and this 
phosphorylation can be mediated via cyclin B1/Cdc2 (Banerjee et al., 2002; 
Thiel et al., 2002). This phosphorylation is thought to alter the association of 
PAK1 with binding partners and/or substrates that are relevant to the 
morphologic changes associated with cell division. Interestingly, this site is not 
conserved in PAK2 or PAK3, indicating this may reflect a PAK1-specific 
function. PAK1 directly associates with specific gene promotors and enhancer 
elements, exerting both positive and negative transcriptional regulatory 

control. Several transcription factors and transcriptional coregulators are also 
PAK substrates, including FKHR, oestrogen receptor (ERα), SHARP, C-

terminal binding protein1 (CTBP1) and snail homologue1 (SNAI1) (Barnes et 
al., 2003; Barrallo-Gimeno and Nieto, 2005; Chinnadurai, 2002; Come et al., 
2004; Vadlamudi et al., 2005; Yang et al., 2005). 
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4. Viral interactions with the actin cytoskeleton 

 
4.1. Introduction 

 
The actin and microtubule cytoskeleton play important roles in the life cycle of 
every virus. The presence of many organelles and the cytoskeleton, 
particularly the actin filaments, and the molecular crowding caused by high 
protein concentration restrict free diffusion of molecules larger than 500 kDa in 
the cytoplasm (Dauty and Verkman, 2005; Luby-Phelps, 2000; Sodeik, 2000; 
Verkman, 2002). In the cell periphery and possibly in the nucleus, transport of 
different viruses is mediated by the actin system, either by newly polymerized 
actin filaments pushing a particle, or by myosins moving along actin filaments. 
The motor proteins kinesin and dynein catalyse the transport along 
microtubules, thus bridging the gap between the periphery and the nucleus. 
There is probably not a single virus that does not use cytoskeletal and motor 
functions in its life cycle (Dohner and Sodeik, 2005; Fackler and Krausslich, 
2006; Radtke et al., 2006; Smith and Enquist, 2002). Despite this, little is 
known about the specific mechanisms by which viruses exploit cytoskeletal 
dynamics. Viruses induce rearrangements of cytoskeletal filaments so that 
they can utilize them as tracks for transport, or shove them aside when they 
represent barriers. Interactions of viruses with the actin cytoskeleton occur at 
several points in the viral life cycle such as entry into the cytoplasm, 

intracellular movement, replication and assembly and maturation and egress.  
This part will be limited to virus interactions with the actin cytoskeleton and/or 
Rho GTPase signaling. First, mechanisms used by alphaherpesviruses to 
exploit the actin cytoskeleton and Rho GTPase signaling will be discussed.  
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Furthermore, for a wide variety of viruses, several other interactions with the 
actin cytoskeleton have been reported. As it is impossible to discuss all 
viruses and their interactions with actin, the second part of this chapter will be 
limited to some recent understandings in the best-studied virus-actin 
interactions, with emphasis on the involvement of small Rho-GTPases and 
PAKs.  

 
4.2. Involvement of actin and Rho-GTPases in alphaherpesvirus 
biology (Figure 9) 
 
A. Entry 
It has been reported that herpesviruses can exploit the actin cytoskeleton 
already before entry in the cell. Recently, HSV-1 particles were shown to surf 
along the outer membrane of filopodia through retrograde F-actin flow to 
efficiently reach the cell body (Dixit et al., 2008; Tiwari et al., 2008), leading to 
cell infection, similarly as reported earlier for some retroviruses. For 
retroviruses, this surfing was shown to be mediated by the underlying actin 
cytoskeleton and depended on myosin II (Lehmann et al., 2005). Furthermore, 
infection with HSV-1 caused the formation of extensive dendritic and glial 
filopodia and viral particles were able to bind to and surf along these newly 
formed filopodia, thereby increasing the efficiency of viral spread (Clement et 
al., 2006; Dixit et al., 2008). For VZV, smaller projections were reported with 
occasionally VZV particles randomly distributed on the exterior of the 
filopodia, but never within, possibly resembling the surfing mode of spread 
(Carpenter et al., 2008).  
Alphaherpesviruses generally enter the cell by fusion of the viral envelope 
with the plasma membrane. All herpesviruses, with the exception of VZV and 
MDV, also require the viral gD envelope protein for stable binding and entry.  
One of the cellular receptor families for gD are nectins. Nectins constitute cell 

adhesion molecules that are associated with the actin cytoskeleton through a 
molecule called afadin.  
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Figure 9. Interactions between alphaherpesviruses and the actin cytoskeleton. 

Interaction between gD and nectin1 (1) induces Cdc42/Rac1 activation and filopodia (2) and 

lamellipodia formation. Virus particles can use these filopodia to surf to the cell body and actin 

may be involved in specific endocytotic virus uptake routes (3). Filamentous nuclear actin can 

be induced upon infection and used as track by capsids (4) to reach the sites of nuclear 

egress. Also nuclear actin is involved in the formation of higher order capsid assemblies (5). 

In the cytoplasm, the US3 kinase induces the formation of cellular projections (6), which are 

involved in intercellular viral spread, and stress fiber disassembly (7). Actin-associated afadin 

may localize nectin1 to adherens junctions and enhance viral cell-to-cell spread  (8). 

 

Nectins are also able to activate Cdc42 and Rac1, leading to the induction of 
filopodia and lamelipodia and the formation of synapses in neurons 

(Kawakatsu et al., 2002; Mizoguchi et al., 2002; Sakisaka et al., 2007). A 
direct interaction between nectins and the actin cytoskeleton seems not 
necessary for herpesvirus entry, since L cells expressing nectin variants 
unable to bind afadin supported viral entry (Sakisaka et al., 2001).  
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On the other hand, actin depolymerizers can block HSV-1 entry in retinal 
pigment epithelial (RPE) cells and blocking nectin-1 can prevent cytoskeletal 
changes induced upon HSV-1 infection, indicating that interactions between 
nectin-1 and the virus may play a critical role in regulation of the actin 
cytoskeleton to favor entry processes (Tiwari et al., 2008). Inhibition of actin 
polymerization has no or little effect on viral entry in Vero cells. Entry in Vero 
cells occurs via direct fusion of the viral envelope with the plasma membrane, 
without preceding endocytotic uptake, indicating that entry via direct fusion 
does not depend directly on actin (Rue and Ryan, 2003; Sodeik et al., 1997). 
However, a role for actin in a novel “phagocytosis-like” entry pathway for HSV-

1 was reported (Clement et al., 2006). Attachment of viral particles on human 
corneal fibroblasts and nectin-1 expressing CHO cells activates both Cdc42 
and RhoA, leading to filopodia-like protrusions. Virus particles associate with 
these projections (possibly facilitating surfing on the plasma membrane), 
followed by actin-dependent phagocytosis-like endocytotic uptake of the virus 
particle and actin depolymerising drugs blocked HSV-1 internalization 
(Clement et al., 2006). In MDCKII cells, HSV-1 entry was also found to 
activate Cdc42, but instead of Rho, Rac1 was activated (Hoppe et al., 2006). 
A possible explanation for this discrepancy in signaling could be the different 
mode of viral entry in the different cell types.  
For PRV, interaction of gD with nectin-1 (and possibly other nectins) during 
viral entry in sensory neurons of the trigeminal ganglion, results in the Cdc42-
driven formation of synaptic boutons (De Regge et al., 2006). Similar nectin- 
and gD-dependent synaptic boutons were also described for HSV-1 in rat 
hippocampal neurons (Mizoguchi et al., 2002).  
Synaptic boutons were shown to represent sites of herpesvirus egress from 
axons, suggesting a role for gD and nectin in viral spread (Ch'ng and Enquist, 
2005; De Regge et al., 2006; Saksena et al., 2006). 
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B. The nucleus 
After traversing the cell cortex, herpesvirus particles transition from actin-
mediated transport to microtubule-based transport that leads to the host 
nucleus.  
There is an emerging role for nuclear actin in transcription, chromatin 
remodeling, mRNA export and nuclear structure and integrity (de Lanerolle et 
al., 2005). Likewise, nuclear actin may be involved in viral infection. Newly 
assembled HSV-1 capsids were shown to undergo directed movements in the 
nucleus, and this movement was sensitive to actin depolymerisation and 
treatment with a putative myosin inhibitor (Forest et al., 2005). The authors 
speculate that capsids could be using actin for movement, either through 
actin-based polymerization or using the actin filaments as tracks. In line with 
this, Feierbach and colleagues found that PRV induces filamentous actin 
structures in the nuclei of infected neurons and epithelial cells and that newly 
assembled capsids associate with these filaments (Feierbach et al., 2006). 
Infection of neurons with HSV-1 and HSV-2 leads to similar nuclear actin 
filament formation (Ecob-Johnston and Whetsell, 1979). PRV-capsids 
colocalize with the myosin V motor protein, suggesting that transport of 
capsids along actin filaments was dependent on actin-based motor proteins 
(Feierbach et al., 2006). However, although actin has also been reported to 
play a role in the formation of higher order capsid assemblies, treatment with 
actin depolymerising drugs did not reduce infectious viral yields (Feierbach et 
al., 2006; Forest et al., 2005). Clearly, further research will be needed to 

clarify the role of nuclear actin in herpesvirus infections.  
Actin could also be involved in herpesvirus egress from the nucleus. Infection 
alters the nuclear structure through the reorganization of the lamin proteins on 
the inner nuclear membrane (Simpson-Holley et al., 2005), and it was shown 
that actin is required for the characteristic nuclear expansion seen during 
HSV-1 infection (Calton et al., 2004; Simpson-Holley et al., 2005). Recently, 
upon HSV-1 infection, phosphorylation of emerin, a nuclear protein that binds 
lamins and F-actin and plays a role in actin polymerization, was reported and 
suggested to be involved in disturbing nuclear integrity (Morris et al., 2007).  
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C. Actin in virion particles 
Proteins of the host cytoskeleton have been reported to be incorporated into 
virions of all three subfamilies of herpesviruses, though their role in particle 
formation or infection is unclear.  
Electron tomography of HSV-1 undergoing envelopment at the INM showed 
that these capsids connected to the INM by fibers that were potentially 
composed of actin or lamins (Baines et al., 2007). F-actin was found to be 
efficiently incorporated into virions of PRV and HSV-1 (Wong and Chen, 1998)  
(Grunewald et al., 2003) and was more enriched in virions of mutants lacking 
the tegument proteins US3, UL47 and UL49 (del Rio et al., 2005; Michael et 

al., 2006). These findings suggest that actin may compensate structurally for 
the loss of certain tegument proteins during virus assembly/budding (del Rio 
et al., 2005). 
 
D. Late stages of infection 
The most dramatic effect of herpesviruses on the actin cytoskeleton is seen in 
the late stages of infection. Infection of most susceptible cells by 
alphaherpesviruses causes a severe reorganization of the actin cytoskeleton 
consisting of disassembly of actin stress fibers (HSV-1, HSV-2, PRV, MDV, 
VZV) and the formation of cellular projections (HSV-1, PRV, VZV), which has 
been suggested to increase the efficiency of viral spread (Calton et al., 2004; 
Dixit et al., 2008; Favoreel et al., 2005; Murata et al., 2000; Schumacher et al., 
2005; van Leeuwen et al., 2002; Van Minnebruggen et al., 2003; Zapata et al., 
2007). As discussed in the US3 chapter, for some viruses these actin 
rearrangements could be attributed to US3 or orthologues (PRV, MDV, 
BoHV), but it remains to be elucidated if US3 plays a similar role in actin 
reorganization in all alphaherpesviruses. The major tegument protein of HSV-
1, VP22, has been found to interact with the actin-associated motor protein 
non-muscle myosinIIA. These proteins colocalize in a perinuclear vesicular 
pattern, and within virus-induced projections. Inhibition of myosinIIA also 

impairs the release of virions into the extracellular medium.  
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Thus, the rearrangement of the actin cytoskeleton and motor proteins may 
assist in the egress of alphaherpesviruses from epithelial cells (van Leeuwen 
et al., 2002).  
As mentioned earlier, the physical connection of the herpesvirus entry 

receptor nectin with the actin cytoskeleton seems not absolutely required for 
herpesvirus entry, although it was reported to facilitate viral spread from one 
cell to another (Sakisaka et al., 2001). Because alphaherpesvirus spread in 
polarized cells occurs through adherens junctions (Johnson and Huber, 2002) 
and because afadin binding is required for nectin-1 to localize at cadherin-
based adherens junctions (Takahashi et al., 1999), afadin might have a role in 
viral cel-to-cell spread by directing the gD-receptor to the required cellular site 
in specific cell types. However, such putative role for the actin-binding 
properties of nectin during alphaherpesvirus spread seems to be cell-type 
dependent (Krummenacher et al., 2003).  
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4.3. Involvement of actin, Rho-GTPases and PAKs in the viral life 
cycle of other viruses 
 
4.3.1. Vaccinia virus (Figure 10) 

 
A. Entry 
The most extensively studied effects of viral infection on actin dynamics are 
those of vaccinia virus, a large DNA virus that is the prototypical member of 
the Orthopoxviridae (Cudmore et al., 1995). Recently some interesting studies 
showed that interactions between viral proteins and actin and/or small Rho-

GTPases are involved in cytoskeletal rearrangements induced upon virus 
infection. 
Vaccinia virus particles associate with and move along filopodia to the cell 
body, where they are internalized after inducing the extrusion of large 
transient membrane blebs. Blebs extrude at the site of contact with the viral 
particle, followed by the formation of further blebs along the cell body. Bleb 
retraction and cortical actin reassembly coincide with viral entry. Bleb 
formation is myosinII and PAK1 dependent and is involved in productive viral 
entry. PAK1 localizes into the membrane of blebs during infection and Rac1 is 
activated. The endocytotic process has the characteristics of 
macropinocytosis and depends on the presence of exposed 
phosphatidylserine (PS) on the viral membrane, which suggests that vaccinia 
virus uses apoptotic mimicry to enter cells (Mercer and Helenius, 2008). The 
use of macropinocytosis and apoptotic mimicry to enter cells could have 
several benefits for the vaccinia virus. It can permit the internalization of 
particles that are too big to enter via other endocytotic pathways. It may allow 
entry in many cell types because PS-mediated clearance is common in many 
cell types and it may lead to escape from immune detection. Recently 
however, the apoptotic mimicry model was questioned, since other 

phospholipids, not involved in apoptosis, were shown to function similarly as 
PS (Laliberte and Moss, 2009). 



52                                                                                                                               Chapter 1 
 
        

 
Figure 10. Vaccinia virus interactions with the actin cytoskeleton. Vaccinia virus 

particles can surf along filopodia (1) to entry sites where PAK1- and myosinII-dependent 

blebs are induced, which internalize virus particles in a macropinocytotic process (2). In a 

later stage of infection, the viral F11L protein interacts with RhoA, thereby inhibiting 

downstream signaling from RhoA, which leads to projection formation (3), stress fiber 

disassembly (4) and cortical actin reorganization (5), leading to enhanced viral spread.  CEV 

induce phosphorylation of the viral A36R protein, which leads to the recruitment of N-WASP, 

WIP, Grb2 and Nck and stimulates Arp2/3 to induce actin tail formation (6), leading to 

enhanced viral spread. 
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B. Late stages in infection 
In a later stage of infection, the F11L protein of vaccinia virus was shown to 
be necessary and sufficient for the induction of actin stress fiber disassembly 
and formation of cellular projections and also contributes to enhanced viral 
spread (Morales et al., 2008; Valderrama et al., 2006). This phenotype is very 
similar to that seen for the alphaherpesvirus US3 protein (Greber and Way, 
2006). The F11L protein however, is not a kinase and was shown to induce 
these actin changes by inactivating RhoA. RhoA signaling is inhibited by 
direct interaction between F11L and RhoA, thereby disturbing the ability of 
RhoA to interact with ROCK and mDia. So, F11L inhibits the ability of RhoA to 

signal to its downstream effectors during vaccinia virus infection (Valderrama 
et al., 2006). Furthermore, this inhibition results in changes in the overall 
organization of cortical actin that allow the virus to reach the plasma 
membrane, probably in a myosin-driven event. This suggests that the exit of 
vaccinia virus from infected cells has strong parallels with exocytosis, as it is 
strongly dependent on the assembly and organization of actin in the cell 
cortex (Arakawa et al., 2007a). F11L was also shown to induce cell migration 
through actin cytoskeleton remodeling and contributes to cell-to-cell spread 
(Morales et al., 2008). 
Besides effects on the actin cytoskeleton, F11L was also shown to be 
required for increased microtubule dynamics and cortical targeting seen in 
vaccinia infection. The authors suggest that the increased peripheral 
microtuble dynamics and cortical targeting contributes to enhanced viral 
release (Arakawa et al., 2007b). Again, these cytoskeletal rearrangements 
could be contributed to the F11L-mediated inhibition of RhoA and its 
downstream effectors. A possible explanation for the increased tendency of 
microtubules to reach the cell periphery is that the cortical actin no longer 
represents a physical barrier to reach the plasma membrane (Arakawa et al., 
2007b).  
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Newly formed cytoplasmic vaccinia virus particles fuse with the plasma 
membrane to form extracellular cell-associated enveloped virus (CEV) (Nicola 
et al., 2003; Roberts and Smith, 2008; Smith and Enquist, 2002; Smith et al., 
2002). CEV particles that remain attached to the cell are able to induce an 

outside-in signaling cascade to locally activate Src and Abl family kinases 
(Frischknecht et al., 1999; Newsome et al., 2004; Newsome et al., 2006; 
Reeves et al., 2005), which results in tyrosine phosphorylation of A36R 
(Frischknecht et al., 1999; Newsome et al., 2004; Newsome et al., 2006). 
A36R is an integral vaccinia membrane protein that is localized in the plasma 
membrane beneath CEV virus particles (Rottger et al., 1999; Smith et al., 
2002; van Eijl et al., 2002) and phosphorylation leads to the recruitment of a 
signaling complex consisting of Grb2, Nck, WIP (WASP-interacting protein) 
and N-WASP (Frischknecht et al., 1999; Moreau et al., 2000; Scaplehorn et 
al., 2002; Snapper et al., 2001; Zettl and Way, 2002). The recruitment of N-
WASP stimulates the actin-nucleating activity of the Arp2/3 complex, resulting 
in actin tail formation beneath the CEV particles (Frischknecht and Way, 
2001; Weisswange et al., 2009). This stimulation of actin tails then acts to 
enhance cell-to-cell spread of the virus (Cudmore et al., 1995; Cudmore et al., 
1996; Hollinshead et al., 2001; Ward and Moss, 2001).  
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4.3.2. Retroviruses (Figure 11) 

 
A. Entry 
As mentioned before, retroviruses have been shown to induce filopodia that 
allow the virions to surf in an actin- and myosinII- driven way to entry sites at 
the cell body (Lehmann et al., 2005). A more recent publication shows that 
filopodial bridges between infected and non-infected cells are used for cell-to-
cell transmission. These viral cytonemes originate from non-infected cells, are 
stabilized by Env-receptor interactions, and allow budded virus particles to 
use actin-based retrograde flow of the receptors to travel towards the non-

infected cell (Sherer et al., 2007).  
Additional roles for the actin cytoskeleton in the retroviral life cycle have also 
been elucidated (Anderson and Hope, 2004; Naghavi and Goff, 2007). 
Clustering of the primary human immunodeficiency virus (HIV) receptor CD4 
and CXCR4 coreceptors was shown to be actin dependent and has been 
suggested to facilitate viral fusion (Del Real et al., 2002; Iyengar et al., 1998).  
The Nef protein of HIV has been demonstrated to play a key role in HIV-actin 
interactions. Nef is a 27–35-kDa accessory protein that plays a critical role in 
viral replication, immune evasion, and viral infectivity (Aiken et al., 1994; 
Aiken and Trono, 1995; Baur et al., 1994; Garcia and Miller, 1991; Le Gall et 
al., 1998; Lu et al., 1998; Miller et al., 1994; Schwartz et al., 1995; Schwartz et 
al., 1996; Simmons et al., 2001). More recently, Nef has been implicated in 
remodeling of the actin cytoskeleton (Campbell et al., 2004; Fackler et al., 
1999; Haller et al., 2006; Lu et al., 2008).  
Nef has been shown to colocalize with actin in cells and form noncovalent 
high-molecular-weight complexes with actin in B cells and T cells (Daniels and 
Bokoch, 1999). Nef improves HIV-1 infection early in replication when virions 
enter cells through fusion (Anderson and Hope, 2004), while Nef does not 
stimulate infection when entry occurs through endocytosis (Chazal et al., 
2001).  
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Figure 11. Lentiviral interactions with the actin cytoskeleton. Retroviruses can use 

filopodia to surf to sites of entry (1). Clustering of CXCR and CD4 is actin-dependent and 

facilitates viral fusion (2). Nuclear actin plays a role in nuclear exit of viral RNA (3). The Nef 

protein acts in a complex with PAK2, Vav and Cdc42/Rac1 and disrupts the cortical actin 

barrier during viral entry (4), and induces projection formation (5) and stress fiber disassembly 

(6). The viral Gag protein interacts with viral RNA and mediates its transport to the cell 

surface, utilizing actin filaments (7). Tat induces stress fiber breakdown (5) through PAK1 

activation. 

 

 

Recent work suggests this phenomenon maybe explained by how each entry 
route penetrates the cortical actin barrier underlying the plasma membrane 

(Campbell et al., 2004). This study found that the disruption of cortical actin in 
epithelial cells by various actin-depolymerizing drugs compensated for Nef in 
improving HIV-1 infection when entering at the plasma membrane, but not by 
endocytic entry. This suggests that Nef performs a function in HIV-1 
replication after plasma membrane entry that is mimicked by depolymerizing 
actin. Thus, it seems that viral cores deposited at the plasma membrane are 
less able to penetrate the cortical actin barrier without accessory proteins like 
Nef to rearrange actin for penetration.  
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In contrast, virion cores entering the cytoplasm via endosomes may bypass 
cortical actin more efficiently using this endogenous cell mechanism. As Nef 
improves HIV-1 infection between virion fusion and reverse transcription 
(Campbell et al., 2004; Tobiume et al., 2001), this also suggests that viral 
cores traffic past cortical actin before reverse transcription completes. 
 
B. The nucleus 
Studies on HIV nuclear export indicate a requirement for nuclear actin for exit 
of the HIV genomic RNA to the cytosol where the viral Gag precursor protein 
is then synthesized and the viral RNA is tethered to actin filaments near the 

MTOC (Kimura et al., 2000). Gag may bind viral RNA at the MTOC and 
mediate its transport to the cell surface (Hofmann et al., 2001; Kimura et al., 
2000; Poole et al., 2005).  
 
C. Late stages of infection 
Early studies indicate that HIV-1 Gag could utilize actin filaments for transport 
to the plasma membrane of infected cells, potentially promoting assembly via 
interactions with actin (Liu et al., 1999; Rey et al., 1996). Recent evidence 
also suggests that association of the actin and microtubule binding factor 
IQGAP1 with murine leukemia virus (MLV) MA protein plays a role in virus 
assembly (Leung et al., 2006). In addition, the formation of Env-induced 
virological synapses, which are intimate cell-cell contacts that have been 
reported to facilitate spread of HIV-1 and the human T-cell lymphotrofic virus 
(HTLV-1) from infected cells to uninfected cells, is actin dependent and 
involves the reorganization of microtubules (Nejmeddine et al., 2005).  
Furthermore, Nef has been implicated in changes in the actin cytoskeleton 
later in infection, consisting of the formation of cellular projections that were 
associated with the activation of c-Jun N-terminal kinase (JNK) (Fackler et al., 
1999). 
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Although the pivotal role of Nef in the replicative cycle of HIV and AIDS has 
been recognized, its mechanism of action remains controversial. Nef is known 
to associate with a number of cellular kinases including members of the PKC, 
Src tyrosine and PAK kinase families (Renkema and Saksela, 2000). In 

particular the association with PAK has been studied in more detail, 
demonstrating that PAK2 is the preferred PAK isoform that associates with 
Nef (Arora et al., 2000; Fackler et al., 2000; Renkema et al., 1999). Nef-
mediated activation of PAK may lead to established consequences such as 
upregulation of HIV transcription, remodeling of the actin cytoskeleton and 
prevention of apoptosis (Campbell et al., 2004; Fackler et al., 2000; Fackler et 
al., 1999; Haller et al., 2006; Lu et al., 1996; Wiskerchen and Cheng-Mayer, 
1996; Wolf et al., 2001). The underlying mechanism by which Nef activates 
PAK2 is poorly understood. Nef is thought to activate PAK2 through a 
multiprotein complex, but the low abundance and transient nature of this 
complex have made it difficult to identify its components and the nature of 
their interaction with Nef (Arora et al., 2000; Janardhan et al., 2004; 
Krautkramer et al., 2004; Pulkkinen et al., 2004). Recently, the guanine 
exchange factor Vav was identified as a relevant component of the Nef-PAK2 
signalosome (Rauch et al., 2008). 
Lu and colleagues reported recently that Nef induced disassembly of stress 
fibers and formation of lamellipodia may also be mediated by binding of Nef 
with Diaphanous interacting protein (DIP), a recently described regulator of 
Rho and Rac signaling. DIP interacts with both Nef and p190RhoAGAP, 

mediating Nef-Src-induced phosphorylation of p190RhoGAP, which leads to 
inhibition of Rho signaling. Nef also interacts directly with Vav to induce Src-
mediated Vav phosphorylation. The interaction between DIP and Vav is not 
required for Nef-induced Vav phosphorylation. Vav and p190RhoGAP 
phosphorylation leads to Rac1 activation and RhoA inhibition and changes of  
the actin cytoskeleton, as observed in HIV-infected podocytes (Lu et al., 
2008). 
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Another protein of HIV-1, Tat, also causes stress fiber disassembly, in 
addition to peripheral retraction and ruffle formation in human umbilical vein 
endothelial cells (HUVEC) and human lung microvascular endothelial cells. 
PAK1 is activated within 5 min of Tat expression and expression of a kinase 
dead PAK1 mutant can prevent Tat induced cytoskeletal collapse and also 
blocks downstream activation of c-Jun N-terminal kinase and the endothelial 
NADPH oxidase. So, Tat induces actin cytoskeletal rearrangements through 
PAK1 activation (Wu et al., 2004), however, the biological consequences of 
Tat-actin interactions remain unclear. 
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4.3.3. Other viruses 
Recently, several studies were published that implicate involvement of PAK1 
in macropinocytosis, an efficient innate immunity mechanism whereby large 

plasma-membrane domains are engulfed in response to cellular stimuli during 
infection, subsequently clearing bacterial infection and apoptotic bodies.  
Adenoviruses are a diverse virus family and infect the upper and lower 
respiratory tracts and the urinary and digestive tracts, and give rise to 
epidemic conjunctivitis. The species B serotypes Ad3, Ad7, and Ad11 are 
associated with morbidity and mortality and with exacerbations of asthmatic 
conditions, and Ad3 has been associated with epidemic conjunctivitis 
(Hayashi and Hogg, 2007). During Ad3 infection, PAK1 activation triggering 
phosphorylation of C-terminal-binding protein (CtBP), a nuclear transcription 
factor that regulates innate immunity, membrane fission and apoptosis has 
been reported. PAK1-mediated CtBP/BARS phosphorylation is essential for 
fission of the macropinocytic cup. The results represented in this study 
indicate that macropinocytosis is an infectious entry route for Ad3 which 
requires PAK1 activation and CtBP/BARS (Amstutz et al., 2008).  
For the picornavirus echovirus 1 (EV1), a similar macropinocytotic pathway 
involving PAK1 was reported (Liberali et al., 2008). For EV1, α2β1 integrin 

clustering was shown to define its own entry pathway that is also PAK1 
dependent but clathrin and caveolin independent and that is able to sort cargo 
to caveosomes (Karjalainen et al., 2008). Inhibition of PAK1 by 
overexpressing the AID domain caused a block of EV1 entry, probably by 
inhibiting the depolymerization of actin filaments. After activation, e.g., by 
EGF, PAK1 has been shown to accumulate in the nucleus (Singh et al., 
2005). Similarly, EV1 infection caused a rapid nuclear localization of PAK1 
suggesting that it is indeed activated very early during EV1 infection. This 
further confirms that PAK1 is a crucial kinase regulating EV1/integrin 
internalization. Inhibition of Rac1 and the concomitant inhibition of EV1 
infection suggest that Rac1 is involved in the regulation of EV1/α2β1 integrin 

entry and possibly in PAK1 activation. 
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Over the last years it has become clear that several viruses have developed 
intruiging strategies to interfere with the cellular cytoskeleton which lead to 
enhanced replication and spread (Greber and Way, 2006; Sattentau, 2008; 
Smith and Enquist, 2002). Earlier, our lab and others reported that the 
pseudorabies virus (PRV) US3 protein kinase, which is conserved among 
alphaherpesviruses, induces dramatic alterations in the actin cytoskeleton, 
consisting of actin stress fiber breakdown and cellular projection formation, 
which was associated with an increase in the efficiency of intercellular virus 
spread (Calton et al., 2004; Favoreel et al., 2005; Van Minnebruggen et al., 
2003). Members of other virus families, notably vaccinia virus and human 

immunodeficiency virus, induce similar actin rearrangements via viral proteins 
that do not possess kinase activity and that interfere at specific steps in the 
small Rho-GTPase cascades to induce these actin changes (Fackler and 
Krausslich, 2006; Fackler et al., 1999; Valderrama et al., 2006). However, the 
cellular pathway the US3 protein interacts with was not identified until now. 
The US3 protein is a multifunctional serine/threonine kinase that is mainly 
involved in actin rearrangements, in transport of progeny virus across the 
nucleus and in protecting infected cells from apoptosis (Deruelle et al., 2007; 
Geenen et al., 2005; Klupp et al., 2001; Leopardi et al., 1997; Ogg et al., 
2004; Reynolds et al., 2002; Schumacher et al., 2005; Wagenaar et al., 1995).  
 
The major aim of the current thesis was to investigate the mechanism by 
which the US3 protein induces the above-mentioned actin rearrangements. 
 
Since the US3 protein is known to possess serine/threonine kinase activity, 
and this kinase activity was shown before to be important for other US3-
mediated functions, the first aim was to determine whether the kinase activity 
of the US3 protein was important for the induction of cytoskeletal 
rearrangements (Chapter 3). 
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Furthermore, the next goal was to unravel how US3 induces previously 
described actin rearrangements. Since actin dynamics are mainly regulated 
by small Rho-GTPases, the aim of this part was to find out whether these 
small Rho-GTPases are involved in the US3-mediated actin rearrangements. 
In addition, further experiments were designed in order to find out with which 
step in the small Rho-GTPase signaling cascades the US3 kinase interacts to 
induce the actin rearrangements. Since the kinase activity of US3 was shown 
to be crucial in these cytoskeletal rearrangements, it was further investigated 
if the identified signaling molecule was indeed a substrate for the US3 kinase 
(Chapter 4).  

 
A third aim was to determine whether the interaction of US3 with p21-
activated kinases identified in Chapter 4, was also of functional relevance for 
other well-known functions of US3: its role in protecting cells from apoptosis 
and in assisting nuclear egress of progeny virus (Chapter 5). 
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Abstract 
 
Different viruses exploit the host cytoskeleton to facilitate replication and 
spread. The conserved US3 protein of the alphaherpesvirus pseudorabies 
virus induces actin stress fiber disassembly and formation of actin-containing 
cell projections, which are associated with enhanced intercellular virus 
spread. Proteins of members of other virus families, notably vaccinia virus 
F11L protein and human immunodeficiency virus Nef protein, induce actin 
rearrangements that are very similar to those induced by US3. Interestingly, 
unlike F11L and Nef, the US3 protein displays serine/threonine kinase activity. 
Here, we report that the kinase activity of pseudorabies virus US3 is 
absolutely required for its actin modulating activity. These data show that 

different viruses have developed independent mechanisms to induce very 
similar actin rearrangements. 
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Introduction 
 
Actin represents one of the key components of the cellular cytoskeleton. 
Manipulation of the actin cytoskeleton has been reported for different viruses 
and is often related to increased virus replication and/or spread (Smith and 
Enquist, 2002). Three members of different virus families, the poxvirus 
vaccinia virus (VV), the retrovirus human immunodeficiency virus (HIV), and 
the herpesvirus pseudorabies virus (PRV), have been shown to induce a very 
similar reorganization of the actin cytoskeleton, consisting of disassembly of 
actin stress fibers, and formation of actin-containing cell projections (Fackler 

et al., 1999; Favoreel et al., 2005; Greber and Way, 2006; Lehmann and 
Frischknecht, 2006; Valderrama et al., 2006; Van Minnebruggen et al., 2003). 
The viral effector proteins are identified for all three viruses: the F11L protein 
for VV, the Nef protein for HIV, and the US3 protein kinase for PRV. In all 
three cases, actin reorganization has been shown or suggested to enhance 
intercellular virus spread. In addition, F11L-mediated actin reorganization 
facilitates VV egress by enhancing actin and microtubule dynamics (Arakawa 
et al., 2007a; Arakawa et al., 2007b) and Nef-mediated actin reorganization is 
suggested to facilitate successful HIV entry by disrupting the actin filament 
barrier underneath the plasma membrane (Campbell et al., 2004).  
Interestingly, despite the similarity between the actin reorganizing 
phenotypes, an important difference is that the US3 protein of PRV displays 
serine/threonine kinase activity, which is not the case for VV F11L and HIV 
Nef. The aim of the current study was to determine if the kinase activity of 
US3 is required for actin cytoskeleton rearrangement. Such a role would 
indicate that PRV, unlike VV and HIV, uses a catalytic activity to alter the actin 
cytoskeleton.  
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Material and methods 
 
Antibodies and reagents 
Mouse monoclonal antibody against gB (1C11) was described earlier and was 
used at 1/30 (Nauwynck and Pensaert, 1995). US3-specific antibodies were a 
kind gift from L.A. Olsen and L.W. Enquist (Princeton University) and were 
used at 1/200. Phalloidin-Texas Red, phalloidin-FITC, goat-anti-mouse-FITC, 
goat-anti-rabbit-FITC and goat-anti-mouse-Texas Red antibodies were all 
from Invitrogen (Carlsbad, CA) and were used at 1/100, 1/100, 1/200, 1/100, 
and 1/100, respectively. LipofectamineTM was also purchased from Invitrogen. 
Rabbit antibodies directed against active caspase-3 were from R&D Systems 

Inc. (Minneapolis, MN), and were used at 1/100. Triton-X-100 was from Sigma 
(St. Louis, MO).  
 
Cells and viruses 
ST cells were used and cultured as described before (Geenen et al., 2005). 
Mouse embryonic fibroblasts (MEF) were cultured in Eagleʼs minimal 
essential medium (MEM) with 10% foetal calf serum, 100U/ml penicillin, 
0.1mg/ml streptomycin, and 0.3mg/ml glutamine. 
Isogenic PRV Becker strains were used: wild-type PRV Becker (PRV-GS847), 
US3null PRV (PRV-GS1015), PRV encoding a kinase-dead variant of US3 
(PRV-GS976). One-step growth curves were performed on ST cells as 

described before (Van Minnebruggen et al., 2003). 
 

Transfections and infections 

Eukaryotic expression vectors (pcDNA3.1D/V5-HIS-TOPO, Invitrogen) 
encoding wild-type US3 or US3 encoding a lysine to glycine codon change at 
position 136 (K136G), which is a critical residue for ATP binding (Hanks and 
Hunter, 1995), were used. Both PRV US3 expression vectors have been 
described before (Deruelle et al., 2007; Geenen et al., 2005).  
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The eukaryotic expression vector encoding US3 D223A was constructed by 
PCR amplification of the DNA of the GS976 PRV Becker strain with 
AccuPrimeTM Taq DNA polymerase (Invitrogen) using the forward primer 
5ʼCACCACACACCAACTCGCGCACCA3ʼ and the reverse primer 
5ʼCACTTCATTGTTGAGCTGTGGAGAT3ʼ in the presence of 4% 
dimethylsulfoxide (DMSO). The amplified DNA fragment was cloned into the 
pcDNATM 3.1 directional Topo expression kit (Invitrogen) following 
manufacturers instructions. The US3 D223A gene was sequenced for 
confirmation.  Plasmids were transiently transfected in ST cells or MEF grown 

to 60-70% confluency using LipofectamineTM according to the manufacturer’s 

instructions (Invitrogen), and used at 24h post transfection.  
For infections, ST cells or MEF were either used at 100% confluency (to 

analyze actin stress fibers) or sparsely seeded (individual islands of ± 10 

cells), as described before (Favoreel et al., 2005). Cels were inoculated with 

one of the isogenic PRV strains at a multiplicity of infection of 10, and used at 

6hpi, except where mentioned otherwise.  

 

Fluorescent staining 

Transfected or infected cells were washed in PBS, fixed at room temperature 

with 3% paraformaldehyde in PBS for 10min, washed in PBS, and 

permeabilized at room temperature in 0.1% Triton-X-100 in PBS for 2min. 

After washing in PBS, cells were incubated for 1h at 37°C with one or more 

primary antibodies diluted in PBS, washed twice in PBS, and subsequently 

incubated for 1h at 37°C with the respective secondary antibodies (and/or 

conjugated phalloidin) diluted in PBS. Afterwards, cells were washed twice, 

and transfected or infected cells were analyzed for actin organization using 

fluorescence microscopy (Leica DM RBE, Leica Microsystems, GmbH, 

Heidelberg, Germany) and Leica TCS SP2 confocal microscope. At least 200 

cells were scored for each experiment, and data shown represent means + 

SD of three independent replicates. 
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Results 
 
1. Transfection of kinase-dead PRV US3 does not result in actin 
rearrangements 
 
We and others had shown previously that transfection of PRV US3 is 
sufficient to induce actin stress fiber disassembly and the formation of cell 
projections (Calton et al., 2004; Favoreel et al., 2005). To investigate an 
involvement of the kinase activity of PRV, swine testicle (ST) cells were 
transfected with eukaryotic expression vectors encoding either wild-type US3, 
kinase-dead US3 encoding a lysine to glycine codon change at position 136 
(K136G), or kinase-dead US3 encoding an aspartate to alanine substitution 

(D223A). The lysine at position 136 is a conserved residu in serine/threonine 
kinases and is a critical residue for ATP binding (Hanks and Hunter, 1995). 
The K136G mutation in PRV US3 and an equivalent mutation in the US3 
kinase of the related herpes simplex virus have been used before to 
determine US3 kinase involvement in specific processes (Deruelle et al., 
2007; Ryckman and Roller, 2004). The aspartate at position 223 is also 
conserved in serine/threonine kinases and constitutes the catalytic base 

required for phosphotransfer (Hanks and Hunter, 1995), and the D223A 

mutation in US3 has been used earlier to determine US3 kinase involvement 

in viral axonal transport (Coller and Smith, 2008). 
Figure 1A and B show that virtually all ST cells transfected with wild-type US3 
show disassembly of actin stress fibers and the formation of cell projections, 
whereas cells transfected with either K136G or D223A US3 do not show actin 
reorganization. The PRV US3 gene encodes a long and a short isoform, 
differing by an N-terminal mitochondrial localization signal (Calton et al., 2004; 
Van Minnebruggen et al., 2003).  
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Both isoforms are able to induce actin rearrangements (Calton et al., 2004) 
and could be detected upon transfection of either wild-type US3 or kinase 
deficient variants of US3 (Figure 1C). The experiments were repeated in 
mouse embryonic fibroblasts (MEF) and yielded similar results (Figure 1D & 
E).  
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Figure 1. Kinase activity of PRV US3 is required for actin rearrangements in US3-

transfected ST cells and MEF. (A) Confocal pictures of ST cells that were either transfected 

with wild-type US3, kinase dead K136G US3, kinase dead D223A US3, or that were mock-

transfected and stained for US3 (green)  and actin (red). Long arrows indicate cell projections, 

short arrows indicate intact stress fibers. Bar, 10µm. (B) Percentages of transfected ST cells 

that showed intact actin stress fibers (left) and cell projections (right). Data are means and SD 

of three independent experiments. (C) Expression of US3 in transfected ST cells at 24h post 

mock transfection or post transfection with wild type US3, K136G US3 or D223A US3. (D) 

Confocal pictures of MEF cells transfected and stained as described in (A). Bar, 10µm. (E) 

Percentages of transfected MEF that show intact actin stress fibers (left panel) and cell 

projections (right panel). Data are means and SD of three independent experiments. 
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2. Characterization of the different PRV strains used 
 
To investigate whether our observation that the US3 kinase activity is required 
for actin remodelling holds true during infection, different PRV Becker strains 
were used: wild-type, US3null, PRV encoding D223A US3, and a revertant 
virus of the latter (PRV-GS3000). PRV encoding D223A US3 (GS976) was 
described before (Coller and Smith, 2008). A revertant virus of GS976, PRV-

GS3000, was constructed by recombining the wild-type Becker US3 gene into 

the pGS976 infectious clone by allelic exchange as described (Smith and 

Enquist, 1999). The pGS976 and pGS3000 infectious clones were confirmed 

by restriction analysis (Figure 2A) and US3 sequencing.  
One-step growth curves showed mild reductions in growth of US3null virus 

and virus encoding D223A US3, in agreement with other reports (Coller and 

Smith, 2008; Van Minnebruggen et al., 2003).  

PRV US3 possesses anti-apoptotic activity (Geenen et al., 2005). In a control 
experiment, to ensure that any effects observed on the actin cytoskeleton are 
not due to apoptosis-related events, the percentage of apoptotic ST cells was 
determined, as described before (Geenen et al., 2005). In line with our earlier 
findings, we found that US3null PRV induces apoptosis of infected cells, but 
only at late stages of infection (24hpi), without significant numbers of 
apoptotic cells at 6hpi, the time point when the effects on the actin 
cytoskeleton are analyzed (Figure 2C).  
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Figure 2. Charaterization of the virus strains. (A) RFLP analysis of the BAC plasmids 

encoding the different viruses: wild-type (King et al.), kinase-dead US3 (D>A), revertant 

(Pastel et al.), and US3null (Δ) PRV virus. The analysis demonstrates that no unexpected 

alterations in the restriction fragments have occurred. The D>A mutation and revertant do not 

show an altered restriction fragment pattern, which is in agreement with predictions. For the 

US3 deletion, restriction fragments are predicted and confirmed to be altered as follows: 

BamHI 3984 bp decreases to 2880 bp; NcoI 6774 bp decreases to 5670 bp; SalI 2430 bp and 

2587 bp are overlapped by the deletion and fuse to produce a hybrid fragment of 3913 bp. (B) 

One step growth curves for the different viruses. Graph shows the extracellular virus titers at 

different time points post inoculation with wild-type (♦), US3null (), kinase-dead US3 (), or 

revertant (×) PRV virus. (C) Percentage of apoptotic ST cells (detected by immunofluorescent 

analysis of active caspase-3) at different time points post mock-inoculation (light gray bars) or 

inoculation with wild-type (gradient bars), US3null (white bars), kinase-dead US3 (black bars), 

or revertant (dark grey bars) PRV virus. Cells were infected with an m.o.i. of 10. Data shown 

represent means ± SD of triplicate assays 
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3. PRV encoding a kinase-dead US3 variant is unable to induce 
actin rearrangements  
 
Viruses were subsequently analyzed for their effect on the actin cytoskeleton. 
As described before (Favoreel et al., 2005), for infection assays, stress fiber 
disassembly was analyzed in cell monolayers, whereas projection formation 
was analyzed in sparsely seeded cells. ST cells were infected at an m.o.i. of 
10, and were fixed and permeabilized at 6hpi. Cells were doublestained for 
actin and the PRV gB protein.  
In monolayers, virtually all ST cells infected with wild-type or revertant PRV 

showed disassembly of actin stress fibers, whereas cells infected with 
US3null PRV or D223A US3 PRV showed little or no stress fiber disassembly 
(Figure 3A&C). In addition, a large fraction of sparsely seeded ST cells 
infected with wild-type or revertant PRV showed formation of cell projections, 
which was not observed in cells infected with US3null or D223A US3 PRV 
(Figure 3A&C). As a control, Western blot analysis showed equivalent 
amounts of US3 and gE proteins expressed in cells infected with wild-type, 
D223A US3 or revertant PRV at 6hpi, whereas US3 was absent in cells 
infected with US3null PRV (Figure 3E). The long isoform of US3 was less 
prevalent than the short form, which is in agreement with earlier reports that 
this isoform represents <5% of US3 protein in infected cells (van Zijl et al., 
1990). Experiments were repeated in MEF and yielded similar results . 
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.  
Figure 3. Kinase activity of PRV US3 is required for actin rearrangements in PRV-

infected ST cells and MEF. (A) Confocal pictures of ST cell monolayers (left row) or sparsely 

seeded ST cells (right row) that were mock-infected, or infected with wild-type PRV, US3null 

PRV, PRV encoding US3 with a D223A point mutation, or revertant PRV. Cells were stained 

at 6hpi for actin (green) and viral envelope protein gB (red). Bar, 10µm. (B) Confocal pictures 

of MEF monolayers (left row) and sparsely seeded MEF (right row) that were treated and 

stained as in (A). Bar, 10µm.  (C) Graphs showing the percentages of ST cells in monolayers 

displaying intact actin stress fibers (left panel) or sparsely seeded ST cells displaying cell 

projections (right panel) at 6hpi with the different viruses. Data are means and SD of three 

independent experiments. (D) Graphs showing the percentage of MEF cells in monolayers 

displaying intact actin stress fibers (left panel) or sparsely seeded ST cells displaying cell 

projections (right panel) at 6hpi with the different viruses. Data are means and SD of three 

independent experiments.. (E) Western blots showing expression of US3, gE, and actin in ST 

cells that were mock-infected or at 6h post inoculation with wild-type PRV, US3null PRV, PRV 

encoding US3 with a D223A point mutation, or revertant PRV. 
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Discussion 
 
The current data show that the kinase activity of PRV US3 is required for its 
effect on the actin cytoskeleton, both in infection and in transfection assays. 
This indicates that PRV, VV, and HIV, have developed independent 
mechanisms to induce identical actin reorganization phenotypes, which may 
underscore the potential importance of these actin changes for virus 
replication and/or spread. For PRV, these actin changes have been reported 
to be associated with increased intercellular spread (Favoreel et al., 2005), 
but other consequences involving virus entry and egress, similar to what has 

been reported to HIV and VV, cannot be excluded at this point and may be 
worth further investigating. A recent report indicates that Marekʼs disease 
virus (MDV) US3 does not require its kinase activity to induce actin 
reorganization. Transfection of wild-type or kinase-dead MDV US3 both 
resulted in actin stress fiber disassembly (Schumacher et al., 2008). Unlike 
PRV US3, this effect was temporary and stress fibers reassembled between 
24-48hrs (Schumacher et al., 2008; Schumacher et al., 2005). In addition, 
projection formation was not reported for MDV US3. This may suggest that 
the catalytic activity of PRV US3 provides a more robust effect on the actin 
cytoskeleton than the non-catalytic mechanism exerted by MDV US3. For 
herpes simplex virus-2, another alphaherpesvirus, transfection of US3 also 
results in actin stress fiber disassembly, and kinase activity of US3 was 
suggested to be involved, since cell rounding, an indirect effect of stress fiber 
disassembly, was not observed upon transfection with kinase-dead US3 
(Murata et al., 2000). Our current data indicate that PRV US3 exerts its actin 
remodelling capabilities by phosphorylation of an as yet unknown substrate, 
which likely is involved in Rho GTPase signaling. Interestingly, the consensus 
phosphorylation sequence of both US3 of PRV and HSV closely resembles 
the consensus sequence of the cellular kinase Akt (Ogg et al., 2004).  
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Akt participates in several signaling cascades, including Rho GTPase 
signaling, and phosphorylates and activates p21-activated kinases 
(PAKs)(Tang et al., 2000; Zhou et al., 1999). PAKs are key downstream 
effectors of Cdc42 and Rac1 and constitutively active PAK1 results in actin 
stress fiber disassembly and projection formation in HeLa cells (Zhao et al., 
1998). Future research will show whether PAKs are involved in US3-mediated 
actin reorganization.  
In conclusion, kinase activity of PRV US3 is required for reorganization of the 
actin cytoskeleton. Further dissection of the mechanism underlying US3-
mediated actin remodelling may lead to strategies to interfere with these actin 
changes and the resulting effects on virus spread.  
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Abstract 
 
The US3 protein is a viral serine/threonine kinase that is conserved among all 
members of the Alphaherpesvirinae. The US3 protein of different 
alphaherpesviruses causes dramatic alterations in the actin cytoskeleton, 
such as the disassembly of actin stress fibers and formation of cell 
projections, which have been associated with increased intercellular virus 
spread. Here, we find that inhibiting group A p21-activated kinases (Manninen 
et al.), which are key regulators in Cdc42/Rac1 Rho GTPase signaling 
pathways, impairs US3-mediated actin alterations. Using PAK1-/- and PAK2-/- 

mouse embryo fibroblasts (MEFs), we show that US3-mediated stress fiber 
disassembly requires PAK2, whereas US3-mediated cell projection formation 
mainly is mediated by PAK1, also indicating that PAK1 and PAK2 can have 
different biological effects on the organization of the actin cytoskeleton. In 
addition, US3 was found to bind and phosphorylate group A PAKs. Lack of 
group A PAKs in MEFs was correlated with inefficient virus spread. Thus, US3 
induces its effect on the actin cytoskeleton via group A PAKs. 

 
 
 
 
 
 
 
 
 
 
 

 
 



US3-mediated cytoskeletal reorganization is mediated by group A PAKs                            105 
 

Introduction 
 
Alphaherpesviruses constitute the largest subfamily of the herpesviruses, and 
contain different, closely related pathogens of man and animals. In man, 
herpes simplex virus (HSV) causes cold sores and genital lesions, but may 
also cause keratitis, blindness, and encephalitis, and varicella-zoster virus 
(VZV) causes chickenpox and shingles. The closely related porcine 
alphaherpesvirus pseudorabies virus (PRV) is often used as a model 
organism to study general aspects of alphaherpesvirus biology (Pomeranz et 
al., 2005).  

Recently, we and others have found that the US3 protein of PRV is able to 
reorganize the actin cytoskeleton of an infected host cell (Calton et al., 2004; 
Favoreel et al., 2007; Favoreel et al., 2005; Van den Broeke et al., 2009; Van 
Minnebruggen et al., 2003). This actin reorganization consists of the 
disassembly of actin stress fibers and the formation of actin-containing cell 
projections and is associated with an increase in the efficiency of intercellular 
virus spread (Favoreel et al., 2005). US3 is a serine/threonine kinase that is 
conserved among all alphaherpesviruses, and US3 orthologues of HSV-2 and 
Marekʼs disease virus, a devastating alphaherpesvirus of poultry, have also 
been shown to induce disassembly of actin stress fibers (Murata et al., 2000; 
Schumacher et al., 2005). In addition, HSV-1 and VZV have also been 
reported to induce cell projections that may be involved in intercellular virus 
spread (Carpenter et al., 2008; La Boissiere et al., 2004; Zapata et al., 2007).  
These data on herpesviruses, and other data on other viruses like retroviruses 
(e.g. HIV) and poxviruses (e.g. vaccina virus) have led to the recent concept 
that viral reorganizations of the cytoskeleton, including the formation of 
intercellular cell projections, present a novel and important route of viral 
transmission (Davis and Sowinski, 2008; Greber and Way, 2006; Gurke et al., 
2008; Sattentau, 2008; Sowinski et al., 2008; Valderrama et al., 2006). 

Elucidating the mechanism of these virus-induced cytoskeletal 
rearrangements may lead to novel avenues in the development of antiviral 
strategies.  
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In the current report, we elucidate the mechanism of the US3-mediated effects 
on the actin cytoskeleton. We report that US3 induces the actin 
rearrangements via group A p21-activated kinases, key downstream effectors 
of Cdc42 and Rac1 Rho GTPase signaling pathways, with important 
consequences for intercellular virus spread.  
 
 

Material and methods 
 
Cells and viruses 

Swine testicle (ST) cells were used and cultured as described before (Geenen 
et al., 2005). WT mouse embryonic fibroblast (MEF) cells and PAK1-/- MEF 
cells were described before (ten Klooster et al., 2006), and Pak2 -/- MEF cells 
were established from 7.5 to 8.5 dpc mouse embryos and immortalized and 
cultured as desribed before for MEF cells (ten Klooster et al., 2006). Wild type 
and isogenic US3null PRV NIA3 viruses were used (Baskerville, 1973; de 
Wind et al., 1990). 
 
Antibodies, inhibitors and plasmids  
FITC-labeled goat anti-mouse, Texas red-labeled phalloidin, FITC-labeled 
goat anti-rabbit, Cy5-labeled goat anti-mouse and monoclonal anti-GFP (3E6) 
antibodies were from Invitrogen. The polyclonal anti-Flag-tag antibody was 
from Sigma Aldrich and the monoclonal anti-E-tag antibody from GE 
Healthcare. US3-specific mouse monoclonal antibodies were kindly provided 
by LeighAnne Olsen and Lynn Enquist (Princeton University, USA). Rabbit 
antibodies directed against PAK1, PAK2 and 
phosphoPAK1(T423)/PAK2(T402) were from Cell Signaling Technologies. 
HRP-conjugated secondary goat anti-rabbit and goat anti-mouse antibodies 
were purchased from Dako Cytomation. Mouse anti-actin antibodies were 

from Sigma Chemical Company. Monoclonal mouse anti-gB (1C11), anti-gE 
(18E8) and polyclonal porcine FITC-labeled anti-PRV antibodies were 
produced as previously described (Nauwynck and Pensaert, 1995). 
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Inhibitors C. difficile toxin B, NSC23766 and NMPP1 were obtained from 
Calbiochem. Secramine A was a kind gift from the Kirchhausen lab (Harvard 
Medical School) and the Hammond lab (University of Louisville) and used as a 
specific inhibitor for Cdc42, as described previously (Pelish et al., 2006). IPA3 
was reported previously and used as described earlier (Deacon et al., 2008). 
The plasmids encoding PRV US3 (pKG1) and the kinase dead US3 mutant 
(pHF61) were described earlier (Deruelle et al., 2007; Geenen et al., 2005). 
The pTRIPΔU3-CMV-EGFP-WPRE vector (Stove et al., 2005) was a kind gift 

of Dr. B. Verhasselt (UGent, Belgium), while group A PAK inhibitor PID (Zhao 
et al., 1998) was a kind gift of Dr. E. Manser (Institute of Molecular and Cell 
Biology, Singapore).  
The plasmids pExpress-EGFP-rPAK2 (Jakobi et al., 2001), baculo His-
PAK1(Deacon et al., 2008), pET-PAK2 (Deacon et al., 2008) and the plasmid 
encoding wtPAK1(Beeser and Chernoff, 2005) were described before. The 
PAK2M322G encoding plasmid was made by mutating the pET-PAK2 vector. 
Plasmids Cdc42DN(T19N) and Rac1DN(T17N) were described earlier 
(Schotte et al., 2004). Plasmid pGEX-GST-US3, used to produce recombinant 
US3 protein (Klupp et al., 2001), was kindly provided by Dr. B. Klupp & Dr. T. 
Mettenleiter (Friedrich Loefler Institute, Greifswald, Germany). 
 
Transfections 

Plasmids were transiently transfected in cells grown to 60–70% confluency 
using Lipofectamine™ according to the manufacturer's instructions 
(Invitrogen), and used at 24 h post-transfection. 
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Immunohistochemistry 
After being washed once in PBS, cells were fixed with 3% paraformaldehyde 
for 10 minutes, followed by permeabilization with 0.1% Triton-X 100 for 2 
minutes. Subsequently, cells were incubated with each antibody for 1h at 
37°C. Afterwards, cells were washed in PBS. Stainings were analyzed on a 
laser-scanning spectrum confocal system (TCS SP2; Leica Microsystems 
GmbH) linked to a microscope (DM IRBE; Leica Microsystems GmbH). 
Images were taken using a 63X oil objective (NA 1.40–0.60) at room 
temperature and using confocal acquisition software (Leica Microsystems 
GmbH). For triple stainings, an Olympus Cell*M system (Olympus) with 

Optigrid structured light illumination (Qioptic) was used. 
 
Western blot 
SDS-PAGE and Western blotting was performed as described before 
(Deruelle et al., 2007). The blots were incubated for 1h or overnight 
(according to manufacturerʼs instructions) with primary antibodies and washed 
three times in 0.1 % TBS/Tween-20 (TBS-T) buffer. Then, blots were 
incubated with HRP-conjugated secondary antibodies for 1h at RT and after 
several washing steps, developed with enhanced chemiluminescence (ECL) 
(GE Healthcare). All incubation steps were done in 5% non-fat dry milk in 
TBS/T, except for the PAK antibodies which were diluted in 5% BSA-TBS-T.  
 
In vitro kinase assay 
 Recombinant WT-PAK1 (200ng) was de-phosphorylated with 100U of lambda 
phosphatase  (New England Biolabs) at 30 C for 1hr.   Lambda phosphatase 
was inactivated with 2mM Na3Vo4 and 1M beta-glycerophosphate at RT for 30 
min.  Alternatively 200ng of the PAK2-M322G gatekeeper mutant was used in 
the presence of 2.5 nmol of the specific inhibitor NMPP1 (Calbiochem). 
Compared to recombinant PAK1 that needs Cdc42 for activation, recombinant 
PAK2 is highly active by autophosphorylation in bacteria.  
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To distinguish autophosphorylation of PAK2 from phosphorylation by US3, the 
kinase assay using PAK2 as a substrate was done using the PAK2-M322G 
mutant (Bishop et al., 1998; Deacon et al., 2008). The gatekeeper mutation 
renders the PAK2 mutant sensitive to NMPP1. Other endogenous kinases are 
not inhibited by NMPP1. Recombinant PAK2 was dephosphorylated similar to 
PAK1. In order to prevent PAK2 autophosphorylation NMPP1 was added to 
the kinase assay. 
Recombinant or immunoprecipitated US3 was added to 200ng of PAK1 or 
PAK2 in phosphobuffer with 5 µCi P32-ATP. As a negative control no US3 was 

added. Reactions were incubated at 30 °C for 45 minutes. The gel was run, 
transfered to the membrane and the membrane was exposed for 1h. Equal 
loading for US3 and PAK1 and PAK2 was checked. 
 
Plaque assay 
Monolayers or sparsely seeded cells of the different cell lines were infected at 
a moi 0.01 with either wt PRV or the US3null mutant PRV virus. Two hours 
post infection medium was replaced by 1% methylcellulose. At 24 hpi 
(sparsely seeded cells) or 48 hpi (monolayers), plaques were methanol fixed, 
and stained with anti-gB (1/30) monoclonal antibody, followed by anti-mouse 
FITC (1/200) and nuclei were stained using 10 µg/ml Hoechst 33342 

(Invitrogen) for 10 min before the final washing steps. Plaques were visualized 
by fluorescence microscopy and the number of cells per plaque was 
determined. 

 
Statistics 
Three independent replicates of each experiment were performed, data 
shown are means and standard deviations, and statistical analysis was 
performed using the SPSS software. Means were compared with an analysis 
of variance and a least significant difference post hoc test for a multiple 
comparison of means (α=0.05).  
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Results 
 
1. Inhibition of Rho GTPases does not inhibit US3-mediated actin 
rearrangements 
 
The kinase activity of PRV US3 is required for the actin reorganization (Van 
den Broeke et al., 2009), which opens the possibility that US3 phosphorylates 
and modulates specific components of the cellular actin-regulating small Rho 
GTPase signaling pathways (Etienne-Manneville and Hall, 2002). To 

determine whether US3 acts directly on small Rho GTPases, the effect of 
small Rho GTPase inhibition on US3-mediated actin rearrangements was 
analyzed in swine testicle (ST) cells. As described before, cell projections are 
most notable in sparsely seeded cells, whereas stress fibers are best 
visualized in monolayers of cells (Favoreel et al., 2005; Van den Broeke et al., 
2009). General inhibition of small Rho GTPase signaling  (Clostridium difficile 
toxin B, 200 ng/mL) as well as specific inhibition of Cdc42 signaling 
(secramine A, 50µM) and Rac1 signaling (Rac1 inhibitor NSC 23766, 100µM) 

had no obvious effect on either actin stress fiber disassembly or projection 
formation (Figure 1). The different inhibitors used were active on ST cells at 
the concentrations used, since they impaired cell spreading in control 

experiments that were performed as described earlier (Xu et al., 2006) (Figure 
1). In line with this, dominant negative Cdc42 and Rac1 constructs did not 
affect the ability of PRV to mediate actin rearrangements (Figure 1). 
Experiments with inhibitors and dominant negative constructs yielded similar 
results in mouse embryonic fibroblasts (MEFs) (Figure 2). Hence, it is 
possible that US3 acts downstream of the small Rho GTPases in the Rho 
GTPase signaling cascades. 
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Figure 1. Inhibition of Rho GTPases does not affect US3-mediated actin 

rearrangements in ST cells. (A) Pictures of ST monolayers (left image of each pair, to 

visualize actin stress fibers) and sparsely seeded ST (right image, to determine cell 

projections), either mock-infected or at 12h after inoculation with WT or US3 null PRV. Viral 

antigens are shown in green, with filamentous actin in red. Cell projections are indicated with 

arrowheads. (Scale bar: 10µm). (B) Effect of treatment with different Rho GTPase inhibitors or 

dominant-negative Cdc42 or Rac1 constructs on the percentage of PRV-infected (12hpi) ST 

showing cell projections (white bars) or intact stress fibers (black bars). Data shown represent 

means ± SD of triplicate assays. ∗, significant differences compared with the WT PRV control 

at the 0.05 level. (C) Western blots showing expression of E-tagged dominant-negative 

Cdc42 and Rac1 constructs. (D) Pictures showing that the different Rho GTPase inhibitors 

used do not affect US3-mediated disassembly of actin stress fibers in ST monolayers (upper) 

or US3-mediated formation of cell projections in sparsely seeded ST (lower). (Scale bar: 

10µm). (E and F) Pictures (E) and graphs (F) showing the ability of the different Rho GTPase 

inhibitors used to suppress spreading of seeded ST cells. (Scale bar: 20µm). 
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Figure 2. Inhibition of Rho GTPases does not affect US3-mediated actin 

rearrangements in MEF. (A) Effect of treatment with different Rho GTPase inhibitors or 

dominant negative Cdc42 and Rac1 constructs on the percentage of PRV-infected (12hpi) 

MEF showing cell projections (white bars) or intact stress fibers (black bars). Data shown 

represent means ± SD of triplicate assays. * indicates significant differences compared to the 

wtPRV control at the 0.05 level. (B) Graphs showing the ability of the different Rho GTPase 

inhibitors used to suppress spreading of seeded MEF. 

 
 

2. Inhibition of group A PAKs interferes with rearrangement of the 
actin cytoskeleton by the US3 protein 

 
Group A PAKs are crucial downstream signaling molecules of Cdc42 and 
Rac1. Activation of group A PAKs has been shown to result in actin stress 
fiber disassembly and projection formation (Sells et al., 1997; Zhao et al., 
1998), very reminiscent of the effects observed with PRV US3. The effect of a 
cell permeable, specific inhibitor of group A PAK activity, IPA-3 (Deacon et al., 
2008), on the US3 mediated phenotype was analyzed. In the presence of IPA-
3, group A PAKs adopt a conformation that does not allow activation. IPA-3 
strongly suppressed PRV-induced actin stress fiber disassembly and cell 
projection formation without affecting expression of viral structural proteins gB 
and US3 (Figure 3A). IPA-3 similarly inhibited US3-mediated actin 
rearrangements in US3 transfection assays (Figure 3B).  
In addition, co-transfection of US3 with PID (PAK inhibitory domain), another 
inhibitor of group A PAKs, also inhibited the US3-induced actin 
rearrangements (Figure 4). PID specifically binds to the kinase domain of all 
group A PAKs, thereby inactivating them (Beeser and Chernoff, 2005; Zhao et 
al., 1998).  
Thus, group A PAKs are of critical importance in cytoskeletal rearrangements 
induced by US3.  
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Figure 3. Inhibition of group A p21-activated kinases impairs US3-induced actin 

rearrangements. (A) Pictures show actin architecture in PRV-infected ST in the presence or 

absence of the group A PAK inhibitor IPA-3. PRV antigens in green and actin in red. Bar, 

10µm. (B) Graphs show percentages of cells with cell projections (white bars) or intact actin 

stress fibers (black bars). Data shown represent means ± SD of triplicate assays.  * indicates 

significant differences compared to the control at the 0.05 level. (C) Western blots show 

expression of viral proteins US3 and gB. Arrowheads indicate position of US3 long and short 

isoform. Actin served as a loading control.  
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Figure 4. Inhibition of p21-activated kinases impairs US3-induced actin 

rearrangements. (A) Pictures show actin architecture in US3-transfected ST in the presence 

or absence of the group A PAK inhibitor IPA-3. US3 is in green and actin in red. (Scale bar: 

10 µm). (B) Graphs show percentages of cells with cell projections (white bars) or intact actin 

stress fibers (black bars). Data shown represent means ± SD of triplicate assays. * indicates 

significant differences compared with the control at the 0.05 level. (C) Western blots show 

espression of US3 and actin as a loading control. Arrowheads indicate position of US3 long 

and short isoforms. (D) Pictures of MEF transfected with US3 alone or co-transfected with 

US3 and p21-activated kinase inhibitory domain (PID), and stained at 24h post transfection 

for US3 (Cy5, magenta), PID (FITC, green) and filamentous actin (Texas Red, red). Bar, 

10µm. (E) Effect of transfection of PID on the percentage of cells showing cell projections 

(white bars) or intact actin stress fibers (black bars). Data shown represent means ± SD of 

triplicate assays. * indicates significant differences compared to US3-transfected cells at the 

0.05 level (F) Western blot showing expression of US3 and PID in mock-transfected MEF or 

MEF transfected with US3, PID, or both (24h post transfection).  

 
3. US3 phosphorylates and activates group A PAKs 
 
Activation of group A PAKs invariably is associated with serine/threonine 
phosphorylation of PAKs (Eswaran et al., 2008). Since US3 is a 
serine/threonine kinase and since group A PAKs are critically involved in US3-
mediated actin rearrangements, we investigated whether US3 interacts with 
and phosphorylates group A PAKs. 
Phosphorylation of a critical, conserved threonine residue in the activation 
loop of group A PAKs (such as Thr423 in PAK1 and Thr402 in PAK2) is 
strongly correlated with activation (Eswaran et al., 2008). Using an antibody 
that specifically recognizes this phosphorylated threonine in group A PAKs, 
we found that infection with wild type PRV, but not with US3null PRV, leads to 
a strong increase in threonine-phosphorylated PAK (Figure 6A). In addition, 
transfection of US3 also resulted in a strong increase in threonine-
phosphorylated PAK, which was not the case upon transfection of kinase-
dead US3 (Figure 6B).  
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PAK1 and PAK2 are the most abundant and most widely expressed group A 
PAKs (Manser et al., 1994; Sells and Chernoff, 1997; Teo et al., 1995). Pull-
down assays using recombinant GST-tagged US3 and recombinant PAK1 
and PAK2 showed that US3 can bind both PAK1 and PAK2 (Figure 5). 
Importantly, kinase assays using recombinant US3 and recombinant PAK1 or 
PAK2 showed that US3 is able to directly phosphorylate PAK1 as well as 
PAK2 (Figure 6C). Kinase assays using US3 immunoprecipitates of MEF cells 
transfected with wild type US3 or a kinase-dead US3, further confirmed that 
US3 phosphorylates PAK1 and PAK2. PAK2 phosphorylation appeared less 
efficient than PAK1 phosphorylation in these assays. Hence, PRV infection 

and US3 transfection lead to phosphorylation and activation of group A PAKs, 
and US3 is able to bind and phosphorylate PAK1 and PAK2. 
 
 

 
 

Figure 5. US3 is able to bind p21-activated kinase 1 and 2. US3 pulldown assays using 

recombinant PAK1 (left panel) or PAK2 (right panel)  with or without recombinant US3 were 

analyzed for the presence of US3 and PAK1 (left panel) or PAK2 (right panel). 
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Figure 6. US3 phosphorylates group A PAKs. (A) MEF were either mock-infected or 

infected with PRV or isogenic US3null PRV. At 12hpi, cell lysates were analyzed by Western 

blot for threonine-phosphorylated PAK, versus total PAK and actin. (B) MEF transfected with 

US3 or kinase-dead (K136G) US3  were analyzed by immunofluorescence for threonine-

phosphorylated PAK. Pictures show US3  and threonine-phosphorylated PAK. Bar, 10µm. 

Graph shows percentage of cells showing threonine-phosphorylated PAK. Data shown 

represent means ± SD of triplicate assays.  * indicates significant differences compared to the 

mock-transfected control at the 0.05 level. (C) Kinase assays using recombinant GST-US3 or 

immunoprecipitated wt US3 or kinase-dead (K136G) US3 and PAK1 (top) or PAK2 (bottom). 

Upper panel shows phosphorylated PAK1 or PAK2, middle panel shows US3, and lower 

panel shows total PAK1 or PAK2. 

 
4. PAK2 is crucial for US3-mediated stress fiber disassembly 
 
In order to further analyse a role for PAK1 and PAK2 in US3-mediated actin 
rearrangements, MEFs derived from PAK1-/- or PAK2-/- knockout mice were 
used. Western blot analysis confirmed the absence of the respective PAKs in 
the knock-out cell lines, while both PAKs were expressed in control MEFs 
(Figure 7A). Western blot analysis of infected cells showed similar expression 
of the structural viral proteins gB, gE, and US3 in all cell lines at 6, 12, and 24 
hpi (Figure 7B). In line with this, intracellular PRV titers were similar in all 
three cell lines (Figure 7C). These data indicate that potential differences in 
actin dynamics in the three cell lines during PRV infection are not due to 
differences in basic virus replication efficiency.  However, extracellular PRV 
titers were reduced in PAK2-/- cells at 12 and 24hpi, indicating a reduced 
efficiency in virus egress in these cells (Figure 7C).  
To determine a possible involvement of PAK1 and/or PAK2 in US3-mediated 
stress fiber disassembly, monolayers of wild type, PAK1-/- and PAK2-/- MEFs 
were infected with PRV. At 12hpi, virtually all MEFs and PAK1-/- MEFs had 
lost their actin stress fibers. However, in PAK2-/- MEFs, PRV-induced stress 
fiber disassembly was almost entirely abolished (Figure 8).  
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Transfection of PAK2 in PAK2-/- MEFs rescued the ability of PRV to 
disassemble stress fibers, indicating that the inability of PRV to disassemble 
actin stress fibers in PAK2-/- MEFs is specifically due to the lack of PAK2.  
Taken together, these data indicate that US3 requires PAK2 to induce actin 
stress fiber disassembly.  
 

 
 
Figure 7. Lack of PAK1 or PAK2 does not affect expression of PRV structural proteins. 

(A) Western blots showing expression of PAK1 and PAK2 in MEF, PAK1-/- MEF, and PAK2-/- 

MEF. Actin served as a loading control. (B) Western blots showing expression of viral 

envelope proteins gB, gE, and US3 in MEF, PAK1-/- MEF and PAK2-/- MEF at 0, 6, 12, and 

24h post inoculation with PRV. Actin served as a loading control. (C) Single-step growth 

curves of PRV in MEF (solid lines), PAK1-/- MEF (dashed/dotted lines), and PAK2-/- MEF 

(dashed lines). Left graph shows intracellular virus titers, right graph shows extracellular virus 

titers. For intracellular virus titers, no significant differences at the 0.05 level could be 

observed at any time point. For extracellular virus titers, no significant differences could be 

observed between PAK1-/- MEF and wild type MEF, whereas significant differences could be 

observed between PAK2-/- MEF and wild type MEF at 12 and 24h post inoculation. Data 

shown represent means ± SD of triplicate assays. 
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Figure 8. PAK2 is crucial for PRV-induced actin stress fiber disassembly. To analyze 

PRV-induced actin stress fiber disassembly, MEF, PAK1-/- MEF or PAK2-/-  MEF cell 

monolayers were either mock-infected or infected with PRV and analyzed at 12h post 

inoculation. Filamentous actin is shown in red, viral antigens are shown in green. Bar, 20µm. 

Upper graph shows the corresponding percentage of PRV-infected cells that display intact 

actin stress fibers. * indicates significant differences compared to the MEF control at the 0.05 

level. Lower graph shows the effect of expressing PAK2 in PAK2-/- MEF on the percentage of 

intact actin stress fibers. Data shown represent means ± SD of triplicate assays. * indicates 

significant differences compared to the wtPRV infected PAK2-/- MEF control at the 0.05 level. 

 
 

5. PAK1 is crucial for US3-mediated projection formation 
 
To analyse a role for PAK1 and PAK2 in the US3-mediated induction of cell 
projections, sparsely seeded wild-type, PAK1-/- and PAK2-/- MEFs were 
infected with PRV, and analyzed for the presence of projections at 12h post 
inoculation. PRV-infected wild-type MEFs and PAK2-/- MEFs showed cell 
projection formation. However, in PAK1-/- MEFs, cell projection formation was 
almost entirely abolished (Figure 9). Transfection of PAK1 in PAK1-/- MEFs 

largely rescued the ability of PRV to induce cell projections in these cells, 
indicating that the lack of cell projections in PRV-infected PAK1-/- MEFs is 
specifically due to the lack of PAK1.  
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Analysis of single infected cells in experiments with low MOI confirmed these 
and the previous findings (Figure 10). Lack of PAK1 impaired the formation of 
cell projections but did not affect the ability of PRV to disassemble actin stress 
fibers. PRV-infected PAK2-/- MEFs, on the other hand, did not show 
disassembly of actin stress fibers, but did show cell projection formation, 
although projections were often shorter in this experimental setup. Further in 
line with an important role for PAK1 in cell projections formation, transfected 
US3 was strongly impaired in its ability to induce cell projections in PAK1-/- 
MEFs (data not shown). 
Hence, PAK1 and PAK2 both are involved in PRV-mediated reorganization of 

the actin cytoskeleton: PAK1 is mainly involved in the development of PRV-
induced cell projections, and PAK2 is essential for PRV-induced disassembly 
of actin stress fibers. 

 
 

Figure 9. PAK1 mediates PRV-induced projection formation. To analyze PRV-induced 

cell projection formation, sparsely seeded MEF, PAK1-/- MEF or PAK2-/-  MEF were either 

mock-infected or infected with PRV and analyzed at 12h post inoculation. Filamentous actin is 

shown in red, viral antigens are shown in green. Bar, 20µm. Upper graph shows the 

corresponding percentage of PRV-infected cells that display cell projections. Data shown 

represent means ± SD of triplicate assays. * indicates significant differences compared to the 

MEF control at the 0.05 level. Lower graph shows the effect of expressing PAK1 in PAK1-/- 

MEF on the percentage of cell projections. Data shown represent means ± SD of triplicate 

assays. * indicates significant differences compared to the wtPRV infected PAK1-/- MEF 

control at the 0.05 level. 
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Figure 10. Lack of group A PAKs impairs PRV-induced actin rearrangements. Pictures 

of low MOI experiments showing single PRV-infected cells in between non-infected cells for 

MEF (upper panels), PAK1-/- MEF (middle panels), and PAK2-/- MEF (lower panels). PRV 

antigens in green, filamentous actin in red. Arrowheads indicate long cell projections in MEF 

and shorter cell projections in PAK2-/- MEF. Bar, 10µm. 
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6. Effect of PAK1 or PAK2 knockout on virus spread  
 
US3 has been implicated in efficient intercellular virus spread (Demmin et al., 
2001; Favoreel et al., 2005). We therefore determined plaque sizes of wild 
type PRV and US3null PRV in wild type, PAK1-/-, and PAK2-/- MEFs (Figure 
11). Plaque sizes were determined in sparsely seeded cells and monolayers 
of cells. Both in sparsely seeded MEFs and monolayers of MEFs, US3null 
PRV plaques were smaller compared to wild type PRV, which is in line with 
earlier reports (Demmin et al., 2001; Favoreel et al., 2005).  
In sparsely seeded cells, wild type PRV plaques were smaller in both PAK1-/- 

and PAK2-/- MEFs compared to wild type MEFs. In cell monolayers, on the 
other hand, wild type PRV plaques were only reduced in PAK2-/- MEFs.  
Hence, lack of PAK1 is associated with impaired intercellular spread of PRV 
in sparsely seeded cells, whereas lack of PAK2 is associated with impaired 
virus spread in sparsely seeded cells as well as in monolayers of cells. 
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Figure 11. Lack of group A p21-activated kinases results in impaired intercellular 

spread of PRV. (A) Pictures of representative plaques of sparsely seeded MEFs, PAK1-/- 

MEFs, or PAK2-/- MEFs at 24h after inoculation at a low moi with WT or US3 null PRV. 

(Scale bar: 20µm) (B) Pictures of representative plaques of monolayers of MEFs, PAK1-/- 

MEFs, or PAK2-/- MEFs at 24h after inoculation at a low moi with WT or US3 null PRV. 

(Scale bar: 100µm) (C) Graph showing the average number of cells per plaque in sparsely 

seeded MEF, PAK1-/- MEF or PAK2-/-  MEF at 24h post inoculation at a low multiplicity of 

infection with wt (black bars) or US3null (white bars) PRV. Data shown represent means ± SD 

of triplicate assays. Different letters indicate significant differences at the 0.05 level. (D) Graph 

showing the average number of cells per plaque in cell monolayers of MEF, PAK1-/- MEF or 

PAK2-/-  MEF at 48h post inoculation at a low multiplicity of infection with wt (black bars) or 

US3null (white bars) PRV. Data shown represent means ± SD of triplicate assays. Different 

letters indicate significant differences at the 0.05 level.  
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Discussion 
 
Earlier, we reported that the US3 kinase of alphaherpesviruses induces 
dramatic rearrangements of the actin cytoskeleton, which consist of 
disassembly of actin stress fibers and the formation of actin-containing cell 
projections (Favoreel et al., 2005; Van Minnebruggen et al., 2003).  Here, we 
report that group A p21-activated kinases (PAKs) are critically involved in 
these US3 mediated changes in the actin cytoskeleton, and that US3 binds 
and phosphorylates PAK1 and PAK2.  
 

Interestingly, we observed phenotypic differences in the involvement of PAK1 
and PAK2 in US3-mediated effects on the actin cytoskeleton. PAK2 was 
found to be crucial for US3-mediated actin stress fiber disassembly, whereas 
US3-induced projection formation mainly depended on the presence of PAK1. 
Only limited information is available at present about different properties and 
biological functions of PAK1 and PAK2 in mammals. First, PAK1 and PAK2 
may be differently localized, with PAK1 distributed to cytoplasmic granules in 
unstimulated cells, and in focal complexes, plasma membrane and nucleus in 
stimulated cells (Daniels et al., 1998; Manser et al., 1997; Sells et al., 1999; 
Singh et al., 2005), whereas PAK2 is reported to reside at the Golgi complex 
(Huang et al., 2003). Second, while certain substrates are common to both 
these kinases, others appear to be unique targets of PAK1 (Arias-Romero 
and Chernoff, 2008). Third, PAK2, but not PAK1, is cleaved and activated by 
caspase-3 and plays a role in some of the morphological changes associated 
with apoptosis (Rudel and Bokoch, 1997). Fourth, gene knock-out studies in 
mice show that loss of PAK1 leads to relatively mild defects in the CNS and 
immune system, whereas loss of PAK2 leads to early embryonic death (Allen 
et al., 2009; Hofmann et al., 2004). Finally, of special importance in the 
current context, PAK1 and PAK2 display isoform-specific roles in the 

organization of the actin cytoskeleton (Coniglio et al., 2008). For example, 
PAK1, but not PAK2, was found to be involved in the heregulin-induced 
formation of lamellipodia (Coniglio et al., 2008).  
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Although the PRV-induced cell protrusions are different from lamellipodia, this 
may point to a preferential role of PAK1 in regulation of actin-based cell 
protrusions. In addition, Coniglio et al. found that PAK2 also differs from PAK1 
by suppressing RhoA signaling (Coniglio et al., 2008). Since suppression of 
RhoA signaling is associated with actin stress fiber disassembly (Hall, 1998), 
this appears to be in line with our current findings that mainly PAK2, and not 
PAK1, is involved in PRV-induced actin stress fiber disassembly. Thus, our 
findings are consistent with a growing body of literature that points to distinct 
biological roles for PAK1 and PAK2.  
 

What are the potential benefits of these actin rearrangements for virus 
infection and spread? We have shown before that the US3-induced actin 
rearrangements are associated with enhanced intercellular virus spread 
(Favoreel et al., 2005). In line with this, we found that absence of group A 
PAKs hampered intercellular virus spread in MEF. Presence of PAK2, which 
is crucial for US3-mediated actin stress fiber disassembly, was required for 
efficient virus spread in monolayers as well as in sparsely seeded cells. In this 
context, we have found that extracellular virus titers were reduced in PAK2-/- 
cells at 12 and 24h post inoculation, indicating reduced virus egress in this 
cell type. Future research will show whether this may correlate with the defect 
in intercellular virus spread in this cell type. Possibly in line with this, the 
poxvirus vaccinia virus (VV) has been reported to induce similar cytoskeletal 
rearrangements, and these rearrangements have been implicated in 
promoting viral egress from infected cells, by increasing microtubule dynamics 
and changes in the dynamics of cortical actin (Arakawa et al., 2007a; 
Arakawa et al., 2007b). Actin stress fiber disassembly is generally also 
associated with loss in focal adhesions and cell-cell contacts (Hall, 1998). 
Therefore, virus-mediated stress fiber disassembly, loss in focal adhesions, 
loss in cell-cell contacts and/or other effects on the cytoskeleton may also be 
implicated in PAK2-mediated efficient PRV spread.  
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Absence of PAK1 did not affect PRV spread in monolayers of cells, although it 
did hamper spread of PRV in sparsely seeded cells. Although speculative at 
this point, it may be that the importance of PAK1 in virus spread in sparsely 
seeded cells lies in the PAK1-US3-mediated induction of cell projections, 
which may bridge relatively distant, otherwise unconnected cells. In line with 
this hypothesis, increasing recent evidence is supporting the concept of viral 
spread between relatively distant cells via intercellular nanotube bridges 
(Davis and Sowinski, 2008; Sattentau, 2008). Another important question is 
how spread in monolayers and sparsely seeded cells relates to spread in vivo. 
Monolayers may be more closely related to tissue, although in vivo 

experiments will be required to fully address the importance of group A PAKs 
and US3-mediated actin rearrangements on virus spread.   
 
HIV, a retrovirus, and VV, a poxvirus, have both been shown to induce actin 
rearrangements that are reminiscent of those induced by PRV US3: actin 
stress fiber disassembly and formation of actin-containing cell projections 
(Fackler and Krausslich, 2006; Fackler et al., 1999; Greber and Way, 2006; 
Valderrama et al., 2006). For these viruses, the responsible viral proteins do 
not display kinase activity. For VV, the F11L protein induces the cytoskeletal 
rearrangements by interacting with and inactivating RhoA (Valderrama et al., 
2006). For HIV, the Nef protein induces the actin reorganization by binding 
and indirectly activating group A PAKs via the Rho GTPases Cdc42 and Rac1 
and possibly the guanine nucleotide exchange factor Vav (Fackler et al., 
1999; Lu et al., 1996; Nguyen et al., 2006; Renkema et al., 1999).  
 
The current data unravel a novel – catalytic – mechanism of virus-induced 
actin stress fiber disassembly and projection formation, and thereby show that 
different viruses have developed different mechanisms to induce very similar 
actin rearrangements, underscoring the potential importance of such actin 
rearrangements in the viral life cycle.   
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The finding that US3-mediated actin stress fiber disassembly and cell 
projection formation are mediated by group A PAKs is in line with what is 
currently known about the biology of group A PAKs. Several years ago, it has 
already been shown that activation of group A PAKs may lead to actin stress 
fiber disassembly, loss of focal adhesions, cell retraction, and formation of 
filopodia and other cell projections (Zhao et al., 1998). There are several 
substrates and/or interacting proteins of the group A PAK kinases that can 
account for the effects of these kinases on the actin cytoskeleton and cell 
morphology, including LIM kinases and myosin light chain kinase (Bokoch, 
2003). Phosphorylated and activated LIM kinases are able to phosphorylate 

cofilin, and phosphorylated cofilin and phosphorylated myosin light chain 
kinase are key intermediates in the formation and stabilization of cell 
projections, such as filopodia and lamellipodia. Regarding US3- and PAK2-
mediated actin stress fiber disassembly, it is of interest that depletion of 
PAK2, but not of PAK1, has been associated with suppression in RhoA-
mediated signaling (Coniglio et al., 2008), which, in turn, is associated with 
actin stress fiber disassembly (Hall, 1998). This appears to be in line with our 
current finding that PAK2 is crucial in US3-mediated actin stress fiber 
disassembly. In low MOI infections in cell monolayers, PRV-induced cell 
projections observed in PAK2-/- MEFs appeared shorter than in wild type 
MEFs. Although speculative at this point, it is possible that in cell monolayers, 
which contain more abundant actin stress fibers than sparsely seeded cells, 
PAK2-mediated PRV-induced stress fiber disassembly is a prerequisite for 
efficient PAK1-mediated formation of long cell projections. 
Activation of group A PAKs can occur by association, via their CRIB domain, 
with small Rho GTPases Cdc42 and Rac1. However, group A PAK activation 
has also been reported to occur via phoshorylation (Bokoch, 2003). One 
cellular kinase that is able to directly phosphorylate and activate PAK is 
PDK1, which phosphorylates PAK on the activation-associated treonine 
residue (Thr-423) (King et al., 2000).  
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Our current data indicate that a viral kinase, such as US3, may also be able to 
directly phosphorylate group A PAKs. Although our data show that US3 
results in phosphorylation at the critical Thr-423 site in the activation loop, we 
cannot rule out at this moment that US3 may phosphorylate additional or other 
phosphorylation sites in PAK.   
 
In conclusion, our results demonstrate that p21-activated kinases PAK1 and 
PAK2 play a hitherto unknown and crucial role in alphaherpesvirus US3-
induced actin rearrangements, that US3 is able to phosphorylate both PAK1 
and PAK2, and that PAK1 and PAK2 may have different downstream effects 

on the actin cytoskeleton. The indications that group A PAKs are involved in 
efficient virus egress and spread may open new avenues in the design of 
antiviral strategies.  
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Abstract: 
 
The alphaherpesvirus US3 kinase is a conserved multifunctional 
serine/threonine kinase that plays a role in regulating actin dynamics, egress 
of virus particles from the nucleus and apoptosis.  However, the mechanisms 
used by the US3 protein to exert its functions remain poorly understood. 
Recently, we identified group A p21-activated kinases as important effectors 
in the US3-mediated cytoskeletal rearrangements.  
Here, we investigated if these PAKs are also involved in the other functions of 
US3. We report that group A PAKs only play a minor role in US3-mediated 

effects on apoptosis. On the other hand, we identified PAK2 as an important 
protein in the US3-assisted export of progeny virus from the nucleus, pointing 
at a possible novel role for PAK2 in nuclear export and suggesting that PAK2 
may also be involved in US3-independent processes in the nucleus.  
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Introduction: 
 
Alpha-herpesviruses constitute a subfamily of closely related large DNA 
viruses, including the human pathogens herpes simplex virus-1 and 2 
(Campadelli-Fiume et al.) and varicella-zoster virus (VZV), and the animal 
viruses pseudorabies virus (PRV) in pigs, Marekʼs disease virus (MDV) in 
poultry and equine herpes virus-1 (EHV-1) in horses.  
The US3 protein is a serine/threonine kinase that is conserved among 
alphaherpesviruses. It is a multifunctional protein that plays a role in nuclear 
egress of progeny virus particles and in cytoskeletal rearrangements and 

displays anti-apoptotic properties (Deruelle et al., 2007; Favoreel et al., 2005; 
Geenen et al., 2005; Klupp et al., 2001; Leopardi et al., 1997; Ogg et al., 
2004; Reynolds et al., 2002; Schumacher et al., 2005; Van Minnebruggen et 
al., 2003; Wagenaar et al., 1995). However, the mechanisms by which US3 
exerts its functions remain poorly understood.  For all three functions of US3, 
its kinase activity was shown to be important (Deruelle et al., 2007; Ogg et al., 
2004; Ryckman and Roller, 2004; Van den Broeke et al., 2009a). Recently, 
we have shown that p21-activated kinases (PAKs) are involved in PRV US3-
induced cytoskeletal rearrangements and that US3 can phosphorylate both 
PAK1 and PAK2 directly. Interestingly, US3-mediated protrusion formation 
was dependent on PAK1, while actin stress fiber breakdown was mediated by 
PAK2, pointing at different roles for PAK1 and PAK2 in actin cytoskeleton 
dynamics. Furthermore, both PAK1 and PAK2 were involved in intercellular 
virus spread (Van den Broeke et al., 2009b). 
Regarding its role in apoptosis, US3 protects cells from apoptosis, at least in 
part by inducing phosphorylation and inactivation of the pro-apoptotic Bad 
protein (Cartier et al., 2003; Deruelle et al., 2007; Kato et al., 2005).  For HSV-
1, US3 was shown to directly phosphorylate Bad (Cartier et al., 2003), while 
for PRV US3 no direct phosphorylation was reported yet.  
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Interestingly, different PAK proteins, including PAK1, have similarly been 
demonstrated to phosphorylate and inactivate Bad, resulting in anti-apoptotic 
signals (Jakobi et al., 2001; Schurmann et al., 2000), raising the question 
whether US3 may exert part of its anti-apoptotic activity via PAKs.  
Upon infection with US3null PRV, HSV or MDV, enveloped virus particles 
aggregate in large invaginations of the perinuclear space, indicating that US3 
is involved in the efficient de-envelopment of perinuclear virions during 
nuclear egress (Klupp et al., 2001; Reynolds et al., 2002; Ryckman and 
Roller, 2004; Schumacher et al., 2005; Wagenaar et al., 1995).  
Recently, several downstream effectors of US3 were suggested to be involved 

in the US3-mediated block in perinuclear de-envelopment. For HSV-1, 
phosphorylation of both viral proteins UL31 and gB by US3 was suggested to 
assist in nuclear egress (Kato et al., 2009; Kato et al., 2006; Mou et al., 2009; 
Wisner et al., 2009). Phosphorylation of the N-terminus of UL31 by US3 was 
reported to be necessary for the smooth distribution of the UL31/UL34 
envelopment complex throughout the inner nuclear membrane and for 
efficient egress of viral particles from the nucleus. However, UL31 
phosphorylation could not account for the total role of US3 in virion egress 
from the nucleus (Mou et al., 2009). In addition, US3-mediated gB 
phosphorylation was suggested to play a role in the fusion of primary 
enveloped virus particles with the outer nuclear membrane (ONM) (Wisner et 
al., 2009).  For PRV however, deletion mutants of several viral glycoproteins 
did not have any effect on virion egress from the nucleus (Klupp et al., 2008). 
Furthermore, HSV-1 US3 has been implicated in phosphorylation of the 
cellular nuclear proteins lamin A/C and emerin (Leach et al., 2007; Mou et al., 
2007; Mou et al., 2008). However, the exact mechanism how US3 mediates 
nuclear egress remains elusive since other unidentified downstream targets 
appear to be involved.  
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Hence, since group A PAKs were identified as downstream effectors of US3 
in cytoskeletal rearrangements, and the pathways used by US3 in exerting its 
other functions are not fully unraveled, this study was undertaken to find out 
whether p21-activated kinases are involved in US3-mediated apoptosis and 
nuclear egress using PAK1-/- and PAK2-/- mouse embryonic fibroblast (MEF) 
cells. 
Here, we show that p21-activated kinases play a minor role in US3-mediated 
protection from apoptosis. In PAK1-/- MEF cells, a minor increase in apoptotic 
cells was seen in wtPRV infection compared to control MEF cells, while in the 
PAK2-/- cells no differences with the control MEF cells were seen, indicating 

that US3 may exert part of its anti-apoptotic role through PAK1, but PAK2 
seems not involved. Furthermore, infection of PAK2-/- MEFs with wtPRV 
yielded a similar accumulation of wtPRV particles in the perinuclear space as 
reported earlier for infection of control cells with US3nullPRV. So, PAK2 was 
identified as an important protein in US3-mediated transport of progeny virus 
across the nuclear envelope, suggesting that PAK2 may be involved in a 
novel mechanism for nuclear export.  
 

Material and methods: 
 
Cells and viruses 
Wild type mouse embryonic fibroblast (MEF) cells, PAK1-/- MEF and PAK2-/- 
MEF cells were described before (ten Klooster et al., 2006; Van den Broeke et 
al., 2009b). Cells were cultured in Dulbeccoʼs minimal essential medium 
(DMEM) with 10% fetal calf serum (FCS), 100 U/ml penicillin, 0.1 mg/ml 
streptomycin and 0,3 mg/ml glutamine (Invitrogen, Carlsbad, California, USA).  
Wild type and isogenic US3null PRV NIA3 viruses were used (Baskerville, 
1973; de Wind et al., 1990). 
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Antibodies 
Polyclonal anti-caspase 3 antibodies and rabbit anti-actin antibodies were 
from Sigma-Aldrich (St. Louis, Missouri, USA). Secundary FITC-labeled goat 
anti-rabbit antibodies were from Invitrogen (Carlsbad, California, USA).  
 
Immunohistochemistry 
After being washed once in PBS, cells were fixed with 3% paraformaldehyde 
for 10 minutes, followed by permeabilization with 0,1% Triton-X 100 for 2 
minutes. Subsequently, cells were incubated with each antibody for 1h at 
37°C. Before final washing steps, cells were incubated with Hoechst 33342 

(1/100) (Invitrogen, Carlsbad, California, USA) for 10 min. Afterwards, cells 
were washed in PBS.  
 
Electron microscopy 
For transmission electron microscopy (TEM), MEF, PAK1-/- MEF and PAK2-/- 
MEF cells were infected at a moi 20 with wt PRV or US3null PRV and fixed at 
15 or 24 hpi in increasing concentrations of Karnovsky solution (2% 
formaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer) (20%, 
33%, 100%) at 4°C. Cells were then washed three times in 0.1 M Cacodylate 
buffer (pH 7.4). After washing, the cells were postfixed in reduced osmium 
tetroxide, overnight on a rotor at 4°C. They were subsequently washed three 
times with 0.1 M Cacodylate buffer (pH 7.4) for 15 minutes and dehydrated in 
an increasing alcohol series up to 100% ethanol with a Leica EM tissue 
processor (Leica Microsystems GmbH, Groot Bijgaarden). The cells were 
placed in alcohol/Spurrʼs resin (1/3, v/v) at 4°C overnight, then in 
alcohol/Spurrʼs resin (2/3, v/v) at 4°C for 8 hours and finally in 100% Spurrʼs 
resin at 4°C overnight.  
The resin was allowed to polymerize at 70°C for 9 hours. Sections of 60 nm 
were made using a Leica EM UC6 ultramicrotome (Leica Microsystems 
GmbH, Groot Bijgaarden) on pioloform-coated (Laborimpex N.V., Brussels) 

single slot copper grids.  
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They were poststained with a Leica EM stain (Leica Microsystems GmbH, 
Groot Bijgaarden) for 20 min in uranyl acetate at 40°C and for 5 min in lead 
stain at 20°C. For examination a JEM 1010 JEOL electron microscope (Jeol 
ltd., Zaventem) was used, operating at 60 kV. Micrographs were taken with 
the Ditabis Imaging Plate Technology (Jeol ltd., Zaventem). Per section, 15 
different cells were counted.  
 
Statistics 
Three independent replicates of each experiment were performed, data 
shown are means and standard deviations, and statistical analysis was 

performed using the SPSS software. Means were compared with an analysis 
of variance and a least significant difference post hoc test for a multiple 
comparison of means (α=0.05).  
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Results: 
 

1. PAK1 plays a minor role in US3-mediated apoptosis 
 
Group A PAKs are known to play a role in a variety of apoptotic processes. 
PAK1 is activated by different stimuli that promote cell survival signaling and 
phosphorylates and thus inactivates the pro-apoptotic Bad protein 
(Schurmann et al., 2000). PAK2 on the other hand, has been implicated in 
both cell survival and cell death pathways. Caspase-mediated proteolytic 
cleavage of PAK2 plays a role in cell death, while activation of full-length 

PAK2 was shown to regulate the activity of Bad in a similar way as PAK1 
does (Jakobi et al., 2001; Rudel and Bokoch, 1997).  As US3 is known to 
have anti-apoptotic properties, the involvement of PAKs in this process was 
investigated.   
The US3-mediated effect on apoptosis was assessed in PRV-infected control 
MEFs, PAK1-/- MEFs, and PAK2-/- MEFs.  All three cell lines were infected with 
wild-type PRV or US3null PRV at a m.o.i. of 10.  
For apoptosis assays, as described earlier (Geenen et al., 2005), cells were 
stained at 24hpi for active caspase 3 and the percentage of apoptotic cells 
was determined. Consistent with earlier reports, WT MEFs showed an 
increase in the number of apoptotic cells in cells infected with US3null PRV 
compared to cells infected with wild-type PRV, underscoring the anti-apoptotic 
properties of US3. Similar results were obtained using PAK2-/- MEFs. In   
PAK1-/- cells, a slight increase in apoptotic cells could be observed in cells 
infected with wild-type PRV, compared to the other cell lines, but not to the 
level of apoptosis observed in cells inoculated with US3null PRV (Figure1). 
This suggests that PAK1, but not PAK2, may play a minor role in the anti-
apoptotic activity of US3, but this does not affect general virus production. 
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Fig.1. A. PAK1 plays a minor role in the anti-apoptotic properties of US3. 

Immunofluorescent staining of MEF, PAK1-/- and PAK2-/- cells infected with wtPRV or US3null 

PRV for capsase-3  (green color) and nuclei (blue color) B. Percentage of apoptotic cells in 

MEF, PAK1-/- and PAK2-/- cells mock infected or infected with wtPRV or US3nullPRV. Data 

shown represent means ± SD of triplicate assays. Different letters indicate significant 

differences at the 0.05 level. 
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2. PAK2 is involved in US3-assisted transport of progeny virus 
across the nuclear envelope 
 
To determine an involvement of PAK1 or PAK2 in US3-mediated transport of 
progeny virus across the nuclear envelope, cells were analyzed by electron 
microscopy. Egress of progeny virus from the nucleus occurs by budding of 
capsids in the inner nuclear membrane whereby capsids obtain their primary 
envelope, which they subsequently lose again by fusion with the outer nuclear 
membrane, resulting in delivery of naked capsids in the cytoplasm and egress 
from the nucleus. Previous studies showed that US3null virus inefficiently 

crosses the nuclear envelope, with accumulation of virus particles in the 
perinuclear space, between both membranes of the nuclear envelope, 
indicating a role for US3 in nuclear egress (Klupp et al., 2001; Ryckman and 
Roller, 2004; Wagenaar et al., 1995).  
Cells infected with wild type or US3null PRV were analyzed by electron 
microscopy at 15 and 24hpi. Consistent with earlier reports, accumulation of 
virus particles in the perinuclear space and at the inner nuclear membrane 
could be observed in control MEFs infected with US3null PRV, but not in 
control MEFs or PAK1-/- MEFs infected with wild-type PRV. Interestingly, 
similar accumulations of perinuclear virus particles were however observed in 
PAK2-/- MEFs infected with wild-type PRV. Accumulation of virus particles 
consisted of enveloped particles in invaginations of the inner nuclear 
membrane in the PNS, and/or in virus particles accumulated in the nucleus 
adjacent to the inner nuclear membrane without being surrounded by an 
obvious membrane. Quantification of total accumulation of wild-type PRV at 
the inner nuclear membrane and in the perinuclear space was done by 
scoring ± 15 infected cells. In MEF cells and PAK1-/- MEF cells almost no 

accumulation of viral particles in the nucleus was observed (0% and 2% 
respectively), while in PAK2-/- MEF cells in 40% of infected cells accumulation 
could be observed. In MEFs infected with US3null PRV, virus accumulation 
could be observed in 40 % of infected cells.  
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When accumulations in the nucleus were observed, we counted the number 
of cells with accumulations of enveloped virus in the perinuclear space and 
the number of cells with accumulations of virions at the inner nuclear 
membrane. A similar percentage of cells showed accumulations of enveloped 
virus in the perinuclear space in wtPRV-infected PAK2-/- cells as in US3null-
infected MEF cells (40% for PAK2-/- cells infected with wild type PRV versus 
42% for MEF cells infected with US3null PRV). In conclusion, PAK2 appears 
to play an important role in the US3-assisted transport of progeny virus across 
the nuclear envelope. 
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Fig.2. PAK2 is involved in US3-mediated nuclear egress. A. Electronmicroscopic images 

of MEF, PAK1-/- and PAK2-/- cells infected with wtPRV or US3nullPRV. Arrowheads indicate 

accumulation of unenveloped virus particles in the nucleus, arrows indicate accumulation of 

enveloped virions in the perinuclear space. B. Percentage of cells showing nuclear 

accumulations of virus particles.  
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3.  Perinuclear space dilations are mediated by PAK2 
 
Interestingly, we noticed that in wtPRV-infected PAK2-/- MEF cells the space 
between both nuclear membranes was often dilated (only 29.95% of cells with 
smooth, non-dilated nuclear membranes) while in control MEF cells or PAK1-/- 
MEF cells the distance between both membranes was constant and non-
dilated in a majority of the cells (80% and 65.75% respectively). Furthermore, 
in uninfected cells of all three cell lines, no dilations in the perinuclear space 
were observed. However, in control MEF cells infected with US3null PRV, 
almost all cells had a regular perinuclear space between both nuclear 

membranes (81.2%), comparable with MEFs infected with wtPRV, indicating 
that this effect is PAK2-mediated, infection-related, but not dependent on US3 
(Figure 3). 
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Fig.3. Role of PAK2 in perinuclear space dilations. A. Electronmicroscopic images of 

nuclear membrane of MEF, PAK1-/- or PAK2-/- cells infected with wtPRV and mock-infected 

PAK2-/- cells. (1) outer nuclear membrane, (2) inner nuclear membrane, arrow indicates 

dilated perinuclear space. B. Percentage of infected cells showing smooth, undilated nuclear 

membranes. 
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Discussion 
 
The US3 protein is a multifunctional protein, which, besides a role in actin 
dynamics, also has anti-apoptotic properties and is involved in nuclear egress. 
Earlier, we reported the involvement of p21-activated kinases in US3-
mediated cytoskeletal rearrangements, with different roles for PAK1 and 
PAK2: PAK1 is involved in projection formation while PAK2 mediates stress 
fiber disassembly. Furthermore, group A PAKs were shown to be involved in 
viral spread. Here, we report that PAK1 plays a minor role in the anti-apoptotic 
function of US3, while PAK2 is not involved. Furthermore, we found that PAK2 

is implicated in US3-mediated nuclear egress, pointing at a novel role for 
PAK2 in nuclear export. 
 
US3 protects cells from apoptosis by phosphorylating the pro-apoptotic Bad 
protein, which leads to its inactivation (Cartier et al., 2003; Deruelle et al., 
2007; Kato et al., 2005). On the other hand, both PAK1 and PAK2 were 
shown to also phosphorylate the Bad protein, both in vivo and in vitro (Jakobi 
et al., 2001; Schurmann et al., 2000), which made us speculate about a role 
for the PAKs in US3 mediated apoptosis. However, our results show that 
PAKs do not play a major role in the anti-apoptotic properties of US3, so 
although PAKs are activated by US3, this activation probably does not result 
in important PAK-mediated phosphorylation of Bad or PAK-mediated 
upregulation of other anti-apoptotic signaling pathways.  
PAK2 has been described to play opposing roles in apoptotic pathways.  As 
for PAK1, PAK2 can phosphorylate Bad, leading to activation of the survival 
pathway (Jakobi et al., 2001). On the other hand, PAK2 is unique among the 
PAKs because of the existence of a cleavage site for caspase-3 or a caspase-
3-like protease within the regulatory domain. Catalytic cleavage by caspase-3 
results in a N-terminal 28kDa and a C-terminal 34kDa fragment (Rudel and 
Bokoch, 1997).  
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Caspase cleavage of PAK2 is correlated with Fas- and ceramide-induced cell 
death of Jurkat cells, TNF-alpha -induced cell death of MCF-7 cells, heat 
shock-induced cell death of BALB3T3 and Hep 3B cells, and UVC light-
induced cell death of A431 cells (Chan et al., 1998; Rudel and Bokoch, 1997; 
Tang et al., 1998). So, our results pointing at a modest role for PAK1, but not 
for PAK2 in US3-mediated effects on apoptosis, are in agreement with the 
previously described more pronounced anti-apoptotic role for PAK1 than for 
PAK2, although we do not have evidence that US3 induces the formation of 
the cleaved PAK2 fragment. Furthermore, further research including 
transfection experiments and knock-in of PAK1 in the PAK1-/- cells could help 

to further clarify the role of PAKs in US3-mediated apoptosis. 
In conclusion, PAK1 seems to play a minor role in US3-mediated apoptosis, 
and US3 likely exerts its anti-apoptotic properties mainly via a mechanism 
independent of PAKs.  
 
Herpesviruses use a unique system of envelopment and de-envelopment to 
export virions out of the nucleus, without involvement of the nuclear pore 
complex (NPC) (Mettenleiter et al., 2006). Because viruses often hijack 
cellular machinery and pathways for their own goals rather than developing 
completely new mechanisms, our findings could point at a role for PAK2 in an 
unknown nuclear export system.  
Little is known about the role for PAK2 in the nucleus. Subcellular localization 
of PAK2 is regulated by nuclear export and nuclear localization signals. In full-
length PAK2, the nuclear export signal dominates over the nuclear localization 
signal, resulting in cytoplasmic localization. Caspase cleavage disrupts the 
nuclear export signal and results in nuclear accumulation of the constitutively 
active PAK2p34, where it exerts a pro-apoptotic function (Jakobi et al., 2003; 
Rudel and Bokoch, 1997). 
How could we explain the role of PAK2 in nuclear export? One possibility is 
that, similar as in the cytoplasm, PAK2 exert its function through modulation of 

actin. There is an emerging role for nuclear actin in nuclear structure and 
integrity (Pederson and Aebi, 2005).  



Role of PAK1 and PAK2 in US3-mediated apoptosis and nuclear egress                               151 
 

Furthermore, host derived actin has been shown to be incorporated in PRV 
and HSV virions as an integral part of the outer tegument layer (del Rio et al., 
2005; Grunewald et al., 2003; Michael et al., 2006) and it has been reported 
that PRV infection induces the formation of actin filaments in the nucleus 
(Feierbach et al., 2006). Also, short filamentous structures suggested to 
represent actin filaments have been reported to bridge the primary envelope 
and tegument (Baines et al., 2007). So it seems a reasonable hypothesis that 
PAK2 modulates the virion associated actin in order to facilitate nuclear 
egress. 
On the other hand, PAK2 might also work totally different in the nucleus than 

in the cytosol, exerting its function via unknown effectors. Our finding that both 
in MEFs infected with US3null PRV and in PAK2-/- MEFs infected with wtPRV, 
virions accumulate not only in the PNS, but also in the nucleus near the inner 
nuclear membrane, suggests that exit from the perinuclear space is not the 
sole contribution of US3 and PAK2 to nuclear egress. These findings are in 
agreement with reports on the involvement of US3 in regulation of lamin 
disruption and distribution of UL31 and UL34 in the nuclear membrane (Bjerke 
and Roller, 2006; Kato et al., 2006; Mou et al., 2007; Mou et al., 2009; Mou et 
al., 2008).  Since phosphorylation of UL31 could not account for the total 
accumulation of virus particles in the perinuclear space seen upon US3null 
HSV-1 infection (Mou et al., 2009), an additional role for US3 in nuclear 
egress, through activation of PAK2 may be in line with these data. 
Furthermore, several data point at differences in nuclear egress between 
different alphaherpesviruses. Especially regarding fusion of primary 
enveloped virions with the ONM, some discrepancies are reported between 
HSV-1 and PRV infection. For HSV-1, double gB-gH deletion mutant virus 
infection showed accumulation of perinuclear virions and recently US3-
mediated gB phosphorylation was reported to be involved in the fusion of the 
primary viral envelope with the ONM, while for PRV, viral glycoproteins do not 
appear to be involved in perinuclear de-envelopement and could even not be 

detected in primary virions or nuclear membranes (Farnsworth et al., 2007; 
Klupp et al., 2008; Wisner et al., 2009).  
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Indeed, for PRV, PAK2 appears to be the first target protein of US3 suggested 
to be involved in egress of viral particles from the perinuclear space. Although 
the striking similarities seen in the phenotype between the MEFs infected with 
US3null PRV and the PAK2-/- MEFs infected with wtPRV, we cannot formally 
rule out the possibility that PAK2 plays a role in nuclear egress independent of 
the US3 kinase.  
Furthermore, we report dilations in the perinuclear space in infected PAK2-/- 
cells.  This phenomenon appears to be virus related, but US3-independent. 
Normally the space between the inner and the outer nuclear membrane (PNS) 
is constant (30-50nm) and is tightly regulated (Stewart et al., 2007). A 

complex of proteins, the LINC complex, that connects the actin cytoskeleton 
via nesprins and SUN proteins to nuclear lamins and other components of the 
nuclear interior, contributes to the remarkably regular spacing between INM 
and ONM (Crisp et al., 2006). Stewart et al. suggested recently that 
alterations in nuclear lamina organization could cause cytoskeletal changes 
potentially involving the LINC complex of SUN proteins and nesprins, which 
opens up possibilities of signaling routes across the nuclear envelope that 
may bypass NPCs (Stewart et al., 2007). We suggest that PAK2 could 
influence regulation of the distance between both nuclear membranes by 
affecting the LINC complex or one of its components, but it is also possible 
that PAK2 induces changes in the nuclear lamina, which could lead to 
dilations in the perinuclear space.  
Taken together, this observation could further fit the hypothesis that PAK2 
may be involved in a novel nuclear export mechanism, other than via the 
NPC. Clearly, further studies are necessary to fully dissect the role of PAK2 
and US3 in the nucleus. 
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The alphaherpesvirus US3 protein was first described in HSV-1 as a viral 
protein that shares homology with the protein kinase family of eukaryotes and 
retroviruses (McGeoch and Davison, 1986). Later, the US3 kinase was found 
to be non-essential for virus growth in cell culture and conserved among 
alphaherpesviruses (Purves et al., 1987; van Zijl et al., 1990). This 
conservation is reflected in sequence homology, and furthermore, the target 
sequence recognized by US3 is similar for the alphaherpesvirus US3 kinase 
orthologues of PRV, HSV-1, HSV-2 and VZV (Daikoku et al., 1993; Eisfeld et 
al., 2006; Leader, 1993; Leader et al., 1991; Purves et al., 1986). In vitro 
biochemical studies characterized the consensus target sequence of PRV 

US3 as RnX(S/T)ZZ, where n is greater than or equal to 2; X can be Arg, Ala, 
Val, Pro, or Ser; and Z can be any amino acid except an acidic residue 
(Leader, 1993; Leader et al., 1991; Purves et al., 1986). Recently, the HSV-1 
US3 kinase was suggested to have a broader kinase activity than initially 
predicted since full-length lamin A, which is predicted to contain only one US3 
target sequence, was phosphorylated at multiple sites, indicating that, at least 
in vitro, the previously derived US3 kinase consensus site is not restrictive 
and other sites can also be phosphorylated (Mou et al., 2007).  The majority 
of functions reported for US3 are generally conserved among 
alphaherpesviruses. 
PRV is considered to be an excellent model to study alphaherpesvirus biology 
in general (Pomeranz et al., 2005), and given the above-mentioned 
conservation of US3 among alphaherpesviruses, PRV was used specifically in 
this thesis as a model for alphaherpesviruses to study specific aspects of the 
role of US3 in the viral life cycle in more detail.  
Several functions have been attributed to the US3 protein. Although it had 
been shown that US3 of HSV is able to phosphorylate UL31 and UL34 
(Cunningham et al., 1992; Purves et al., 1991), no real function was attributed 
to US3, until Wagenaar and colleagues reported a defect in nuclear egress for 
a US3null PRV virus (Wagenaar et al., 1995). Two years later, US3 of HSV-1 

was shown to be able to protect cells from apoptosis (Leopardi et al., 1997).  
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Both of these functions were later confirmed in other, more extended studies 
and found to depend on the kinase activity of the protein and to be largely 
conserved among alphaherpesviruses (Benetti et al., 2003; Benetti and 
Roizman, 2004; Cartier et al., 2003a; Cartier et al., 2003b; Deruelle et al., 
2007; Geenen et al., 2005; Klupp et al., 2001; Ogg et al., 2004; Ryckman and 
Roller, 2004). As an exception, for BoHV-1, no involvement of the US3 protein 
in protection of infected cells from apoptosis could be demonstrated 
(Takashima et al., 1999).  
In addition to its role in nuclear egress and apoptosis, more recently, the 
alphaherpesvirus US3 kinase was also found to be able to induce drastic 

changes in the actin cytoskeleton (Calton et al., 2004; Favoreel et al., 2005; 
Murata et al., 2000; Schumacher et al., 2005; Van Minnebruggen et al., 2003). 
During PRV infection of a cell, these changes consist of the disassembly of 
stress fibers and the formation of long, actin and microtubule containing, 
cellular projections (Calton et al., 2004; Favoreel et al., 2005; Van 
Minnebruggen et al., 2003). It was shown that virus particles were able to 
move inside these cell projections towards the tip and that this was associated 
with enhanced intercellular viral spread from one cell to another (Favoreel et 
al., 2005). 
Up to now, it was unclear whether the kinase activity of US3 is involved in the 
cytoskeletal rearrangements induced by US3. An overview of the kinase dead 
US3 mutants of different alphaherpesviruses used in several studies to clarify 
the involvement of the US3 kinase activity is given in Figure 1. The catalytic 
domains of typical eukaryotic serine/threonine protein kinases range from 250 
to 300 amino acids, and contain 11 highly conserved subdomains (Hanks and 
Hunter, 1995; Hanks et al., 1988). For HSV-2, the kinase activity of US3 was 
suggested to be important in the actin reorganization since rounding of cells, a 
phenotype linked with disassembly of actin stress fibers, was abolished upon 
transfection with four different kinase dead US3 mutant proteins (Murata et al., 
2000).  
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Experiments with all four kinase dead US3 mutants yielded similar results, 
which suggests that the kinase activity of HSV-2 US3 is probably involved in 
the HSV-2 US3-induced cytoskeletal rearrangements. However, since larger 
regions were deleted, one cannot exclude the possibility that these deletions 
have a larger impact on the protein than just abolishing the kinase activity.  
Recently, for MDV, US3-mediated actin stress fiber disassembly was reported 
to be independent of the kinase activity of the protein (Schumacher et al., 
2008). The kinase dead US3 (K220A) mutant used in this study bears a point 
mutation in subdomain VI, more specifically in the catalytic loop. The lysine at 
position 220 in this loop is a critical residue for ATP binding (Hanks and 

Hunter, 1995). Transfection of wild type MDV US3 as well as the kinase dead 
US3 mutant, were both found to induce stress fiber disassembly. However, 
different from US3-mediated stress fiber disassembly reported for other 
alphaherpesviruses, MDV-US3-mediated stress fiber disassembly is only 
temporary since stress fibers reassemble between 24 and 48 hours 
(Schumacher et al., 2008; Schumacher et al., 2005). Furthermore, no 
projection formation was reported upon MDV US3 transfection, suggesting 
that the effect of MDV US3 on the actin cytoskeleton is less dramatic 
compared to that of US3 of other alphaherpesviruses.  
For PRV, in the current thesis, we found that the kinase activity of US3 is 
absolutely required for stress fiber disassembly and projection formation, both 
in infection and transfection assays. To this end, two US3 mutants were used: 
one with a mutation of the lysine residue at position 136 and one with a 
mutation of the aspartate residue at position 223. The lysine at position 136 in 
PRV corresponds to the lysine at position 220 in MDV, mentioned above.  
Mutation of the K136 in PRV US3 to glutamine and an equivalent mutation in 
the US3 kinase of the related HSV-1 have been used before to determine 
US3 kinase involvement in specific processes (Deruelle et al., 2007; Ryckman 
and Roller, 2004).  
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Figure 1. Overview of US3 mutants used in different studies to examine the 

involvement of US3 kinase activity in actin rearrangements. Schematic representation of 

the US3 protein with the acidic cluster (AC) and the different subdomains of the US3 catalytic 

domain. Dashed lines indicate deletions, stars indicate point mutations. 

 

 

The aspartate at position 223 is also conserved in serine/threonine kinases 
and constitutes the catalytic base required for phosphotransfer (Hanks and 

Hunter, 1995), and a D223A mutation in US3 has been used earlier to 

determine US3 kinase involvement in viral axonal transport (Coller and Smith, 

2008). 

Transfection assays with US3 containing these mutations showed that the 
kinase dead US3 is unable to induce actin rearrangements. Infection assays 
with a PRV encoding D223A US3 confirmed these findings.  
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Very recently, US3 transfection experiments were also performed with BoHV-
1 and BoHV-5 (Brzozowska et al., 2009)(Ladelfa F., personal 
communication). In line with our results, US3-mediated stress fiber 
disassembly and projection formation was reported. In addition, for BoHV-1, 
these processes also appear to depend on the kinase activity of the US3 
orthologue, since a mutation close to the catalytic domain of US3  (L265P) 
abolishes cytoskeletal rearrangements (Brzozowska et al., 2009) (Figure 1). 
These data indicate that the US3-mediated modulation of the actin 
cytoskeleton is conserved in different alphaherpesviruses and in general 
depends on the catalytic activity of the US3 kinase.  

 
Previously, the effect of PRV US3 on actin dynamics was shown on two 
porcine cell types, ST and SK, and a rabbit cell line RK13, indicating that this 
effect is not cell type dependent (Van Minnebruggen et al., 2002). Our 
experiments to analyse the involvement of the kinase activity were performed 
on ST cells and repeated on murine MEF cells, with identical results, further 
confirming that US3-mediated actin rearrangements occur in a variety of cell 
types of different species. This indicates that the US3-mediated effects 
probably involve cellular proteins that are highly conserved among different 
species. Hence, this led to the hypothesis that US3 induces the cytoskeletal 
rearrangements through phosphorylation of highly conserved cellular target 
protein(s), that are likely to belong to the actin-controling Rho-GTPase 
signaling pathways.  
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RhoA, Rac1 and Cdc42 are the major Rho-GTPases. Whereas activation of 
RhoA leads to the formation of stress fibers, activation of Cdc42 leads to 
projection formation and cell rounding and Rac1 activation regularly induces 
lamellipodia (Etienne-Manneville and Hall, 2002; Hall, 1999; Heasman and 
Ridley, 2008; Nobes and Hall, 1995). RhoA on the one hand, and Cdc42 and 
Rac1 on the other hand, are interrelated but act on opposing pathways 
(Vignal et al., 2003)(see introduction, p. 30-35).  It is therefore likely that US3 
may cause the observed actin rearrangements by either inhibiting the RhoA 
pathway (and thereby stimulating Cdc42/Rac1), or alternatively, activating 
Cdc42 and/or Rac1 signaling (and thereby suppressing RhoA).  

Similar changes in the actin dynamics as in alphaherpesviruses were reported 
for vaccinia virus and HIV (Fackler et al., 1999; Valderrama et al., 2006). 
Vaccinia virus accomplishes this by inhibiting RhoA signaling whereas HIV 
appears to activate Cdc42/Rac1 signaling (Fackler et al., 1999; Valderrama et 
al., 2006). For vaccinia virus, actin changes could be attributed to the F11L 
protein, which was found to directly interact with RhoA, thereby inhibiting the 
downstream signaling from RhoA to mDia and ROCK, leading to stress fiber 
disassembly and concomitant projection formation.  
Murata and colleagues suggested for the first time that small Rho-GTPases 
could be involved in HSV-2 US3 induced cell rounding and that US3 can act 
as an upstream suppressor of the JNK in the stress-activated signaling 
pathway (Murata et al., 2000). Interestingly, DN forms of Cdc42 and Rac1 and 
DA forms of RhoA did not affect US3-induced effects for HSV-2, suggesting 
that US3 acts downstream of these proteins to induce the effects on the actin 
cytoskeleton (Murata et al., 2000). Our results were in line with these findings, 
since a general inhibitor inhibiting RhoA, Rac1 and Cdc42, as well as specific 
inhibitors for Cdc42 and Rac1 were found not to affect the actin stress fiber 
disassembly or projection formation seen upon infection. In addition, 
transfection of dominant negative forms of Cdc42 and Rac1 yielded similar 
results. All these data combined indicate that, unlike VV F11L, US3 does not 

mediate actin reorganization through direct interaction with the small Rho-
GTPases, but likely acts more downstream in the signaling pathways.  
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As mentioned above, HIV is also able to exert similar effects on the actin 
cytoskeleton, and the viral protein responsible for the induction of these 
effects was identified as the Nef protein (Fackler et al., 1999). It has been 
demonstrated that Nef recruits PAK2 and the physiological PAK2 activators 
Rac1 and Cdc42 to membrane microdomains, where they are part of a larger 
signalosome of approximately 1 MDa in size (Fackler et al., 2000).  Analysis 
of the composition of the Nef-PAK2 complex and its regulation has been 
hampered by its low stability. However, recently it has been suggested that 
activation of the guanine nucleotide exchange factor (GEF) Vav by the viral 
protein Nef leads to the activation of Cdc42 and Rac1 (Rauch et al., 2008). 

These small Rho GTPases then activate PAK2 (Lu et al., 1996; Renkema et 
al., 1999). So, indirect activation of PAK2 by Nef in HIV infection leads to 
projection formation, actin stress fiber breakdown and cell rounding, similar 
cytoskeletal rearrangements as seen in alphaherpesvirus infection.  
 
PAK2 is a member of the group A PAKs, key downstream effectors of Cdc42 
and Rac1, and these group A PAKs have been reported before to induce 
stress fiber disassembly and projection formation (Zhao et al., 1998). 
Interestingly, we found that p21-activated kinases also play a crucial role in 
US3-mediated cytoskeletal rearrangements. A general inhibitor for group A 
PAKs, IPA3 (Deacon et al., 2008), was found to inhibit US3-mediated actin 
rearrangements in infection and transfection assays. These findings were 
further confirmed in co-transfection experiments of US3 with another group A 
PAK inhibitor PID (Zhao et al., 1998).  
Since group A PAKs are highly conserved among different species, with 
orthologues in yeast and Drosophila, and exert similar functions in different 
species (Hofmann et al., 2004), it is not surprising that we observed the US3-
mediated actin remodeling in different cell types of different species. 
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Group A PAKs are normally present as autoinhibited dimers. Relief of this 
autoinhibition is required for activation. The best-characterized activation 
mechanism is mediated by binding of active Rac and Cdc42 GTPases, which 
disrupts PAK dimerization, allowing autophosphorylation that is required for 
full kinase activity (Benner et al., 1995; Gatti et al., 1999; Leeuw et al., 1998; 
Lei et al., 2000; Thompson et al., 1998; Zhao and Manser, 2005). Since 
inhibition of Cdc42 and Rac1 had no effect on US3-induced cytoskeletal 
changes, it is unlikely that this activation mechanism is responsible for the 
US3-mediated effects. However, increasing evidence for Cdc42/Rac1-
independent PAK activation pathways is emerging. Autophosphorylation and 

activation of PAKs can be stimulated by limited protease digestion (Benner et 
al., 1995; Roig et al., 2001) or sphingolipids (Bokoch et al., 1998). Importantly 
in the context of US3-mediated effects, protein binding and phosphorylation 
have been reported to induce PAK activation. The kinases Akt and PDK1 
have been shown to phosphorylate and activate PAKs (King et al., 2000; 
Tang et al., 2000), while binding of adaptor proteins like Nck and Grb2 recruits 
PAKs to activated tyrosine kinases at the plasma membrane, which results in 
the stimulation of kinase activity of PAKs (Bokoch et al., 1996; Daniels et al., 
1998; Galisteo et al., 1996; Izadi et al., 1998; Lu and Mayer, 1999; Puto et al., 
2003; Yablonski et al., 1998).  
All group A PAKs contain a threonine residue at the position corresponding to 
Thr423 in the activation loop of PAK1. The phosphorylation of this residue is 
pivotal for maintaining relief from auto-inhibition and for full catalytic function 
towards its substrates (Gatti et al., 1999). Interestingly, this threonine residue 
is preceded by an arginine and a serine and followed by a methionine and a 
valine residue in the amino acid sequence of group A PAKs, which is largely 
in agreement with the target sequence for the US3 kinase, raising the 
possibility that US3 could activate group A PAKs by direct phosphorylation. 
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Using a phospho (T423) PAK-specific antibody, we showed that group A 
PAKs indeed are phosphorylated in a US3-mediated manner in both PRV 
infection and US3 transfection assays. In vitro binding and kinase assays 
showed that recombinant PAK1 or PAK2 and US3 can interact directly in vitro 
and in addition, that US3 is able to phosphorylate both PAK1 and PAK2 
directly. Our data showing that US3 can interact with and phoshorylate both 
PAK1 and PAK2 for the first time indicate that a viral kinase can 
phosphorylate and activate group A PAKs.  
Hence, group A PAKs are crucial in PRV US3 mediated cytoskeletal 
rearrangements, but appear to activate PAK2 in another way than HIV Nef, 

namely by direct interaction and phosphorylation, although we cannot rule out 
the possibility that other proteins are also recruited and necessary for PAK 
activation by US3 in vivo. Whether US3 also recruits a GEF cannot be 
excluded, but seems unlikely because the inhibition of Cdc42 and/or Rac1 
does not inhibit the US3 mediated changes. In any case, future experiments 
based on pull-down assays of US3 and PAK in infected cells will be required 
to clarify this. 
 
In the absence of PAK2, but not PAK1, lower extracellular viral yields were 
observed after infection with wild type PRV, compared to control cells, while 
no differences were found in intracellular virus titers between the different cell 
lines. The discrepancy between intra- and extracellular virus titers probably 
points at a role for PAK2 (and US3) in viral egress.  
Interestingly, for vaccinia virus, the F11L-mediated inhibition of RhoA 
signaling was also associated with enhanced virus egress and spread, which 
has been reported to be due to F11L-mediated increase in microtubule 
dynamics and changes in the dynamics of the cortical actin (Arakawa et al., 
2007a; Arakawa et al., 2007b). Since vaccinia virus particles use microtubule-
dependent transport to efficiently reach the cell periphery (Geada et al., 2001; 
Hollinshead et al., 2001; Rietdorf et al., 2001; Ward and Moss, 2001a; Ward 

and Moss, 2001b), it may not be surprising that increased microtubule 
dynamics lead to increased viral egress.  
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Furthermore, the cortical actin presents a physical barrier for virus particles to 
reach the plasma membrane during exocytosis (Arakawa et al., 2007a).  
The reported reorganization of cortical actin probably enables virus particles 
to reach the cell periphery more easily. These actin changes may also explain 
why microtubules have an increased tendency to reach the cell periphery 
during infection (Arakawa et al., 2007b), as the cortical actin no longer 
represents a physical barrier to reaching the plasma membrane. For 
retroviruses, it was show that addition of actin disrupting agents such as 
cytochalasin D and latrunculin B led to a decrease in virus release (Sasaki et 
al., 1995), indicating that virus-induced actin remodeling may be a strategy 

used by different viruses to enhance viral release. 
Our lab reported earlier that the PRV-induced disruption of the actin 
cytoskeleton did not coincide with a disruption of the microtubule network, but 
potential changes in microtubule dynamics were not analyzed (Van 
Minnebruggen et al., 2002). It remains to be elucidated if the activation of 
PAK2 via PRV US3 protein also results in changes in cortical actin and/or 
microtubule dynamics that may explain the effect on viral egress.  
 
Since we showed that US3 induces cytoskeletal rearrangements by activating 
group A PAKs, we wondered whether US3-mediated activation of PAKs could 
also be involved in other US3-mediated functions. Indeed, there is some 
evidence for the involvement of group A PAKs in apoptosis, which made us 
speculate about a possible role for PAKs in the US3-mediated protection from 
apoptosis. Group A PAKs can phosphorylate the pro-apoptotic Bad protein, 
which leads to its inactivation and thereby protects cells from apoptosis 
(Jakobi et al., 2001; Schurmann et al., 2000). Bad phosphorylation was also 
found upon HSV and PRV infection and demonstrated to be dependent on 
US3 (Cartier et al., 2003b; Deruelle et al., 2007; Kato et al., 2005), but 
whereas for HSV it was shown that US3 phosphorylates Bad directly, this was 
not demonstrated for PRV US3, leaving the possibility open that PAKs could 

be involved herein.   
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Although we found that group A PAKs appear to be only of marginal 
importance in US3-mediated anti-apoptotic activity, our findings pointed to a 
potentially interesting biological difference in activity between PAK1 and 
PAK2. While a minor role in US3-mediated anti-apoptotic activity was 
observed for PAK1, PAK2 did not seem to be involved in US3-mediated anti-
apoptotic activity at all.  
This may be in line with the general concept that PAK1 appears to be mainly 
anti-apoptotic, whereas PAK2 can be both anti- and pro-apoptotic. Indeed, 
previous reports state that both PAK1 and PAK2 can phopshorylate Bad 
(Jakobi et al., 2001; Schurmann et al., 2000), leading to survival signaling, but 

also implicate caspase-cleaved PAK2 in pro-apoptotic signaling (Chan et al., 
1998; Rudel and Bokoch, 1997; Tang et al., 1998). The balance between pro- 
and anti-apoptotic signaling is tightly regulated and dependent on time- and 
localisation-dependent expression of the different PAK isoforms. Based on 
our data, it remains possible that PRV US3 may also directly phosphorylate 
Bad. 
 
This finding and some of our other findings are in line with an increasing body 
of evidence that PAK1 and PAK2 may have different biological functions 
(Allen et al., 2009; Arias-Romero and Chernoff, 2008; Coniglio et al., 2008; 
Hofmann et al., 2004; Rudel and Bokoch, 1997). Indeed, we also found 
differences for both PAK isoforms in PRV US3-mediated changes in the actin 
cytoskeleton with PAK1 being mainly involved in cell projection formation and 
PAK2 being of paramount importance in actin stress fiber disassembly. 
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In addition, and perhaps more importantly, we found another biological 
difference in PAK1 and PAK2 during PRV infection. More specifically, we 
reported an important involvement of PAK2 in nuclear egress of PRV, which 
was not seen for PAK1, again underscoring the possible functional differences 
of groupA PAKs. The defects in virus nuclear egress observed in PRV 
infected PAK2-/- cells strongly resembled a similar defect generally observed 
when infecting cells with US3null virus. In the absence of PAK2, wt PRV 
virions aggregated both in the nucleus and in the perinuclear space, 
comparable as reported previously for US3null virions (Klupp et al., 2001; 
Ryckman and Roller, 2004; Wagenaar et al., 1995), suggesting the 

involvement of PAK2 in the US3-mediated block in nuclear egress. Although 
in previous reports the main focus was put on the role of US3 in perinuclear 
de-envelopment, we found that US3 and PAK2 are also involved in primary 
envelopment, since viral particles not only accumulated in the perinuclear 
space, but also at the inner nuclear membrane. Several studies emphasize 
the involvement of US3-mediated phosphorylation of the UL31-UL34 complex 
in nuclear egress. Recently, it was shown that  lack of phosphorylation of 
UL31 cannot account solely for the total accumulation of virus particles in the 
perinuclear space seen upon US3null HSV-1 infection (Mou et al., 2009), 
suggesting that other unknown effectors are involved. Based on our data, it 
seems reasonable to hypothesize that PAK2 could be one of these unknown 
effectors.  
 
Very little is known about the role of PAK2 in the nucleus, so we can only 
speculate about the mechanism by which PAK2 may mediate nuclear egress.  
It may be that PAK2-mediated effects on actin organization in the cytoplasm 
may have consequences in the nucleus. For example, cytoskeletal 
rearrangements could have consequences for the organisation of the nuclear 
lamina, possibly through the LINC complex, that connects the actin 
cytoskeleton in the cytoplasm via nesprins and sun proteins to nuclear lamins 

and other components of the nuclear interior (Stewart et al., 2007). 
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However, it may also be that the PAK2-mediated nuclear egress of PRV virus 
depends on nuclear activities of PAK2. PAK2, but not PAK1, has been 
reported to travel to the nucleus upon caspase-mediated cleavage. Hence, 
potential experiments could aim at investigating whether PAK2 is cleaved and 
travels to the nucleus in PRV-infected cells. If so, it will be interesting to 
determine whether US3 could be involved and what the effect of caspase 
inhibitors is on nuclear egress of PRV.  
Recently, emerging evidence suggests a role for nuclear actin in nuclear 
integrity and architecture (Pederson and Aebi, 2005), but also in 
alphaherpesvirus biology (Feierbach et al., 2006; Forest et al., 2005; Morris et 

al., 2007; Simpson-Holley et al., 2005). Taken into account that PAK2 
modulates the actin cytoskeleton in the cytoplasm, it is also possible that 
PAK2 exerts a similar role in the nucleus. Infection induces the formation of 
nuclear actin filaments, which might be used by viral capsids for transport 
towards the sites of envelopment.  
Furthermore, actin was shown to be integrated in PRV virions as an integral 
part of the tegument layer (del Rio et al., 2005; Grunewald et al., 2003; 
Michael et al., 2006) and has been suggested to be involved in primary 
envelopment/de-envelopment (Baines et al., 2007). It will therefore be 
interesting to dissect whether US3 and/or PAK2 are involved in these 
processes.  
On the other hand, PAK2 might also act totally different in the nucleus than in 
the cytoplasm. The nuclear lamina represents a barrier for viral capsids to 
reach the INM. Although HSV US3 was shown to directly phosphorylate lamin 
A/C, leading to the disruption of the nuclear lamina, it is not unlikely that also 
PAK2, whether or not after activation by US3, is able to induce lamin 
disruption. 
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Remarkably, PAK2 also induced changes in the nuclear architecture upon  
PRV infection that appear to be independent of the US3 kinase. The distance 
between the ONM and the INM is normally tightly regulated by the LINC 
complex that connects the actin cytoskeleton to components of the nuclear 
interior (Crisp et al., 2006; Stewart et al., 2007). In PAK2-/- cells infected with 
wtPRV, frequent dilations were seen in the perinuclear space. Different 
hypothesis could possibly explain the role of PAK2 in nuclear architecture. 
PAK2 could regulate the distance between both nuclear membranes through 
interaction with one of the components of the LINC complex, but it is also 
possible that PAK2 influences the lamin architecture, leading to perinuclear 

dilations.  
Clearly, more research will be needed to clarify the biological role of PAK2 in 
nuclear architecture, in the presence or absence of PRV infection.  
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Figure 2. Overview of the US3- and group A PAK-mediated functions in cells infected 

with WT PRV. Phosphorylation by US3 (1) of PAK1 leads to the formation of cellular 

projections (2), while PAK2 phosphorylation leads to actin stress fiber breakdown (3). Both 

actin rearrangements are involved in viral spread from one cell  to another (4). Furthermore, 

PAK1 seems to play a minor role in US3-mediated protection from apoptosis (5). In the 

nucleus, US3 and PAK2 both seem to be involved in nuclear egress of progeny virus from the 

nucleus, by facilitating both budding into the perinuclear space (7) and egress from the 

perinuclear space (8), although it is speculative at the moment if US3 activates PAK2 in the 

nucleus by phosphorylation (6). PAK2 appears to be also involved in maintaining the distance 

between both nuclear membranes constant (9), a process that seems to be US3-

independent. 
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Conclusion and future prospects 
The US3 kinase induces cytoskeletal rearrangements consisting of the 
formation of actin-containing cellular projections and the disassembly of actin 
stress fibers via group A p21-activated kinases. Future experiments could aim 
at elucidating the role of PAK1 and PAK2 in in vivo infection experiments. 
PAK1 and PAK2 knock-out mice have been generated previously (Allen et al., 
2009; Hofmann et al., 2004). Whereas PAK1-/- mice were viable with relatively 
mild defects in the CNS and immune system, loss of PAK2 leads to early 
embryonic death. Currently, attempts are made to breed mice with inducible 
or tissue-specific PAK1 or PAK2 expression. These mice could also be useful 

to better understand and dissect in vivo the functional differences between 
group a PAKs that we observed in our in vitro experiments.  
In addition, more research is needed to clarify the role of group A  PAKs and 
US3 in viral egress. It will be interesting to find out whether 
alphaherpesviruses also modulate cortical actin and microtubule dynamics to 
facilitate viral egress, similarly as reported for vaccinia virus (Arakawa et al., 
2007a; Arakawa et al., 2007b). 
Furthermore, our data suggest a novel role for PAK2 in nuclear export, 
probably independent of the nuclear pore complex. Certainly a lot of questions 
remain unanswered and further research is needed to gain more insight into 
the role of PAK2 in the nucleus. Future experiments could aim at elucidating 
the role of PAK2 in nuclear architecture and in which cellular processes PAK2 
is involved in the nucleus. Also, it would be interesting to investigate if these 
processes are exploited by alphaherpesviruses and more specifically by the 
US3 kinase to facilitate viral egress from the nucleus. 
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Summary 
 
The US3 kinase is a serine/threonine kinase, which is conserved among 
alphaherpesviruses and has been implicated in a variety of functions. Besides 
a role in virus egress from the nucleus and anti-apoptotic properties, the US3 
kinase was found to induce cytoskeletal rearrangements, consisting of the 
formation of actin-containing cellular projections and induction of stress fiber 
disassembly, which were found to be associated with increased viral spread.  
The major aim of this study was to obtain better insights into the mode of 
action of the US3 kinase with emphasis on the actin cytoskeleton changes. 

 
In the first chapter, a brief introduction is given on alphaherpesviruses in 
general and more specifically on the US3 kinase. Furthermore, an overview of 
the actin cytoskeleton and its regulation is given, with special attention for the 
small Rho-GTPases and p21-activated kinases. Additionally, this chapter 
reviews the current knowledge on viral interactions with the actin cytoskeleton 
with emphasis on the involvement of small Rho-GTPases and p21-activated 
kinases in the viral life cycle.  
 
In chapter 2, the aims of this thesis are described. 
 
In chapter 3, we investigated whether the kinase activity of the US3 kinase is 
involved in the US3-mediated cytoskeletal rearrangements.  
Therefore, ST cells were transfected with wtUS3 or a kinase dead mutant 
US3. Two different constructs bearing point mutations in the US3 coding 
sequence that abolish the kinase activity were used to ensure that any effects 
seen could be attributed to the loss of catalytic activity. In cells transfected 
with wtUS3, loss of stress fibers and projection formation was seen in the 
majority of the cells, while in cells expressing the kinase dead US3 mutants, 

stress fibers remained intact and no projection formation was observed.  
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Cells infected with kinase dead US3 mutant viruses showed a similar lack of 
rearrangements in the actin cytoskeleton as reported earlier for cells infected 
with US3null PRV virus, further showing that the kinase activity is indeed 
crucial for US3-induced changes in the actin cytoskeleton. Our results were 
performed on ST cells and repeated on MEF cells, with comparable results, 
further confirming that US3-mediated actin rearrangements occur in a variety 
of cell types.  
So, the kinase activity of US3 is critical for both stress fiber disassembly and 
projection formation, implying that US3 induces cytoskeletal rearrangements 
through phosphorylation of cellular target protein(s).  

 
In chapter 4, the mechanism by which US3 induces the reported actin 
remodeling was investigated.  
Actin dynamics are mainly regulated by small Rho-GTPases, and Cdc42, 
Rac1 and RhoA are the best-characterized small Rho GTPases. A general 
inhibitor inhibiting RhoA, Rac1 and Cdc42, as well as specific inhibitors for 
Cdc42 and Rac1 were used in infection experiments to test the involvement of 
small Rho GTPases in the US3-mediated actin rearrangements. Inhibition of 
the small Rho-GTPase could not abolish the actin stress fiber disassembly or 
projection formation seen upon infection. In addition, transfection of dominant 
negative forms of Cdc42 and Rac1 yielded similar results, suggesting that 
US3 does not mediate actin reorganization through direct interaction with the 
small Rho-GTPases, but probably acts more downstream in the Rho-
mediated signaling pathways.  
Since p21-activated kinases are known to induce similar actin rearrangements 
as reported for US3, and since they are key downstream effectors of Cdc42 
and Rac1, it did not seem unlikely that these group A PAKs could be involved 
in the US3-mediated actin remodeling.  
To find out whether p21-activated kinases play a role in US3-mediated 
cytoskeletal rearrangements, a general inhibitor for group A PAKs, IPA3, was 

added to ST cells infected with wtPRV. Inhibition of group A PAKs strongly 
reduced the actin rearrangements seen upon infection.  
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Addition of IPA3 to cells transfected with wtUS3 yielded similar results. These 
findings were further confirmed in co-transfection experiments with another 
groupA PAK inhibitor PID. In summary, experiments with group A PAK 
inhibitors indicated that group A PAKs are important for US3-mediated 
cytoskeletal rearrangements.  
Using a phospho (T423-402) PAK-specific antibody, we showed that group A 
PAKs indeed are phosphorylated in cells expressing US3. Furthermore, in 
vitro binding and kinase assays showed that recombinant PAK1 or PAK2 and 
US3 can interact directly in vitro and that US3 can phosphorylate both PAK1 
and PAK2 directly. 

Quite unexpected, we found that PAK1 and PAK2 are implicated in different 
biological processes. In PAK1-/- cells infected with wtPRV, a strong reduction 
in the number of cells with projections was observed, while almost all cells 
had disassembled stress fibers. On the other hand, in infected PAK2-/- cells, 
there was a slight increase in the number of cells with projections, but almost 
all cells had retained intact stress fibers. So, whereas PAK2 plays an 
important role in US3-mediated actin stress fiber disassembly, PAK1 seems 
to be mainly involved in US3-mediated projection formation. Furthermore, viral 
spread was hampered in both monolayers and sparsely seeded cells in  
PAK2-/- cells, but only in sparsely seeded cells in PAK1-/- cells. 
In the absence of PAK2 but not PAK1, lower extracellular viral yields were 
observed after infection with wild type PRV, compared to control cells, while 
no differences were found in intracellular viral titers between the different cell 
lines, indicating that PAK2 is involved in viral egress. 
In summary, we found that US3 induces cytoskeletal rearrangements through 
activation of group A PAKs. Furthermore, we reported biological differences in 
the role of PAK1 and PAK2, with different consequences for virus egress and 
spread. 
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In chapter 5, the role of group A PAKs in other US3-mediated processes was 
investigated.  
Group A PAKs were reported before to be involved in anti-apoptotic signaling, 
through inactivation of the pro-apoptotic Bad protein. Since US3 has also 
been implicated in Bad inactivation, a possible role for group A PAKs in the 
anti-apoptotic US3-mediated protection from apoptosis was investigated. 
While a minor role for PAK1 was observed in the US3-mediated protection 
from apoptosis, PAK2 did not seem to be involved.  
In addition, we reported an important involvement of PAK2, but not PAK1, in 
nuclear egress of virus particles. Similarly as reported before in US3null virus 

infection, accumulation of enveloped virus particles in large invaginations in 
the perinuclear space was seen upon infection with wtPRV in PAK2-/- cells, 
suggesting a role for PAK2 in US3-assisted export of progeny virus from the 
nucleus. 
Interestingly, PAK2 was also found to be involved in virus-induced changes in 
nuclear architecture upon infection that appear to be independent of the US3 
kinase. Normally, the distance between the inner and outer nuclear 
membrane is constant and tightly regulated. In PAK2-/- cells infected with 
wtPRV, several dilations of the perinuclear space were observed. 
Taken together, whereas PAK1 was found to play a minor role in US3-
mediated protection from apoptosis, PAK2 was identified as an important 
protein in the export of progeny virus from the nucleus, pointing at a possible 
role for PAK2 in a novel nuclear export route and suggesting that PAK2 may  
have biological functions in the nucleus.  
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Conclusion 
The US3 kinase induces cytoskeletal rearrangements consisting of the 
formation of actin-containing cellular projections and the disassembly of actin 
stress fibers through direct phosphorylation of p21-activated kinases. 
Interestingly, PAK1 appears to be involved in projection formation, while 
PAK2 mediates stress fiber disassembly, pointing at different biological roles 
for both PAKs. Furthermore, our data suggest a novel role for PAK2 in nuclear 
export, probably independent of the nuclear pore complex. PAK2 seems to be 
involved in different processes in the nucleus, either US3-dependent, or US3-
independent. Further research is certainly necessary to clarify the role of 

PAK2 in the nucleus.  
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Samenvatting 
 
Het US3 kinase is een serine/threonine kinase dat sterk geconserveerd is in 
de alfaherpesvirusfamilie en dat een rol speelt in een verscheidenheid aan 
functies. Het is betrokken in de uittrede van virus partikels uit de kern en heeft 
anti-apoptotische eigenschappen. Daarnaast induceert het US3 eiwit 
veranderingen in het cytoskelet, namelijk de vorming van lange cellulaire 
uitlopers en de afbraak van actine stress fibers en deze veranderingen 
werden geassocieerd met efficiënter spreiden van het virus.  
Het doel van deze thesis was om een beter inzicht te krijgen in hoe het US3 
kinase eiwit werkt, met nadruk op de US3-gemedieerde veranderingen in het 

actine cytoskelet. 
 
In het eerste hoofdstuk wordt een korte inleiding gegeven over 
alfaherpesvirussen in het algemeen en meer specifiek over het US3 kinase. 
Daarnaast wordt een overzicht gegeven van het actine cytoskelet en de 
regulatie ervan, met speciale aandacht voor de Rho-GTPasen en p21-
geactiveerde kinasen.  Tenslotte vat dit hoofdstuk de huidige kennis over 
interacties van virussen met het actine cytoskelet samen, met nadruk op de 
rol van Rho-GTPasen en PAKs in de virale levenscyclus. 
 
In het tweede hoofdstuk worden de doelstellingen van deze thesis 
beschreven.  

 
In het derde hoofdstuk werd onderzocht of de kinase activiteit van het US3 
kinase belangrijk is voor de veranderingen in het cytoskelet die het US3 eiwit 
veroorzaakt.  
Daarvoor werden ST cellen getransfecteerd met het wt US3 eiwit en met 
mutante US3 eiwitten die geen kinase activiteit vertonen. Er werden twee 
verschillende mutanten gebruikt die elk een andere puntmutatie hebben die 

de kinase activiteit van het US3 eiwit verstoort, om te verzekeren dat het 
effect dat wordt gezien met deze mutanten te wijten is aan de afwezigheid van 
de kinase activiteit van het US3 eiwit.  
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In cellen die getransfecteerd werden met het wt US3 eiwit werd afbraak van 
stress fibers en vorming van uitlopers gezien. In cellen getransfecteerd met 
de mutante US3 eiwitten daarentegen werd geen uitlopervorming 
waargenomen en bleven de actine stress fibers intact in de meeste cellen. 
Een virus dat een kinase-inactief US3 eiwit tot expressie brengt, bleek, net als 
een mutant virus dat helemaal geen US3 tot expressie brengt, niet in staat om  
veranderingen te induceren in het actine cytoskelet. Dit toont nogmaals aan 
dat de kinase activiteit van het US3 eiwit nodig is voor de 
cytoskeletveranderingen die het US3 eiwit induceert.  
Onze experimenten werden uitgevoerd op ST cellen en herhaald op MEF 

cellen, met gelijkaardige resultaten, wat aantoont dat de actine veranderingen 
die het US3 eiwit induceert in verschillende celtypes kunnen gebeuren. 
 
In het vierde hoofdstuk werd het mechanisme waarmee het US3 eiwit de 
voorgenoemde veranderingen in het actine cytoskelet induceert onderzocht. 
Het actine cytoskelet wordt in het algemeen gereguleerd door Rho-GTPasen 
en Cdc42, Rac1 en RhoA zijn de best bestudeerde Rho-GTPasen. Er werd 
gebruik gemaakt van een algemene inhibitor die zowel Cdc42, Rac1 als RhoA 
inhibeert, alsook van specifieke inhibitoren voor Cdc42 en Rac1, om de 
betrokkenheid van de RhoGTPasen in de reorganisatie van het actine 
cytoskelet te onderzoeken. Inhibitie van de Rho-GTPasen kon de 
actineveranderingen veroorzaakt door infectie niet teniet doen. Daarenboven 
leidde transfectie van dominant negatieve vormen van Cdc42 en Rac1 tot  
vergelijkbare resultaten, wat aantoont dat de Rho-GTPasen waarschijnlijk niet  
rechtstreeks betrokken zijn in de US3-gemedieerde actine reorganisatie. 
Daar voor groep A PAKs werd beschreven dat ze gelijkaardige 
cytoskeletveranderingen induceren als waargenomen voor het US3 kinase en 
daar deze PAKs centrale regulatoren zijn in de downstream signalisatie van 
Cdc42 en Rac1, leek het niet onlogisch om te veronderstellen dat deze PAKs 
betrokken zouden kunnen zijn in de cytoskeletveranderingen die het US3 eiwit 

veroorzaakt. Daarom werd een inhibitor van groep A PAKs (IPA3) toegevoegd 
aan ST cellen die werden geïnfecteerd met wtPRV.  
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Inhibitie van groep A PAKs leidde tot een sterke vermindering van de actine 
reorganisatie die normaal wordt gezien na infectie. Ook in transfectie 
experimenten werden vergelijkbare resultaten gevonden wanneer de IPA-3 
inhibitor werd gebruikt. Bovendien resulteerde het gebruik van een andere 
inhibitor van groep A PAKs, PID, in vergelijkbare resultaten, wat verder 
bevestigt dat groep A PAKs een belangrijke rol spelen in de US3-
gemedieerde cytoskeletveranderingen. 
Door gebruik te maken van een fosfo (T423-402) PAK-specifiek antilichaam 
werd aangetoond dat PAKs gefosforyleerd worden in cellen die het US3 eiwit 
tot expressie brengen. Daarenboven werd in in vitro bindings en fosforylatie 

experimenten aangetoond dat recombinant US3 direct kan interageren met 
zowel PAK1 als PAK2 en beiden direct kan fosforyleren. 
Nogal onverwacht werd aangetoond dat PAK1 en PAK2 betrokken zijn in 
verschillende biologische processen. In PAK1-/- cellen die werden 
geïnfecteerd met wt PRV werd een sterke reductie in het aantal cellen met 
uitlopers waargenomen, maar had de meerderheid van de cellen geen intacte 
stress fibers meer. In geïnfecteerde PAK2-/- cellen daarentegen behielden 
bijna alle cellen intacte stress fibers, maar werden ook uitlopers gevormd in 
de meeste cellen. PAK1 lijkt dus vooral betrokken te zijn in de US3-
gemedieerde vorming van uitlopers, terwijl PAK2 een belangrijke rol lijkt te 
spelen in de US3-gemedieerde afbraak van stress fibers. Daarenboven werd 
ook een verminderd spreiden van het virus aangetoond in monolagen en dun 
geplante PAK1-/- cellen, terwijl dit bij PAK2-/- cellen enkel het geval was in dun 
geplante cellen en niet in monolagen.  
In de afwezigheid van PAK2, maar niet van PAK1, werden lagere 
extracellulaire wtPRV titers gevonden in vergelijking met controle cellen, 
terwijl geen verschillen werden gevonden in intracellulaire titers.  
Samengevat werd aangetoond dat US3 cytoskeletveranderingen veroorzaakt 
door activatie van groep A PAKs. Bovendien werd aangetoond dat PAK1 en 
PAK2 hierbij verschillende biologische functies vervullen, met consequenties 

voor vrijstelling en spreiden van het virus.  
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In het vijfde hoofdstuk werd de rol van groep A PAKs in de andere functies 
van het US3 kinase bestudeerd. 
Groep A PAKs spelen een rol in anti-apoptotische signalisatie door de 
inactivatie van het pro-apoptotische Bad eiwit. Aangezien ook het US3 eiwit 
betrokken is in Bad-inactivatie, werd onderzocht of groep A PAKs een rol 
zouden kunnen spelen in de anti-apoptotische eigenschappen van het US3 
eiwit. Hoewel een beperkte rol voor PAK1 in de US3-gemedieerde 
bescherming tegen apoptose werd aangetoond, bleek PAK2 niet betrokken te 
zijn hierin. 
Wel werd een belangrijke rol voor PAK2 aangetoond in de uittrede van 

viruspartikels uit de kern. Vergelijkbaar met wat eerder werd beschreven voor 
infectie met een virus dat het US3 eiwit niet tot expressie brengt, werd in 
PAK2-/- cellen die werden geïnfecteerd met wtPRV ophopingen van 
viruspartikels in de kern waargenomen. Deze ophopingen werden zowel aan 
het binnenste nucleaire membraan als in grote invaginaties van de 
perinucleaire ruimte gezien en suggereren een rol voor PAK2 in export van 
viruspartikels uit de nucleus.  
Daarenboven bleek dat PAK2 ook betrokken is in virus-geïnduceerde 
veranderingen in de nucleaire architectuur, waarbij het US3 niet betrokken lijkt 
te zijn. Normaal is de afstand tussen het binnenste en buitenste 
kernmembraan constant en sterk gereguleerd. In geïnfecteerde PAK2-/- cellen 
werden echter verbredingen van de perinucleaire ruimte waargenomen. 
Tot slot kan worden besloten dat PAK1 een, weliswaar beperkte, rol blijkt te 
spelen in de US3-gemedieerde bescherming tegen apoptose, terwijl PAK2 
een belangrijke rol speelt in de export van viruspartikels uit de kern. De 
bevindingen wijzen op de mogelijke betrokkenheid van PAK2 in een nieuw 
export mechanisme uit de kern en tonen aan dat PAK2 tijdens PRV-infectie 
ook een rol lijkt te spelen in de kern die onafhankelijk is van US3. 
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Conclusie 
Het US3 eiwit veroorzaakt de cytoskeletveranderingen, die bestaan uit de 
vorming van uitlopers en de afbraak van actine stress fibers, via directe 
fosforylatie en activatie van groep A PAKs. 
PAK1 blijkt betrokken te zijn in uitlopervorming terwijl PAK2 een rol blijkt te 
spelen in stress fiber afbraak, wat wijst op verschillende biologische functies 
voor beide groep A PAKs. Daarenboven wijzen onze resultaten op een 
nieuwe rol voor PAK2 in uittrede uit de kern, die waarschijnlijk onafhankelijk is 
van het nucleaire porie complex. PAK2 blijkt tijdens PRV-infectie betrokken te 
zijn in verschillende processen in de kern, waarvan sommige US3 afhankelijk 

en andere US3-onafhankelijk lijken te zijn.  
Verder onderzoek is zeker nodig om de rol van PAK2 in de kern verder op te 
helderen. 
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Dankwoord 

 
Ontzettend veel mensen hebben bijgedragen tot het tot stand komen van dit 
doctoraat en ik ben dan ook heel blij dat ik nu eindelijk de kans krijg om jullie 
allemaal uitgebreid te bedanken.  
 
Herman, natuurlijk moet ik jou eerst en vooral bedanken. Jouw bijdrage aan 
mijn doctoraat is heel moeilijk te overschatten! Ik ben je dan ook ongelooflijk 
dankbaar voor alles wat ik van jou heb geleerd en alle hulp die ik gekregen 
heb gedurende de voorbije vier jaar. Ik had mij echt geen betere promotor 

kunnen wensen. Bedankt voor het vertrouwen dat je in mij hebt gehad en alle 
mogelijkheden die je mij hebt geboden de voorbije jaren. Je stond altijd klaar 
als ik weer maar eens je bureau kwam binnenlopen, zowel voor praktische 
hulp, als voor het helpen bedenken van experimenten, het supersnel 
verbeteren van teksten of eender welk ander probleem. Ook heel erg bedankt 
dat ik mee mocht naar de herpesviruscongressen in Asheville en Greifswald. 
Ondanks het feit dat mijn presentatiekunsten nog altijd veel te wensen 
overlaten, heb ik er veel bijgeleerd, ook op wetenschappelijk gebied, en er 
ook vooral een plezante tijd gehad. Bedankt om mij de kans te geven om in 
de toekomst mijn onderzoek verder te zetten in de PRV-groep. Ik kan alleen 
maar hopen dat ik op dezelfde aangename manier met jou kan blijven 
samenwerken. 
 
Hans, bedankt voor je interesse in mijn werk en de kritische opmerkingen en 
suggesties tijdens de seminars. Verder herinner ik mij ook enkele 
legendarische, niet wetenschappelijke momenten, op de 
herpesviruscongressen en labouitstappen die zeker hebben bijgedragen tot 
de sfeer.  
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Daarnaast wil ik ook de overige leden van de begeleiding- en 
examencommissie (Prof. Dr. Smith, Prof. Dr. Saelens, Prof. Dr. Verhasselt, 
Prof. Dr. Peelman, Prof. Dr. Pasmans en Prof. De Brabander) bedanken voor 
de tijd die zij gestoken hebben in het grondige doornemen en bijsturen van 
deze thesis.  
 
Dr. J. Chernoff and Maria, thanks a lot for the very constructive collaboration!! 
Itʼs been a pleasure working with you! Thanks for performing the experiments 
that didnʼt work in my hands, for sending us all the tools we needed and for 
the help with the manuscripts!! 

Dr. G. Smith and K. Coller, thanks a lot for the help with the mutant viruses 
and performing the RFLP analyses. 
 
Als volgende wil ik eerst en vooral het labo virologie bedanken voor de 
voorbije jaren, die dankzij jullie zijn voorbijgevlogen. Na bijna vier maanden 
afwezigheid, heb ik er nooit tegenop gezien om terug te komen werken 
(hoewel t niet makkelijk was om Jules achter te laten). En dat heeft alles te 
maken met alle lieve mensen die hier dag in dag uit rondlopen. Ik wil iedereen 
in de eerste plaats bedanken om (ik spreek voor mezelf, maar denk dat dat 
wel voor een heleboel anderen ook geldt) ervoor te zorgen dat ik mij echt 
thuis voel op t labo. 
 
Hierbij moet het fantastisch technisch personeel van de viro als eerste 
persoonlijk bedankt worden. Eerst in t algemeen, velen van ons beseffen niet 
dat het een ware luxe is dat jullie in dit labo zo veel en zo betrouwbaar werk 
voor de doctoraatstudenten verrichten!!! t Was dan ook een plezier om met 
jullie te mogen samenwerken en ook om naast 1 van jullie aan de flow te 
zitten. Bedankt ook voor jullie gemeende interesse in de vorderingen van mijn 
experimenten. Natasha, ik weet dat ik soms heel veel van jou gevraagd heb, 
(je zal je de twee laatste weken voor je vakantie wel blijven herinneren denk 

ik) en ik wil je toch eens extra bedanken om -na een ietwat moeilijk start - 
deze hectisch periode tot een goed einde te hebben gebracht.  
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Carine, jou wil ik vooral bedanken om altijd met een glimlach klaar te staan 
voor alles en iedereen en voor de bezorgdheid voor ieder experiment. Heel 
erg bedankt voor de hulp bij het afwerken van mijn publicatie. Ze was van 
onschatbare waarde!! Lieve, als ik aan jou denk is dat vooral in verband met 
titraties. Ik denk dat geen van ons beiden nog weet hoeveel je er voor mij hebt 
uitgevoerd. Ik besef heel goed dat daar heel veel werk (en niet meteen het 
meest boeiende) is ingekropen. Een dikke merci daarvoor!! Ook aan Nele en 
Melanie die altijd wel wilden inspringen als Lieve het niet alleen aankon, dank 
u wel! Chantal, merci voor het opgroeien van onze virusstocks. Chris, bedankt 
voor je hulp bij antistoffen en paraformaldehyde en geniet van je pensioen! 

Dries, merci om hier en daar ne keer een midiprepke of een blotje voor mij te 
willen lopen! 
Fernand en Geert, t was altijd een plezier om jullie tegen te komen in de gang 
en keuken. Bedankt voor het draaiende houden van t labo, want zonder jullie 
vele werk met afwas en autoclaveren, zou t al snel in t honderd lopen. 
Bedankt ook voor jullie hulpvaardigheid bij allerlei (vaak kleine) technisch 
problemen met schudders en pompen. t Is ongelooflijk hoe jullie bijna alles 
terug aan de praat krijgen.  
Gert en Ann, eerst en vooral merci voor alle ʻgewoneʼ bestellingen 
(vertragingen waren nooit aan jou te wijten), en dan natuurlijk ook voor alle 
ʻbuiten”gewone bestellingen. Gert, ook ik stond af en toe aan je bureau voor 
iets dat “superdringend” was en of t toch niet toch besteld kon worden en niet 
één keer maakte je er een probleem van. Een dikke merci dus!!  Daarnaast 
ook bedankt voor je bijdrage tot de algemene sfeer met snedige opmerkingen 
of knappe photoshopbewerkingen. Mieke, bedankt voor de vlekkeloze 
administratie en hulp bij alle mogelijke probleempjes, maar vooral voor je 
opgewektheid. Dirk, dank u wel voor de hulp bij de vele computerproblemen 
(vaak te wijten aan mijn onkunde), waarbij je altijd direct en met de glimlach 
aan mijn bureau stond en het probleem snel oploste. 
Marijke, bedankt voor het proper houden van t labo en onze bureau en ook 

voor de leuke babbels.   
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Dan eerst een woordje van dank aan mijn medeleden van de PRV-groep: 
Matthias, we zijn ongeveer samen begonnen en je bent zowat mijn trouwste 
bureaugenoot gebleven. Door je lichte voorsprong heb je mij ingeleid in het 
leven op de Diergeneeskunde en alle gewoonten bijgebracht. Ook later heb ik 
altijd goed met jou kunnen samenwerken en kon ik steeds op jou rekenen. 
Merci daarvoor!!  Bedankt ook voor het verdragen van alle vrouwen in den 
bureau, te zorgen voor de nodige hilariteit door t zoveelste accidentje of 
straffe stoot, je gemompel ;-),… Nog heel veel succes met de laatste loodjes 
van je doctoraat en ik wens je af en toe wat meer geluk , ge zijt er nu bijna, 
ik ben er zeker van da ge der wel geraakt! 

Nick, merci voor uw algemene interesse in zowel experimenten als 
fietsperikelen van Henk, de aangename gesprekken in de gang en de keuken 
en vooral voor de leuke momenten buiten t labo: raften in Asheville, de 
memorabele go-cartrace, iets gaan drinken in t boerderijtje enz.,…  
Nina -hoewel t nog altijd nie gelukt is om u op de fiets te krijgen- toch een heel 
dikke merci voor de geanimeerde gesprekken, je algemene interesse (zowel 
voor t werk als daarbuiten), vrolijke intermezzoʼs, chocolademomenten 
(eindelijk ne compagnon, hoewel ik zoʼn licht vermoeden heb dat we onlangs 
nog enkele chocoladevriendjes hebben bijgekregen), taxiritjes naar Gent,… Ik 
bewonder hoe je altijd klaarstaat om iedereen te helpen! Nog heel veel succes 
met je verdere onderzoek!! 
Maria en Thary (Iʼll do this in Dutch Maria, because Iʼm impressed by the 
amount of Dutch you ʻve already learned in such a short time, so Iʼm sure 
youʼll understand it), ik ken jullie nog maar pas, maar ik ben er zeker van dat 
we goed zullen kunnen samenwerken en samen ook veel plezier zullen 
beleven. Allebei heel erg veel succes met het begin van jullie onderzoek!!  
Ann, ook al heb je ons ondertussen verlaten, bedankt voor alle hulp en goede 
raad de voorbije jaren. 
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Dan is t nu eindelijk de beurt aan u Hanne! Hanne, t is allemaal begonnen 
toen we samen begonnen op t VIB in Zwijnaarde naar t IWT moesten. k Ben 
heel blij dat ik u daar heb leren kennen en ook echt heel blij dat we toen          
-ondanks de heel kleine kans- toch onze “duojob” gevonden hebben!  Merci 
voor alle leuke momenten, het fietsgezelschap, je opgewektheid, alle hulp en 
het luisterend oor dat je altijd met een grote glimlach bent geweest!  
Nog een speciaal woordje van dank aan de “moleculairen”: Nick, Merijn, 
Matthias, Hanne, Dries, Wandertje (PLOS-man!!), Ann: t was altijd een plezier 
om in t (soms overvolle) moleculair te werken. k Heb t gevoel dat ik de 
voorbije vier jaar toch t meest met jullie heb samengewerkt, hoewel niet echt 

aan dezelfde experimenten, toch vaak op hetzelfde tijdstip op dezelfde plaats. 
Merci voor de vrolijke samenwerking, voor het ondertussen legendarische 
sieeline, en jullie algemene enthousiasme (en aanpassen van blotschemaʼs)!! 
Ne speciale merci aan de mensen die daar hunnen bureau hadden: sorry dat t 
soms wa te luidruchtig was.  
Wander, Merijn en Leslie, merci voor de steun toen t mij effkes echt teveel 
werd op een avond (ge zult het u wel nog herinneren, gelukkig kan ik het ook 
nog op de zwangerschapshormonen steken), jullie hebben mij toen echt 
geholpen om t weer te zien zitten!! Dries, ne specialen merci voor de 
volharding om iedereen toch maar nog ne keer te laten buiten komen en 
nadat dat dan gelukt was, om moeite te blijven doen om iedereen erop te 
wijzen nie over t werk te praten. 
Miet, Nina, Hanne, Karen, Inge, Thary en Maria (maar natuurlijk ook alle 
anderen die ons zo nu en dan vervoegen): bedankt voor de gezellige 
middagen en voor jullie enthousiasme voor vanalles en nog wat!! 
De twee Sarahs! Allebei heel erg bedankt voor jullie hulpvaardigheid en de 
leuke momenten die ik met jullie heb beleefd. Jullie hebben allebei  (elk op 
zijn eigen manier) zeker bijgedragen aan de goede sfeer in t labo. Sarah C., 
merci voor de gezamelijke babyreceptie Anneline mag zich gelukkig prijzen 
met een mama zoals jij! Els, bedankt om ons aan te zetten om te beginnen 

lopen. We hebben t even volgehouden maar we zouden t toch eens terug 
moeten oppakken.  
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Leslie, nogmaals heel erg bedankt voor de superverrassing uit Cuba!! We 
vonden het heel erg lief! Annelies, hoewel we op het labo niet erg veel contact 
hebben, vond ik de week die we samen in Asheville hebben doorgebracht 
heel plezant. Merci om mijn kamergenootje geweest te zijn! Hannah, Evelien, 
Iris, Gerald, Matthias C., Joao, Annick, Gerlinde, Filip, David, Marc, Debby, 
Sjouke, Sabrina, Dipu, Uladzimir, Ben, Lennert, Dominique, Annelike, 
Annebel, Kalina en Peter (en hopelijk ben ik nu niemand vergeten), dank u 
wel dat jullie het labo maken wat het is en voor alle hulp en alle aangename 
momenten de voorbije jaren! Het grote enthousiasme bij nieuwe voorstellen 
en de bijdrage van zoveel mensen draagt ook bij tot de fantastische sfeer op 

de Virologie. Ik denk dat er weinig laboʼs zijn waar zoveel mensen zo hard 
werken en toch nog de tijd vinden om ʻna de urenʼ (in ons geval misschien wel 
een vreemde uitdrukking en voor sommigen dus ook vaak “tussen” de uren) 
samen iets te gaan eten of drinken.  Ik heb mij altijd ontzettend goed 
geamuseerd op deze uitstapjes (en hoop dat er nog veel mogen volgen)!  
Dank u wel daarvoor allemaal! 
 
Ik wil ook iedereen vree wel bedanken voor de cadeautjes voor Jules maar 
vooral ook voor de vele babybezoekjes. We vonden het superleuk dat jullie 
met zovelen zowel in het ziekenhuis als thuis op bezoek kwamen. Het deed 
ons echt heel veel plezier!!! 
 
Ook wil ik iedereen bedanken voor de flexibiliteit als ik toch nog ʻjuist enkele 
minuutjesʼ in de flow moest zijn. Ondanks de overbevolking ben ik er toch 
altijd in geslaagd mijn experimenten er ergens tussen te krijgen en dat 
Marijke, t was altijd leuk dat jij er al was als ik weer eens in de vroege ochtend 
naar t labo kwam voor een of ander experiment of om toch nog op tijd zijn 
voor een flow. Merci ook aan iedereen voor de bereidheid om “nog een 
kleinigheidje” voor mij te doen zodat ik niet voor 5 minuutjes moest 
terugkomen ʼs avonds of in t weekend!  En voor t aangename gezelschap bij t 

werk dat dan toch ʻs avonds of in t weekend moest gebeuren.  
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t Was altijd leuk om daar dan nie alleen te zitten (en ge moet soms u best 
doen om een uur te vinden da ge niemand tegenkomt!). 
 
Dan zou ik ook mijn vele bureaugenootjes willen bedanken voor hun 
aangename gezelschap. Ik heb net eens geteld en ik heb in de voorbije 4 
jaren mijn bureau gedeeld met 14 verschillende mensen (Kristien, Maryam, 
Kris, Matthias, Eva, Nora, Annelies, Vesna, Nina, Pedro, Ann, Maria, Thary, 
Mathias C.). Allemaal enorm bedankt!!  
Dan is t de beurt aan onze ʻnieuwe vriendjesʼ van de immuno. Doordat ik van 
in het begin in een “gemengde” bureau zat, vond ik de “integratie “ wel redelijk 

vlot verlopen. Kristien, ik denk dat ik wel mag zeggen dat jij er vooral voor 
gezorgd hebt dat ik een beetje ingeburgerd geraakte in de immuno, heel erg 
bedankt voor de vele plezante momenten in ons labo/bureau!!  
Annelies, Kris, Maryam, Eva, Vesna, Edith, Bert, Philippe, Simon, Griet, 
Maaike, Bakr, Pedro, Rudi, Delfien, Tine, Michaela en Denise, merci voor de 
fijne taartmomenten en vrijgezellenavonden! Ik weet dat het niet altijd 
gemakkelijk was (en is?) om ons aan elkaar gewoonten aan te passen na “de 
versmelting”. Ik heb nog niet veel praktisch werk gedaan sinds de verhuis, 
maar hoop dat daar nu snel verandering in zal komen en ben er zeker van dat 
de samenwerking met jullie heel vlot zal verlopen! 
Edith, t was altijd fijn om samen naar huis te fietsen, merci voor de 
compagnie! 
 
Voor een aantal experimenten ʻop verplaatsingʼ heb ik heel waardevolle hulp 
gekregen van verschillende mensen. 
Kelly en Prof. Deforce, ik denk dat ik daarvan het intensiefst met jullie heb 
samengewerkt en voor de fantastisch hulp die ik bij jullie heb gekregen. Kelly, 
hoewel je zelf je doctoraat aan het afwerken was stond je altijd klaar om te 
helpen bij elk klein probleempje dat opdook. Een heel dike merci!!! 
Prof VandenBroeck, Prof Gheysen, Annelies, Lobke en Myriam, dank u voor 

alle hulp bij de electronenmicroscopie en radio-activiteitexperimenten! 
 



Dankwoord                                                                                                                                          201 
 

Dan wil ik ook graag de mensen bedanken van U7 op t VIB die mij heel veel 
hebben geleerd en waar ik een heel plezant jaar heb beleefd. In de eerste 
plaats Jolanda, maar zeker ook Petra, Tim, Vanessa, Steven, Bram, 
Christophe,… Ik ben heel blij dat ik een jaar met jullie heb mogen 
samenwerken en wens jullie allemaal heel veel geluk! 
Michael, ik herinner mij ook nog heel goed onze gemeenschappelijke eerste 
eiwitgel: een hele dag hadden we nodig, alleen om lysaten te maken (was 
vooral de schuld van de RIPAbufffer)! Heel efficiënt waren we nog niet, maar 
we hebben ons wel heel goed geamuseerd en ondertussen veel bijgeleerd. 
Merci voor de vriendschap en de blijvende interesse in mijn werk! Nog heel 

veel succes met het afronden van je doctoraat! 
 
Verder wil ik Toon en Mia, Koen en Hilde, Jan en Katrien en Fien bedanken. 
Hoewel jullie nooit hebben verstaan waar ik nu toch altijd mee bezig was, 
hebben jullie toch altijd interesse getoond in mijn werk en hebben jullie zonder 
het te beseffen zeker ook bijgedragen aan dit werk. En dan natuurlijk nog een 
aantal vrienden: voor jullie geldt hetzelfde als hierboven! Bedankt voor alle 
leuke momenten van ontspanning de voorbije jaren!!! 
 
Dan is het nu het moment om nog een aantal ʻbelangrijke mensen” te 
bedanken die nooit voldoende bedankt kunnen worden voor hun bijdrage. 
Mama, papa, Marie en Alice,: merci voor alle leuke familiemomenten en 
vriendschap. Dit geldt natuurlijk ook voor de mannen, Laurent, Pieter, Jan en 
Paul, merci om derbij te zijn en “onze eigen luidruchtige manier van doen” te 
verdragen. 
Mamootje, een dikke merci voor alles wat je ooit voor ons gedaan hebt! Spijtig 
dat je er nu niet bij kan zijn maar ik weet heel zeker dat je nu superfier bent! Ik 
kom wel snel vertellen hoe het gegaan is! 
Mama, dank u voor je blijvende interesse in de vorderingen van mijn 
onderzoek en thesis en om altiid klaar te staan om Jules op te vangen als ik 

moest werken of opvang nodig had voor iets anders.  



202 
 

Papa, heel erg bedankt voor alle goede raad en alle kansen en vrijheid die we 
altijd gekregen hebben en vooral om er altijd voor ons te zijn!! 
 
Henkske, k Weet dat ik de voorbije 4 jaar niet altijd het zonnetje in huis ben 
geweest en dat het lukken en vooral mislukken van experimenten vaak een 
weerslag hadden op mijn humeur. Merci om dan altijd te blijven je best doen 
om mij op te vrolijken, voor je eindeloze geduld met mij, alle hulp, de vele 
avondlijke ritjes naar Merelbeke en het gezelschap als ik geen zin had om 
alleen te zijn op t labo. Merci dat ik na meer dan 10 jaar nog altijd op u kan 
terugvallen! Zonder jou had ik het nooit gekund!!! 

En dan natuurlijk nog onze kleine jongen. Kleine Jules, hoewel je er nog niet 
zo lang bent, zouden we je niet meer kunnen missen en heb je zonder het te 
beseffen heel veel geholpen om de laatste drukke maand door te komen. tIs 
altijd super om thuis te komen naar mijn immervrolijke superbaby en zijn 
papa! 
 
Céline 
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