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1. Introduction 
1.1. Taxonomy of herpesviruses  

Herpesviruses are ubiquitous pathogens causing different infectious diseases in humans 

and vertebrates. Until now more than 200 pathogenic herpesviruses have been described 

and eight of them are human herpesviruses. The family of herpesviruses is divided into 

three subfamilies (α-, β- and γ- herpesvirinae). Classification to the subfamilies is based on 

special characteristics like host range, cell tropism, duration of the replication cycle, spread 

in cell culture and the establishment of latency in different cell types (111).  

Human α-herpesviruses include herpes simplex viruses type 1 (HSV 1) and 2 (HSV 2) 

and the varicella zoster virus (VZV). Features are a short replication cycle characterized by 

starting release of progeny virus already after 8 h post infection and a rapid spread in cell 

culture. Latency is established in sensory ganglia (24, 111, 118, 119).  

Human cytomegalovirus (HCMV) and human herpesviruses type 6 (HHV 6) and 7 

(HHV 7) belong to the human β-herpesvirus subfamily. They are characterized by 

a restricted host range, a long replication cycle of up to 72 h post infection and a slow 

growth in cell culture. Latent infection is detectable in different organs (e.g. kidney), in 

secretory glands (e.g. salivary gland) or in lymphoreticular cells. The common name 

cytomegalovirus results from the enlargement of infected cells (cytomegaly) (111, 119).  

Epstein Barr virus (EBV) and the human herpesvirus type 8 (HHV 8) are members of 

the human γ-herpesvirus subfamily. One characteristic of this subfamily is that in vitro all 

viruses replicate in lymphoblastoid cells. Latency is established in lymphoid tissues. In 

contrast to the other subfamilies, the host range and the duration of the replication cycle 

depends on the respective member of this subfamily (111, 119).  

 

1.2. Pathogenesis of HCMV infection 
HCMV is a common opportunistic human pathogen. Depending on the socio-economic 

status 40% to 60% of all adults are seropositive for HCMV in developed countries, but the 

percentage reaches a value of up to 100% in developing countries (99, 126).  

HCMV infection is primarily transmitted through contact with virus containing body 

fluids such as saliva, tears, blood, urine, semen and cervical secretions. The horizontal 

transmission route via salivary and tear fluids leads to enhanced transmission of HCMV 

among children and between children and adults in day care centers. In adolescent and 

adult people HCMV is also transmitted through sexual contacts.  
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Another common source of infection is the vertical transmission from mother-to-child, 

where three different infection pathways are known. HCMV can be transmitted 

transplacentar or during delivery to the infant, but more common is an infection of the 

infant during the first months of life through breast milk (99).   

Primary infections in immunocompetent individuals are mostly asymptomatic. In rare 

cases patients show mononucleosis-like symptoms, e.g. fever, fatigue and lymphocytosis 

with atypical lymphocytes. Further occasional symptoms are pharyngitis, 

lymphadenopathy and splenomegaly (14, 27, 99). After primary infection, HCMV 

establishes a latent infection in its host. Virus reactivation from latency makes HCMV to 

one of the most common opportunistic pathogens for immunocompromised patients. 

Reactivation can cause life threatening diseases in patients after organ or bone marrow 

transplantations. Typical HCMV associated complications after transplantations are 

pneumonitis, gastrointestinal lesions, hepatitis, retinitis and dysfunction or rejection of 

transplanted organs (14, 27, 82, 99). Highly critical are primary HCMV infections during 

pregnancy. Mother-to-child transmissions before or during delivery can lead to serious 

anomalies of organs (e.g. hepatosplenomegaly) or neurological diseases (e.g. microcephaly 

or impaired hearing). Approximately 10% of the symptomatic infants die of their 

congenital HCMV infection (8, 14, 99). HCMV infection can cause serious complications 

in human immunodeficiency virus (HIV) infected patients. Before introducing the highly 

active antiretroviral therapy (HAART) approximately 20% to 40% of adults with an 

acquired immune deficiency syndrome (AIDS) developed HCMV disease. HCMV 

mediated diseases in AIDS patients are retinitis, colitis and esophagitis and less common 

encephalitis, pneumonitis, hepatitis and gastrointestinal ulceration (27, 99). 

 

1.3. Structure of HCMV particles 
HCMV particles exhibit a highly complex structure. They have a diameter of 200 to 

300 nm and are composed of four morphologically defined structures (Fig. 1); the DNA 

genome and the capsid, together called nucleocapsid, the tegument layer and the 

surrounding envelope (94, 99).  
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Fig. 1 Structure of the HCMV particle 

The HCMV particle consists of a nucleocapsid comprising the linear double stranded DNA genome 

and the icosahedral capsid. It is surrounded by an envelope derived from cellular membranes 

containing viral proteins. The proteinaceous layer between envelope and capsid is called tegument 

[Modified from Streblow et al., 2006 (146)]. 

 

The HCMV genome consists of a linear double stranded DNA (230 kb) coding for more 

than 200 proteins. Thus, it possesses the highest coding capacity among herpesviruses. The 

genome is composed of two unique sequences termed as unique long (UL) and unique 

short (US) (Fig. 2). The UL and US sequences are separated by an internal repeat sequence 

(IRS) and are flanked by repeat sequences designated as terminal repeat sequences (TRS). 

The inversion of the UL or US sequences by recombination of the repeat sequences during 

HCMV replication results in four equimolar infectious genomic isomers (99).  

 
 

 
 

Fig. 2 HCMV genome 

The HCMV genome is a typical class E genome characterized by a unique long (UL) and a unique 

short (US) sequence separated by an internal repeat sequence (IRS) and flanked by terminal repeat 

sequences (TRS).   
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The 166 genes of HCMV identified so far are named according to their localization in 

the genome. The prefix UL or US refers to the respective region and the number arises 

from serially counting of open reading frames starting at the 5’ end (99). The expressed 

proteins are indicated by a “p” standing for protein in front of the gene name (e.g. pUL71). 

An additional term for phosphoproteins is possible. Here, the protein is named pp for 

phosphoprotein and the number arises from its molecular weight in kDa (e.g. pp28). 

The HCMV genome is enclosed by the viral capsid which has a diameter of 125 nm. Its 

icosahedral lattice structure is built of 162 capsomeres including 150 hexons and 

12 pentons (94, 146, 160). The intermediate layer between the capsid and the envelope is 

called tegument. This layer contains at least 25 viral proteins, but also cellular proteins and 

small RNA molecules with unknown function. Tegument proteins fulfill crucial roles in 

almost all steps of the HCMV replication cycle, e.g. viral entry, transcription activation 

and immune evasion. Some of the tegument proteins are structural components and thus 

required for efficient viral morphogenesis (7, 59). The viral particle is surrounded by an 

envelope derived from cellular lipid bilayers. The envelope contains incorporated viral 

glycoproteins, which are important e.g. for entry receptor recognition and subsequent 

fusion events with host cells during virus entry (47). 

 

1.4. HCMV replication 
HCMV is strictly species-specific and infects humans. However, a variety of different 

human cell types e.g. fibroblast, macrophages, smooth muscle cells, epithelial and 

endothelial cells can be productively infected (141).  

Two different ways of virus spread are known for HCMV. One way is the direct          

cell-to-cell spread from infected to neighboring uninfected cells. Cell-to-cell spread cannot 

be inhibited by neutralizing antibodies or special overlay media in vitro suggesting that 

cell-free virus particles are not involved. It is known that direct contacts of the plasma 

membrane of HCMV infected and non-infected cells are required for cell-to-cell spread in 

vitro. It seems to be mediated by viral glycoproteins on the surface of infected cells and 

cellular receptors on non-infected cells, however, the exact mechanism is not well 

understood (42, 68). The other way of virus dissemination is through cell-free infectious 

virus particles released from infected cells. An overview of this pathway is given below in 

figure 3.  
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Fig. 3 Replication cycle of HCMV 

The center of the viral assembly compartment (AC) consists of early endosomes (О) surrounded by 

membranes of the trans-Golgi network (TGN) ( ). The periphery of the compartment is 

embedded in cis-Golgi membranes ( ) [Modified from Fischer, 2008 (39)].  

 

1.4.1. HCMV entry into host cells 

HCMV entry is initiated by the binding of virus particles to cellular surface receptors. 

Because these binding processes occur at different human cell types and in a fast and 

highly efficient way, it is supposed that common cellular surface receptors might be used 

for HCMV adsorption. One of these surface receptors is the proteoglycan heparan sulfate 

(26, 60, 106). It is known that this protein mediates adsorption of various herpesviruses on 

host cell membranes (97, 173). For HCMV an interaction between heparan sulfate and the 

viral glycoprotein B (gB) has been published (26, 60). Furthermore, secondary receptors 

are involved in virus entry. The epidermal growth factor receptor (EGFR) appears to be 

a potential cellular co-receptor which is able to bind to viral gB (164). Also for the cellular 

integrines αvβ3, α2β1 and α6β1 it has been shown that they are used as co-receptors during 

HCMV entry processes by binding to viral gB or gH (38, 163). 
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Two possible ways are discussed for the following penetration of the viral particle into 

the host cell. One is the direct fusion of the viral membrane with the host cell plasma 

membrane whereby the viral capsid is released into the cellular cytoplasm. The fusion of 

the viral envelope with the plasma membrane is pH-independent and is mediated by viral 

glycoprotein complexes (e.g. gH/gL). This pathway is prevalent for the infection of 

fibroblasts (25, 98). The other way seems to be more common in epithelial and endothelial 

cells. The uptake of attached viral particles follows by macropinocytosis – a form of 

endocytosis. Inside the cell the capsid is released into the cytoplasm by a low                  

pH-dependent fusion of the surrounding endosomal membrane with the viral envelope 

(13). A gene cluster containing the genes UL128 to UL150 is crucial for this pathway. This 

cluster is conserved in clinical isolates, but the cluster exhibits high mutation rates during 

adaptation to fibroblasts. Differences observed in this gene cluster in laboratory strains 

might be the reason why these strains are less efficient or unable to infect epithelial and 

endothelial cells (122). 

After fusion and release of the viral capsid into the cytoplasm it is transported to the 

nuclear membrane. The transport to the nucleus requires an intact microtubule network 

(109) suggesting that capsid proteins or capsid associated HCMV tegument proteins 

interact with cellular transport complexes. The uncoating of the viral genome occurs by 

translocation of viral DNA through nuclear pores into the nucleus.  

 

1.4.2. Viral gene expression and DNA replication  

The HCMV gene expression proceeds in a sequential cascade-like manner. Immediately 

after virus entry into the host cell the expression of the immediate-early (IE) genes starts. 

These proteins are crucial for the regulation of the subsequent expression cascade e.g. by 

supporting expression of the delayed-early (DE) genes as accessory transcription factors 

(99, 166). The DE proteins are detectable 6 h post infection and their expression continues 

through 18 to 24 h post infection. Among DE gene products are enzymes and other 

proteins important for the DNA replication in the nucleus of the host cell. The DE proteins 

are also transactivators of late (L) gene expression (99). Most of the L proteins, expressed 

24 h post infection, are structural components of the virus particles, e.g. capsomeres, 

tegument and glycoproteins (99). 
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The replication of the HCMV genome starts 14 to 16 h post infection and is performed 

by formation of a rolling circle. Therefore, the linear viral genome directly circularizes 

after its translocation from the viral capsid to the nucleus of the host cell by connecting the 

3’ and 5’ ends (72). Before the genome replication starts the helicase/primase complex 

binds to the origin of replication. After cutting one strand of the doubled stranded DNA the 

free 3’ end is used as primer for the elongation of the viral genome by the viral DNA 

polymerase. During the elongation the 5’ end is continuously detached and discontinuously 

completed to a double strand. After several rounds of elongation a concatemeric precursor 

genome emerges carrying several HCMV genomes. During packing into the viral capsid 

the concatemeric precursor genome is cleaved in single genome units (99). 

 

1.4.3. Morphogenesis of viral particles  

The assembly of viral particles is a highly complex part of the HCMV replication cycle 

and mechanisms of several involved processes are currently under investigation. The first 

part of assembly occurs in the nucleus of the host cell where the capsid is formed. After 

packing the HCMV genome into the capsid, it is transported to the inner nuclear 

membrane, where the primary envelopment occurs. After budding at the inner nuclear 

membrane the enveloped particle is released into the perinuclear space. By fusion of the 

primary envelope with the outer nuclear membrane the de-enveloped particle is released 

into the cytoplasm (94, 95, 96). The second part of viral assembly occurs in a juxtanuclear 

compartment in the cytoplasm called the assembly compartment (AC). The AC is a virally 

induced spherical accumulation of cellular membranes and its formation starts 2 to 3 days 

post infection. The AC is composed of intertwined concentric rings of different cellular 

membranes. The center of the AC consists of early endosomes surrounded by membranes 

of the trans-Golgi network (TGN). The periphery is built of cis-Golgi membranes (29, 30). 

Beside the cellular components also many viral proteins, like tegument and glycoproteins 

are detectable in this compartment (3, 4, 10, 17, 18, 43, 50, 52, 53, 85, 124, 125, 137, 152). 

Secondary envelopment of HCMV particles occurs at the AC by budding into cellular 

membranes. However, it is not clear whether TGN or endosomal membranes or even 

a mixed compartment of these membranes are used for these envelopment processes (21, 

36, 41, 50, 55, 155). After the secondary envelopment fully enveloped virions are 

transported within vesicles to the cell surface. The infectious virus particle is released into 

the extracellular space after fusion of the vesicle membrane with the plasma membrane of 

the host cell (94). 
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1.5. ESCRT machinery 
1.5.1. Function of the ESCRT machinery and the MVB pathway  

The cellular multivesicular body (MVB) pathway is important for protein regulation by 

recycling and degradation (5, 61, 167). One example for the recycling pathway is the 

transferrin receptor recycling at the cell surface. After binding of transferrin to the receptor 

both are endocytosed and after fusion with early endosomes, the ligand is separated from 

the receptor. The receptor is transferred to the recycling pathway and transported back to 

the plasma membrane (46). For the degradation pathway, proteins, e.g. the epidermal 

growth factor receptor (EGFR), are marked by ubiquitination, then transported to MVB 

membranes and finally to the degradation pathway (61, 167). In the cargo protein sorting 

processes to the MBV membranes, the cellular endosomal sorting complex required for 

transport (ESCRT) machinery plays an important role. This machinery is highly conserved 

in eukaryotes and consists of several ESCRT complexes (167) (Fig. 4). 
 

 
Fig. 4 Formation of MVBs by the cellular ESCRT machinery 

ESCRT-0, -I and -II complexes are crucial for the sorting and association of the ubiquitinated cargo 

proteins to the MVB membranes. The ESCRT-III complex is important for the membrane curvature 

and scission of the intraluminal vesicles, the recruitment of the deubiquitination enzymes for the 

deubiquitination of cargo proteins and finally the recruitment of the ATPase Vps4. Vps4 is crucial for 

the disassembly and recycling of the ESCRT complexes [From Williams et al., 2007 (167)].   

 

The ESCRT-0, -I and -II complexes are important for sorting of ubiquitinated cargo 

proteins and association of these proteins with MVB membranes. The complexes are 

recruited to the MVB membranes by protein-protein interactions between the complexes or 

by interaction with membrane lipids, especially phosphoinositides (167). One important 

protein of the ESCRT-I complex is the tumor susceptibility gene 101 (TSG101). TSG101 

is on the one hand important for the recognition of ubiquitinated cargo proteins and on the 

other hand for the interaction with proteins of the ESCRT-0 complex (167).  
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Subsequently, the ESCRT-III complex is recruited to MVB membrane either by 

interaction with ESCRT-II proteins or by an indirect interaction with ESCRT-I mediated 

by the apoptosis linked gene 2 interacting protein X (ALIX) (61, 167). The ESCRT-III 

complex in mammalian cells consists of the charged multivesicular body proteins 

(CHMPs) which homologs are named differently in yeast (Tab.1).  
 

Tab. 1 Designation of ESCRT-III proteins in mammalian and yeast cells 

mammalian cells yeast cells 

CHMP1A/1B Did2 / Vps46 

CHMP2A/2B Vps2 

CHMP3 Vps24 

CHMP4A/4B/4C SNF7 / Vps32 

CHMP5 Vps60 

CHMP6 Vps20 

CHMP7 not known 
 

CHMP = charged multivesicular body protein, SNF = sucrose non fermenting,  

Did = deubiquitinating enzyme 4 independent degradation, Vps = vacuolar protein sorting 

 

ESCRT-III proteins are important for the membrane curvature and the final scission 

during the formation of intraluminal vesicles (ILVs) at the MVB membranes. An artificial 

membrane system with bilayer giant unilamellar vesicles (GUVs) revealed that in yeast 

cells first vacuolar protein sorting 20 (Vps20, CHMP6 in mammalian cells) is recruited to 

the MVB membranes, then sucrose non fermenting protein 7 (SNF7, CHMP4 in 

mammalian cells) followed by Vps24 (CHMP3 in mammalian cells) and finally Vps2 

(CHMP2 in mammalian cells). Furthermore it has been shown that the ESCRT-III 

complex, formed after recruitment of the first three proteins, Vps20, SNF7 and Vps24, is 

sufficient for the formation of the ILVs (51, 169).  

Another important ESCRT-III protein function is the recruitment of deubiquitinating 

enzymes, e.g. the ubiquitin isopeptidase Y (UBPY). These enzymes are responsible for the 

deubiquitination of cargo proteins which is a crucial step prior their sorting into ILVs and 

their degradation by fusion with lysosomes (167). To start a new cycle of protein 

degradation, disassembly and recycling of individual components of the ESCRT 

complexes is necessary. Therefore, the cellular adenosine triphosphatase (ATPase) Vps4 is 

recruited to the MVB membrane, also by an interaction with ESCRT-III proteins (6, 51, 

61, 167, 169). In mammalian cells two different Vps4 proteins Vps4A and Vps4B are 

expressed (132).  
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Vps4 belongs to ATPases associated with diverse cellular activities (AAA) proteins and 

is the only thermodynamic force in the entire ESCRT pathway (169). The interaction of 

Vps4 with ESCRT-III proteins is mediated by its N-terminal domain, called microtubule 

interacting and transport (MIT) domain, including amino acids 5 to 76 (135, 167). This 

Vps4 MIT domain interacts with the MIT domain interacting motif (MIM) at the                      

C-terminus of the ESCRT-III proteins. The ESCRT-III proteins CHMP1, CHMP2 and 

CHMP3 possess a MIM1 and CHMP4 and CHMP6 a MIM2 domain (67, 147). Important 

for the function of the MIM domains is that due to the typical helical protein structure, 

ESCRT-III proteins can adopt two conformations, a closed and an open form. The helical 

structure of the ESCRT-III proteins consist of three basic helices at the N-terminal part and 

three acidic helices at their C-terminal part. The last acidic helix can interact with the basic 

parts leading to a closed and inactivated conformation of the protein. In this state the 

protein is soluble and detectable in the cytoplasm. After association of the ESCRT-III 

proteins with MVB membranes, the self-interaction is inhibited. The open and activated 

state of ESCRT-III proteins exposes the C-terminal MIM domain and allows the 

interaction with other proteins like Vps4 or deubiquitinating enzymes (138).  

 

1.5.2. Involvement of the ESCRT machinery in viral envelopment 

For many DNA viruses and retroviruses it has been published that the ESCRT 

machinery is essential for envelopment processes of virus particles. It has been shown that 

the retroviral group-specific antigen (Gag) protein interacts with ESCRT proteins and 

recruits them to the plasma membrane where the viral envelopment occurs. The interaction 

between ESCRT proteins and retroviral Gag proteins is mediated by internal viral            

late (L)-domains. HIV Gag recruits ALIX via an internal YP(X)nL L-domain and the 

ESCRT-I protein TSG 101 via its P(T/S)AP L-domain. The rous sarcoma virus (RSV) Gag 

protein recruits the ubiquitin E3 ligase by its internal PPxY L-domain. For all retroviruses 

it is in common that the recruitment of the mentioned ESCRT proteins results in directing 

downstream ESCRT complexes and also Vps4 to the cellular membrane used for viral 

envelopment (103).  

There are also several hints for an involvement of the ESCRT machinery in herpesvirus 

replication. For HSV 1 it has been shown that efficient virus production requires functional 

ESCRT-III proteins as well as Vps4, whereas ESCRT-I protein TSG101 is not necessary 

(28, 110). Ultrastructural analysis of HHV 6 infected T-cells revealed that one way of virus 

particle release occurs via MVBs by the cellular exosomal pathway (101). 
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For HCMV contradictory data about an involvement of the ESCRT machinery during 

HCMV replication have been published. On the one hand siRNA knockdown of Vps4A 

and Vps4B led to enhanced virus particle production (41). On the other hand dominant 

negative forms of CHMP1 as well as Vps4 inhibited HCMV replication whereas in 

contrast to the findings in retroviral replication dominant negative TSG101 as well as 

ALIX had no effect on HCMV growth (148). Nevertheless existing data indicate that the 

ESCRT machinery might play a role during HCMV secondary envelopment. 

Ultrastructural analysis of HCMV infected cells showed that envelopment processes of 

HCMV particles at membranes of the viral AC topologically resembles the formation of 

ILVs at MVB membranes. Furthermore it has been shown that the ESCRT proteins HRS1, 

CHMP1 and Vps4 are localized to the viral AC, where the secondary envelopment of 

HCMV occurs (29, 100, 148). Sequence analysis of HCMV proteins revealed the presence 

of L-domain-like sequences in several tegument and glycoproteins. The P(T/S)AP motif 

was found in the tegument protein pp150 and the PPxL motif in the tegument protein 

pUL48 and glycoprotein gB. The YxxL motif was recognized several times in the 

tegument proteins pUL25, pUL26, pUL48 and pUL82 and in the glycoproteins gH, gL and 

gO (41). But beside these hints a function of the cellular ESCRT machinery during HCMV 

secondary envelopment is not yet proven and is currently under investigation.  

 

1.6. Functions of HCMV tegument proteins during viral replication 
The tegument is a compact proteinaceous layer connecting the viral capsid to the outer 

envelope of the mature virus particle and consists of more than 25 viral proteins. Most of 

these proteins are phosphorylated during HCMV morphogenesis but the functional 

relevance of this is not entirely clear. In addition to viral proteins, cellular proteins and 

RNA molecules are also detectable in virions and most of them in the tegument layer 

(59, 99, 160). Tegument proteins fulfill important functions during the whole replication 

cycle. During virus entry, pUL47 and pUL48 seem to be crucial for the transport of the 

capsid to the nucleus and for the release of the viral DNA into the nucleus (59). During 

viral gene expression the tegument protein pp71 functions as an important transcription 

activator (7, 48, 49, 81, 88, 154). The most abundant tegument protein is pp65. It leads to 

a decreased unspecific and specific immune response of the host cell and thus to 

a stabilization of the HCMV infection (59, 154). In the late stage of infection pp28, 

pUL71, pUL103, pp150, pUL48 and pUL94 are detectable at the viral AC.  
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Investigations of pp28, pUL94, pUL71 and pUL103 mutant viruses have been shown 

that these proteins are important for virus assembly at the AC and the following release of 

virus particles into the extracellular space (1, 15, 59, 112, 125, 130, 137, 140, 170).  

 

1.7. HCMV tegument protein pUL71 
The HCMV tegument protein pUL71 has a size of approximately 48 kDa (130) and is 

conserved among the herpesvirus family. The respective homolog of the α-herpesviruses 

HSV 1 and pseudorabies virus (PRV) is called pUL51 and the homolog of the                   

γ-herpesvirus EBV is BSRF1 (9, 58, 74).  

At the beginning of this work not much was known about the function of pUL71 during 

HCMV morphogenesis. In ultrastructural analysis of fibroblasts infected with the UL71 

stop virus TB-71stop, it has been shown that pUL71 has an effect on secondary 

envelopment (128, 129, 130). The growth analysis of the TB-71stop virus revealed that the 

absence of pUL71 led to reduced viral growth in fibroblasts (39, 130). Preliminary 

localization experiments were performed with pUL71 fused to the enhanced green 

fluorescent protein (EGFP). These experiments showed that pUL71 was localized to the 

viral AC during HCMV infection and indicated an association with TGN membranes in 

transfected as well as infected cells (39). Furthermore, our group identified an interaction 

between pUL71 and the cellular ESCRT-associated protein Vps4A suggesting a role of the 

cellular ESCRT machinery during HCMV morphogenesis (39, 44). 

 

1.8. Aim of the work 
The aim of this work was to characterize the HCMV tegument protein pUL71 and to 

determine its function during HCMV morphogenesis. The processes during HCMV 

morphogenesis lead to the production and release of infectious virus progeny and therefore 

being good targets for the development of new strategies for antiviral therapy against 

HCMV infection. The identification and analysis of proteins involved in viral 

morphogenesis is crucial for a better understanding of these processes. During this thesis 

the pUL71 localization and function was investigated by using pUL71 mutant viruses 

generated by markerless bacterial artificial chromosome (BAC) mutagenesis. Furthermore 

functional domains of pUL71 crucial for localization and interactions with other viral and 

cellular proteins were identified by mutational analysis and analyzed by subsequent 

localization and interaction studies.  
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2. Materials 
2.1. Cells 
Cells:  Description:  

Cos7 cells African green monkey kidney cells transformed with the 

simian virus 40 (SV40) large T antigen 

HEK293FT cells Human embryonic kidney cells transformed with the SV40 

large T antigen  

HeLa cells Immortal cervical cancer cell line taken from patient Henrietta 

Lacks (131) 

HFFs Primary human foreskin fibroblasts 

M2 macrophages Monocyte derived M2 macrophages differentiated by addition 

of the macrophage colony stimulating factor (M-CSF). 

Monocytes are isolated from buffy coats of HCMV 

seronegative healthy blood donors obtained from the 

Transfusion Center (University Medical Center Ulm). 

MRC5 cells Human embryonic lung fibroblasts 

 

2.2. Viruses and viral BACs 
Used viruses and BACs:  

Reconstituted viruses: Viral BACs: Description:  

HCMV wild type  

 

 

TB40-BAC4  Mutant virus derived from the sequenced 

infectious clone TB40-BAC4 of the 

endotheliotropic HCMV strain TB40/E 

(accession number EF999921.1) (142) 

TB-71Flag BAC-71Flag Mutant virus in which the 3` end of UL71 

is marked with a Flag epitope (71) 

TB-103Flag BAC-103Flag Mutant virus in which the 3` end of UL103 

is marked with a Flag epitope (31) 

TB-71rev 

    

BAC-71rev 

    

Revertant virus of TB71-stop containing 

the repaired UL71 sequence with a silent 

mutation at nucleotide position 39 (C T)  

(128) 
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Reconstituted viruses: Viral BACs: Description:  

TB-71stop 

    

 

BAC-71stop 

    

 

UL71 stop mutant virus containing a point 

mutation at nucleotide position 34-36 

introducing a stop codon and a subsequent 

frame shift at position 37-38 (128) 

TB-103stop 

 

BAC-103stop 

 

UL103 stop mutant virus containing 

a point mutation at nucleotide position 

70-72 introducing a stop codon and 

a subsequent frame shift at position 73-74 

(31) 

Constructed virus and BAC:  

Reconstituted virus: Viral BAC: Description:  

TB-71/103stop 

 

 

BAC-71/103stop 

 

 

Double stop mutant virus containing point 

mutations introducing a stop codon and 

a subsequent frame shift in UL71 

(nucleotide positions 34-36, 37-38) and 

UL103 (nucleotide positions 70-72, 

73-74), respectively 
 

2.3. Bacteria 
Bacteria:  Description:  

GS-TB40-BAC4 The modified EL350 Escherichia coli strain GS1783 contains 

a λ-prophage carrying a temperature inducible promoter for 

the expression of recombination (rec) enzymes Exo, Beta and 

Gam and an arabinose inducible promoter for the expression 

of the homing endonuclease I-SceI (Gregory Smith, USA). For 

HCMV BAC mutagenesis, the sequenced TB40-BAC4 wild-

type BAC, derived from the endotheliotropic virus strain 

TB40/E (142), is enclosed. 

NEB 5-alpha Endonuclease (endA) and recombination (recA) deficient 

E. coli strain, containing the Φ80 Δ(lacZ)M15 gene for blue-

white color screening. Genotype: fhuA2 Δ(argF-lacZ)U169 

phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 

thi-1 hsdR17 (New England Biolabs, Frankfurt) 
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Bacteria:  Description:  

Rosetta The chloramphenicol resistant Rosetta strain is a BL21 lacZY 

derivative designed to enhance the expression of eukaryotic 

proteins that contain codons rarely used in E. coli. Genotype: 

F- ompT hsdSB(rB
- mB

-) gal dcm pRARE2 (Novagen, 

Darmstadt) 

Rosetta gami The chloramphenicol resistant Origami derivative combines 

the enhanced disulfide bond formation (trxB/gor) with 

enhanced expression of eukaryotic proteins that contain 

codons rarely used in E. coli. Genotype: Δ(ara-leu)7697 

ΔlacX74 ΔphoA PvuII phoR araD139 ahpC galE galK rpsL 

F′[lac+ lacIq pro] gor522::Tn10 trxB pRARE (Novagen, 

Darmstadt) 

XL1-Blue 

 

Tetracycline resistant, endonuclease (endA) and recombination 

(recA) deficient E. coli strain, containing the lacIqZΔM15 

gene for blue-white color screening. Genotype: recA1 endA1 

gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´proAB lacIqZΔM15 

Tn10 (Tetr)] (Stratagene, Heidelberg) 

 

2.4. Plasmids 
2.4.1. Commercial eukaryotic expression plasmids 

Plasmids:  Resistance:  Company:  

pASK-IBA 43 plus Ampicillin resistance IBA GmbH, Göttingen 

pCDNA3.1 Ampicillin resistance Invitrogen, Darmstadt 

pEF1/Myc-HisC Ampicillin resistance Invitrogen, Darmstadt 

pENTR Kanamycin resistance Invitrogen, Darmstadt 

pGEX-4T-1 Ampicillin resistance Qiagen, Hilden  

pLenti6/V5-DestTM Ampicillin resistance Invitrogen, Darmstadt 

 

2.4.2. Used expression plasmids 

Plasmids:  Source:  Description: 

pCDNA3.1-pp71 Schierling et. al, 2004 (133) Plasmid for pp71 expression 

pEF-EGFP Meike Chevillotte, Ulm Plasmid for EGFP expression 
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Plasmids:  Source:  Description: 

pEF-pp28 Jens von Einem, Ulm Plasmid for expression of pp28  

pEF-pp28-EGFP 

 

Jens von Einem, Ulm Plasmid for expression of pp28 

C-terminally fused to EGFP 

pEF-pUL103-Flag   Achim Jerg, Ulm Plasmid for expression of pUL103  

C-terminally fused to a Flag epitope 

pEP-KanS Tischer et. al, 2006 

 (153) 

Plasmid containing the Kan-I-SceI 

template for BAC mutagenesis 
 

pUL71 expression plasmids:  

Plasmids:  Source:  Description: 

pEF-pUL71 Martin Schauflinger, Ulm Plasmid for pUL71 expression 

pEF-pUL71-EGFP 

 

Martin Schauflinger, Ulm Plasmid for expression of pUL71 

C-terminally fused to EGFP 

pEF-pUL71aa1-314 Jens von Einem, Ulm Plasmid for expression of 

C-terminally truncated pUL71 

containing the amino acids 1 to 314 

pEF-pUL71 C8/13A 

pEF-pUL71-EGFP C8/13A 

pEF-pUL71 P315A 

pEF-pUL71 P318A 

pEF-pUL71 P315/318A 

pEF-pUL71 V317 
 

Ilaria Cappadona, Ulm 

Ilaria Cappadona, Ulm 

Jasmin Frey, Ulm 

Jasmin Frey, Ulm 

Jasmin Frey, Ulm 

Jens von Einem, Ulm 

Plasmids for expression of pUL71 

containing the indicated point 

mutations. As indicated only 

pUL71-EGFP C8/13A is 

C-terminally fused to EGFP 

pUL71 homolog expression plasmids:  

Plasmids:  Source:  Description: 

pEF-EBV BRSF1-HA 
 

Thomas Böck, Ulm 

 

Plasmid for expression of EBV 

BRSF1 C-terminally fused to 

a hemagglutinin (HA)-tag 

pEF-HCMV pUL71-HA  Thomas Böck, Ulm 

 

Plasmid for expression of HCMV 

pUL71 C-terminally fused to 

an HA-tag  
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Plasmids:  Source:  Description: 

pEF-HHV 6 pUL71-HA  Thomas Böck, Ulm 

 

Plasmid for expression of 

HHV 6 pUL71 C-terminally 

fused to an HA-tag 

pEF-HSV pUL51-HA  

 

Jens von Einem, Ulm Plasmid for expression of HSV 1 

pUL51 C-terminally fused to an 

HA-tag  

pEF-M71-HA Jens von Einem, Ulm Plasmid for expression of 

MCMV M71 C-terminally fused 

to an HA-tag 

pEF-M71-HAaa1-260 

pEF-M71-HAaa1-250 
 

Thomas Böck, Ulm 

Thomas Böck, Ulm 

Plasmids for expression of M71 

truncations containing the 

indicated amino acids and 

C-terminally fused to an HA-tag.
 

Vps4A expression plasmids:  

Plasmids:  Source:  Description: 

pEF-Vps4A-Flag delMIT Jens von Einem, Ulm Plasmid for expression of Vps4A 

C-terminally fused to a Flag 

epitope lacking the amino acids 

2-117 (MIT domain) 

pEF-Vps4A-Flag L64D 

pEF-Vps4A-Flag V13D  

 

Jens von Einem, Ulm 

Jens von Einem, Ulm 

Plasmids for expression of 

Vps4A C-terminally fused to 

a Flag epitope containing the 

indicated point mutations 

pLenti6V5Dest_pENTR    

    Tet_on_rev VSP4A-Flag 

 

 

Jens von Einem, Ulm Plasmid for doxycycline-

inducible expression of Vps4A 

C-terminally fused to a Flag 

epitope 

To-Vps4A-Flag 

 

Strack et al, 2003 (145) Plasmid for expression of Vps4A 

C-terminally fused to a Flag 

epitope 
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Expression plasmids for SPR experiments:  

Plasmids:  Source:  Description: 

pASK-Vps4A MIT  

 

Jens von Einem, Ulm Plasmid for expression of Vps4A 

MIT domain (amino acids 1 to 

84) with an N-terminal fused 

histidine (His)- tag and  

a C-terminal fused streptavidin 

(Strep)-tag 

pASK-Vps4A MIT L64D 

pASK-Vps4A MIT V13D 

 

Jens von Einem, Ulm 

Jens von Einem, Ulm 

Plasmids for expression of 

Vps4A MIT domain with the 

indicated point mutations, an 

N-terminal fused His-tag and 

a C-terminal fused Strep-tag 

pGEX-pUL71aa283-361 Jens von Einem, Ulm Plasmid for expression of pUL71 

containing the amino acids 

283-361 and an N-terminal fused 

glutathione S-transferase (GST)-

tag 

pGEX-pUL71aa283-361  

    del315-326                 

pGEX-pUL71aa283-361    

    P315/318A 

pGEX-pUL71aa283-361  

    V317A 

Jens von Einem, Ulm 

 

Jens von Einem, Ulm 

 

Jens von Einem, Ulm 

Plasmids for expression of 

pUL71 containing the amino 

acids 283-361 with the indicated 

deletion or point mutations and 

an N-terminal fused GST-tag 

 
 

Expression plasmids for BiFC experiments:  

Plasmids:  Source:  Description: 

pCDNA3.1-CitrYN173-GS Jens von Einem, Ulm Plasmid for expression of the 

N-terminal amino acids 1 to 173 

of the YFP citrine (YN) 

pCDNA3.1-mCherry Jens von Einem, Ulm Plasmid for mCherry expression 

pCDNA3.1-SPYCE(R)-GS Jens von Einem, Ulm Plasmid for expression of the 

C-terminal amino acids 155 to 

238 of YFP citrine (YC) 
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2.4.2. Constructed expression plasmids 

pUL71 expression plasmids:  

Plasmids:  Description:  

pEF-pUL71aa1-320 

pEF-pUL71-EGFPaa12-361 

pEF-pUL71-EGFPaa1-11 

pEF-pUL71-EGFPaa1-34 

Plasmids for expression of N- and C-terminal pUL71 

truncations containing the indicated amino acids and as 

indicated some proteins are C-terminally fused to EGFP.  

pEF-pUL71-EGFP C8A 

pEF-pUL71-EGFP C13A 

Plasmids for expression of pUL71 containing the indicated 

point mutations and C-terminally fused to EGFP. 

pEF-pUL71del315-326 Plasmid for expression of pUL71 lacking the amino acids 

315 to 326.  

Plasmids:  Source:  Description: 

pCDNA3.1-pUL71-YN 

 

Jens von Einem, Ulm Plasmid for expression of pUL71 

C-terminally fused to YN by 

a flexible linker (amino acid 

sequence “GGGGSGGGGS”) 

pCDNA3.1-pUL71 

    aa12-361-YN 

Christina Meissner,  

Berlin 

Plasmid for expression of 

N-terminally truncated 

pUL71aa12-361 C-terminally 

fused to YN by a flexible linker 

(amino acid sequence 

“GGGGSGGGGS”) 

pCDNA3.1-pUL71 

    -C8/13A-YN 

     

Jens von Einem, Ulm Plasmid for expression of point 

mutant pUL71-C8/13A 

C-terminally fused to YN by 

a flexible linker (amino acid 

sequence “GGGGSGGGGS”) 

pCDNA3.1-pUL103-YC Jens von Einem, Ulm Plasmid for expression of 

pUL103 C-terminally fused to 

YC by a flexible linker  

(amino acid sequence 

“GGGGSGGGGS”) 
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2.5. Oligonucleotides 
Oligonucleotides are ordered by Sigma-Aldrich (Munich) and biomers.net (Ulm). 
 

Primers (expression plasmids):  Sequence:  

ex_71_for  5’-TACGGGATCCATGCAGCTGGCCCAGCGC-3’ 

ex_71_rev 5’-TACGGAATTCTTTTCCAAAACGTGCCAGGCT 

     GT-3’ 

ex_71_12-361_for 5’-TACGGGATCCATGTGCCGTCGCAAAGCCG-3’  

ex_BglII+EGFP/ATG_for 5’-CTAGATCTGTGAGCAAGGGCGAGGAGCTG-3’ 

ex_UL71_1-11+EGFP_for 5’-GGGATCCATGCAGCTGGCCCAGCGCCTGTGC 

    GAGCTGCTGGTGAGCAAGGGCGAGGAGCT-3’ 

ex_UL71_1-34+BamHI_rev 5’-CAGGATCCCTCCACGTCCTCGCTAGGCTG-3’ 

ex_UL71_1-320_rev 5’-CAGAATTCTCACTCCCGAGGCACGTCGGGGC-3’ 

ex_UL71_C8A_for 5’-CGGGATCCATGCAGCTGGCCCAGCGCCTGGC 

     CGAGCTGCTGATGTGCCGTCGCAAAGCCG-3’ 

ex_UL71_C13A_for 5’-TCGGATCCATGCAGCTGGCCCAGCGCCTGTGCG   

     AGCTGCTGATGGCTCGTCGCAAAGCCGCGCC-3’ 

ex_UL71_del315-326_rev  5’-TGGTGACCATGCTGTGTCGCATGAGATCCA-3’ 

ex_UL71_del315-326_for 5’-GCGACACAGCATGGTCACCATACCTCCTCC 

     CC-3’ 
 

Primers (BAC mutagenesis): Sequence:  

ep_UL103-stop_for   5’-GGAGGTCCATACGGATTTCACTAGACAGAAT 

     GTGATGATCTAGGCCGCAAGTGCTCGACTAG 

     GATGACGACGATAAGTAGGG-3’ 

ep_UL103-stop_rev   5’-CAGCTTGTCGCCGCGCACCGTAAAGTCGAGC 

     ACTTGCGGCCTAGATCATCACATTCTGTCCAA 

     CCAATTAACCAATTCTGATTAG-3’ 

ex_UL103_for 5’-CACCGGATCCATGGAGGCCCTGATGATCCG-3’ 

seq_71_for 5’-TACGGGATCCATGAGCAGAATCATACTCTGTT 

     GCG-3’ 

seq_71_rev 5’-TCCGTGGAGAACTTGTCCAGC-3’ 

seq_72_rev 5’-CCTATCTGCCGGTGGGCAG-3’ 

seq_UL103_rev 5’-GTCACGTAGGGGAACTACGTGGG-3’ 

seq_UL103_stop_rev 5’-TGAAATAACGGTACAGAGCGCG-3’ 
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2.6. Antibodies  
Monoclonal antibodies: 
           (mouse) 

Company: Dilution: 

γ-Adaptin, clone 100/3 Sigma-Aldrich Chemie GmbH, Munich IF: 1:500–1:1000 

Actin, clone AC-40 Sigma-Aldrich Chemie GmbH, Munich WB: 1:1000 

CMV, clones CCH2  

           + DD69 

DAKO Cytomation A/S, Kopenhagen,    

Denmark 

immunoperoxidase 

staining: 1:75 

EEA1  Sigma-Aldrich Chemie GmbH, Munich IF: 1:200 

Flag, clone M2 Sigma-Aldrich Chemie GmbH, Munich IF: 1:200, IP: 1.5 µl 

WB: 1:2500 

GAPDH Serotec, Düsseldorf WB: 1:1000 

GM130, clone 35 BD Biosciences, Heidelberg IF: 1:500–1:1000 

Golgin-97, clone CDF4 MoBiTech, Göttingen IF: 1:500–1:1000 

HA, clone F-7 Santa Cruz Biotechnology, Heidelberg WB: 1:1000  

HCMV I.E.A.  Argene Biosoft, Varilhes, France IF: 1:1000 

pp28, clone 5C3 Santa Cruz Biotechnology, Heidelberg IF: 1:1000 

pp150 (XP-1)  Jahn et al, 1990 (54) IF: 1:500 

Strepdavidin-HRP Amersham Biosciences, Freiburg WB: 1:2000 
 

Hybridoma supernatants: 
          (mouse) 

Company:  Dilution: 

gB (Mab 7-17) William Britt, Alabama, Birmingham IF: 1:5, WB: 1:5 

IE (Mab 63-27) William Britt, Alabama, Birmingham immunoperoxidase 

staining 1:1 

MCP (Mab 28-4) William Britt, Alabama, Birmingham WB: 1:2.5 

pp28 (Mab 41-28) William Britt, Alabama, Birmingham IF: 1:1, WB: 1:2.5 

pp65 (Mab 65-33) William Britt, Alabama, Birmingham WB: 1:5 
 

Polyclonal antibodies: 
         (rabbit) 

Company:  Dilution: 

Flag   Sigma-Aldrich Chemie GmbH, Munich IF: 1:200 

GM130 (C-terminus) Sigma-Aldrich Chemie GmbH, Munich WB: 1:500 

HA, clone Y-11 Santa Cruz Biotechnology, Heidelberg WB: 500  

pUL71 (C-terminus) Jens von Einem, Ulm IF: 1:250, WB: 1:500

Vps4, clone H-165 Santa Cruz Biotechnology, Heidelberg WB: 1:500 
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Secondary antibodies:  Company:  Dilution: 

Goat-anti-mouse, Alexa 

    Fluor®, 488 F(ab´)2 

Invitrogen, Darmstadt IF: 1:500–1:1000 

Goat-anti-mouse, Alexa 

    Fluor®, 555 F(ab´)2 

Invitrogen, Darmstadt IF: 1:500–1:1000 

Goat-anti-mouse, 

    HRP-coupled 

Millipore Corporation, Schwalbach 

 

WB: 1:8000–1:30000

Goat-anti-rabbit, Alexa 

    Fluor®, 488 F(ab´)2 

Invitrogen, Darmstadt IF: 1:500–1:1000 

Goat-anti-rabbit, Alexa 

    Fluor®, 555 F(ab´)2 

Invitrogen, Darmstadt IF: 1:500–1:1000 

Goat-anti-rabbit,  

    HRP-coupled 

Millipore Corporation, Schwalbach WB: 1:8000–1:30000

Rabbit-anti-mouse, 

    HRP-coupled 

DAKO Cytomation A/S, Kopenhagen 

Denmark 

immunoperoxidase 

staining: 1:100 

 

2.7. Enzymes 
Enzymes:  Company: 

Lysozyme  AppliChem GmbH, Darmstadt 

Polymerase:  - PhusionTM High-Fidelity DNA 

- Taq  

Finnzymes, Vantaa, Finland 

New England Biolabs, Frankfurt 

Restriction enzymes Fast Digest ®  

(BamHI, BglII, EcoRI, EcoRV, HindIII, PstI) 

Fermentas, St. Leon-Rot 

RNAse A AppliChem GmbH, Darmstadt 

T4-DNA-ligase Fermentas, St. Leon-Rot 
  

 

For the reactions, the respective reaction puffers from Fermentas, Finnzymes or New 

England Bioloabs were used.  

 

2.8. Antivirals  
Antiviral:  Company:  

Foscarnet AstraZeneca GmbH, Wedel 
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2.9. Antibiotics 
Antibiotics:  Company:  

Brefeldin A  Sigma-Aldrich Chemie GmbH, Munich 

Carbenicillin AppliChem GmbH, Darmstadt 

Chloramphenicol Roth, Karlsruhe 

Kanamycin Sigma-Aldrich Chemie GmbH, Munich 

Penicillin/Streptomycin PAA Laboratories GmbH, Pasching 

 

2.10. Media 
2.10.1. Media for cell culture 

Media:  Cells: Components:  

DMEM HEK293FT, HeLa, 

and MRC5 cells 

10% fetal calf serum (FCS),  

1% penicillin/streptomycin, 1% L-glutamine 

MEM Cos7 cells 5% FCS, 1% penicillin/streptomycin,  

1% L-glutamine 

MEM 

 

HFFs 10% FCS, 1% penicillin/streptomycin,  

1% L-glutamine, 1% non essential amino acids 

RPMI macrophages/ 

monocytes 

10% FCS, 1% penicillin/streptomycin,  

1% L-glutamine 

Overlay medium for plaque assay 3.8 g MEM powder, 10 g methocel, ad 400 ml aqua 

bidest, after autoclaving (15 min at 121°C) add 10 ml 

sterile filtrated 10 mM NaHCO3, 4 ml L-glutamine 

and 400 ml of cell-specific medium, directly before 

use: dilute overlay medium 1:1 with cell-specific 

medium. 

 
2.10.2. Media for bacteria 

Media:  Components: 

2x yeast/tryptone (2xYT) medium 

 

16 g Bacto-Tryptone, 10 g yeast extract, 5 g NaCl, 

ad 1 l aqua bidest, adjust pH 7.2 with NaOH 

Luria Bertani (LB) medium 10 g Bacto-Tryptone, 5 g yeast extract, 10 g NaCl, 

ad 1 l aqua bidest, adjust pH 7.0 with NaOH  

LB medium for agar plates 1 l LB medium, 15 g Bacto-agar  
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Media:  Components: 

Medium for glycerol cultures 60% glycerol, 40% SOB 

SOB medium 20 g Bacto-Tryptone, 5 g yeast extract, 0.5 g NaCl, 

2.5 ml 1 M KCl, ad 990 ml aqua bidest, 

adjust pH 7.0 with NaOH, after autoclaving 

add 10 ml sterile 1 MgCl2 

SOC medium 10 ml SOB medium, 100 µl sterile 2 M glucose 

 

2.11. Standard solutions 
2.11.1. Solutions for DNA preparation and purification  

Solutions:  Components:  

10x DNA loading buffer 5 ml glycerol, 400 µl 0.5 M EDTA, 250 µl 

2% bromophenol blue, 250 µl 2% xylene cyanol, 

ad 10 ml aqua bidest 

10x TAE 48.4 g Tris, 2.9 g EDTA, 10 ml acetic acid,  

ad 1 l aqua bidest, adjust pH 8.2  

DNA marker solution 50 µl marker, 750 µl 1x TAE, 200 µl loading buffer 

(Invitrogen) or 100 µl marker, 400 µl aqua bidest, 

100 µl 6x DNA loading dye (Fermentas) 

Plasmid DNA mini preparation 

     

Solution 1: 25 ml 1 M Tris pH 8.0, 10 ml 

0.5 M EDTA, ad 500 ml aqua bidest, directly before 

use add RNAse A (concentration: 100 µg/µl) 

Solution 2: 100 µl 2% SDS, 100 µl 0.4 M NaOH 

Solution 3: 147.2 g potassium acetate,  

ad 500 ml aqua bidest, adjust pH 5.5  

TE buffer 10 ml 1 M Tris pH 8.0, 2 ml 0.5 M Na2EDTA, 

 ad 1 l aqua bidest, adjust pH 8.0 and autoclave 

 
2.11.2. Solutions for cell culture and virus titration 

Solutions:  Components:  

0.01 M phosphate buffered 

    saline (PBS) 

8.5 g NaCl, 1.4 g KH2PO4, ad 1 l aqua bidest,  

adjust pH 7.8 and autoclave 

0.01 M PBS/2% EDTA 0.01 M PBS, 2% EDTA  



Materials                                                                                                                               25 

Solutions:  Components:  

0.04 M sodium phosphate solution 1.1 g NaH2PO4-H2O, 11.5 g Na2HPO4-12 H2O, 

ad 1 l aqua bidest, adjust pH 7.4 and autoclave 

3-amino-9-ethylcarbazole (AEC)  

    solution 

dilute 1 tablet AEC in 4 ml dimethylformamide  

50 mM sodium acetate buffer 2.1 g sodium acetate, ad 500 ml aqua bidest,  

adjust pH 5.0 with acetic acid 

Sodium tartrate-glycerol solution 15 g di-sodium tartrate dihydrate, 55 g of 0.04 M 

sodium phosphate solution, pH 7.4, 30 g glycerol  

Sodium tartrate solution  35 g di-sodium tartrate dihydrate, 65 g of 

0.04 M sodium phosphate solution, pH 7.4  

Staining solution for virus titration 1 ml solution : 800 µl 50 mM sodium acetate buffer, 

200 µl AEC solution, 1 µl H2O2 

Sucrose phosphate buffer 37.3 g sucrose, 0.6 g K2HPO4, 0.2 g KH2PO4,  

ad 500 ml aqua bidest 

 
2.11.3. Solutions for immunofluorescence experiments 

Solutions:  Components:  

0.1% Trition X-100 solution 0.1% Triton X-100 in 0.01 M PBS 

0.01 M PBS/1% BSA 10 g BSA, ad 1 l 0.01 M PBS 

4% PFA solution 4% paraformaldehyde (PFA) in 0.01 M PBS,  

adjust pH 7.2 with NaOH   

IF blocking buffer   

    (for infected cells) 

6% human serum in 0.01 M PBS/1% BSA 

 

IF blocking buffer  

    (for transfected cells)  

5% FCS in 0.01 M PBS 

 

IF washing buffer  

    (for infected cells) 

0.1% Triton X-100 in 0.01 M PBS/1% BSA 

 

 

2.11.4. Solution for monocyte preparation  

Solution:  Components:  

Miltenyi buffer 0.5% BSA, 2% EDTA in 0.01 M PBS 
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2.11.5. Solutions for SDS PAGE, Western blot and CoIP experiments 
 

Tab. 2 Components for SDS gels: 

Resolving gel: 2 gels Stacking gel: 2 gels 

 12% 10% 7.5%  3.9% 

H2O [µl] 3345 4012 4845 H2O [µl] 3020 

1.5 M Tris pH 8.8 [µl] 2500 2500 2500 0.5 M Tris pH 6.8 [µl] 1250 

10% SDS [µl] 100 100 100  10% SDS [µl] 50 

30% acrylic amide [µl] 4000 3333 2500 30% acrylic amide [µl] 650 

10% APS [µl] 50 50 50 10% APS [µl] 25 

TEMED [µl] 5 5 5 TEMED [µl] 5 
       

total volume [µl] 10000 10000 10000 total volume [µl] 5000 
 

Tab. 3 Components for tricine gels: 

Resolving gel: 2 gels  Stacking gel: 2 gels 

 12%   3.9 % 

H2O [µl] 455  H2O [µl] 3000 

3 M Tris pH 8.45 [µl] 3335  0.5 M Tris pH 6.8 [µl] 1240 

50% Glycerol [µl] 2000  -      -  

10% SDS [µl] 100   10% SDS [µl] 50 

30% acrylic amide [µl] 4000  30% acrylic amide [µl] 650 

10% APS [µl] 100  10% APS [µl] 50 

TEMED [µl] 10  TEMED [µl] 10 
     

total volume [µl] 10000  total volume [µl] 5000 

 

Solutions:  Components:  

0.1% PBST  100 ml 10x PBS, 1 ml Tween, ad 1 l aqua bidest 

0.3% PBST  100 ml 10x PBS, 3 ml Tween, ad 1 l aqua bidest 

2x protein loading buffer 4 ml 10% SDS, 4 ml glycerol, 400 ml 

ß-mercaptoethanol, 300 ml 2% bromophenol blue, 

ad 10 ml aqua bidest 

4x protein loading buffer 2 ml 0.5 M Tris pH 6.8, 1.6 ml glycerol, 3.2 ml 

10% SDS, 800 µl ß-mercaptoethanol, 400 µl 

2% bromophenol blue 
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Solutions:  Components:  

10% APS solution 1 g ammonium persulfate, ad 10 ml aqua bidest 

10x Lämmli buffer 30 g Tris, 144 g glycine, 10 g SDS,  

ad 1 l aqua bidest 

10x lower buffer 242.2 g Tris, ad 1 l aqua bidest, adjust pH 8.9 

10x PBS 80 g NaCl, 14.4 g Na2HPO4-7 H2O, 2.4 g KH2PO4, 

42 g KCl, ad 1 l aqua bidest, adjust pH 7.4 

with HCL 

10x upper buffer 10 g SDS, 121.1 g Tris, 179.3 g Tricine,  

ad 1 l aqua bidest, adjust pH 8.2 

CoIP binding buffer 0.1 M sodium phosphate buffer, adjust pH 8.2, 

sterile filtration directly before use and at 0.01% 

Tween 20 

CoIP washing buffer 3.0 g Tris, 4.4 g NaCl, 0.7 g EDTA, 2.5 ml Igepal, 

ad 500 ml aqua bidest, adjust pH 8.0, sterile 

filtration directly before use and add protease 

inhibitors 

Coomassie staining buffer 450 ml ethanol, 100 ml acetic acid, 3 g Coomassie, 

ad 1 l aqua bidest 

Lysis buffer for  

    palmitoylation experiments 

50 mM Tris, 1% SDS, adjust pH 8.0, sterile 

filtration directly before use, add protease inhibitors 

Ripa buffer 

 

6.8 ml 0.1 M Na2HPO4, 3.2 ml 0.1 M NaH2PO4, 

1.0 ml Triton X-100, 1.0 ml 10% SDS, 2.0 ml 

0.5 M EDTA, 0.2 g NaF, 1.0 g sodium deoxycholat, 

ad 100 ml aqua bidest 

Transfer buffer for  

    semidry transfer 

4.6 g Tris, 21.6 g glycine, 150 ml methyl alcohol, 

ad 1 l aqua bidest 

Transfer buffer for  

    wet transfer 

4.6 g Tris, 21.6 g glycine, 150 ml ethanol,  

ad 1 l aqua bidest 

WB blocking buffer 100 ml 0.3% PBST, 5 g skim milk powder 

WB blocking buffer for  

    palmitoylation experiments 

0.5 g blocking agent (Amersham Bioscience)  

in 10 ml 0.1% PBST 
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2.11.6. Solutions for protein purification and SPR experiments 

Solutions:  Components:  

Coating buffer  10 mM sodium acetate, adjust pH 4.5 

Gel filtration buffer 10 mM Hepes, 150 mM NaCl, 3.4 mM EDTA, adjust pH 7.4  

SPR buffer gel filtration buffer supplemented with 0.005% p20 
 

Glutathione-sepharose 4B columns: 

Solutions:  Components:  

Elution buffer 10 mM glutathione, 50 mM Tris, adjust pH 8.8   

Equilibration buffers - aqua bidest 

- guanidine-HCL 6M 

- 70% ethanol in aqua bidest  

- 0.1 M Tris, 50 mM NaCl, adjust pH 8.8  

- 0.1 M sodium acetate, 50 mM NaCl, adjust pH 4.5                   

Lysis buffer  250 µM lysozyme, 1 mM EDTA in 0.01 M PBS,  

add protease inhibitors 

Washing buffers - 0.01 M PBS 

- 0.01 M PBS, 1 M NaCl, 1 M KCL 
 

Nickel columns:   

Solutions:  Components:  

Elution buffer 30 mM Tris, 300 mM NaCl, 300 mM imidazole, adjust pH 7.4

Equilibration buffers - aqua bidest  

- 0.5 M EDTA in aqua bidest 

- 100 mM Nickel in aqua bidest 

- 30 mM Tris, 300 mM NaCl, adjust pH 7.4  

Lysis buffer 30 mM Tris, 300 mM NaCl, 10 mM imidazole,  

250 µM lysozyme, adjust pH 7.4 and add protease inhibitors 

Washing buffers - 30 mM Tris, 300 mM NaCl, adjust pH 7.4 

- 30 mM Tris, 300 mM NaCl, 20 mM imidazole, adjust pH 7.4

- 30 mM Tris, 300 mM NaCl, 50 mM imidazole, adjust pH 7.4
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2.12. Chemicals 
Chemicals:  Company:  

3-amino-9-ethylcarbazole (AEC) Sigma-Aldrich Chemie GmbH, Munich 

4',6-diamidino-2-phenylindole (DAPI) Roche Diagnostics GmbH, Mannheim 

Acetic acid Merck KGaA, Darmstadt 

Acrylic amide Merck KGaA, Darmstadt 

Agarose Invitrogen, Darmstadt  

Ammonium persulfate (APS)   USB, Cleveland, OH, USA 

Anhydrotetracycline (AHTC) Sigma-Aldrich Chemie GmbH, Munich 

Aqua bidest University Ulm, Ulm 

Arabinose Sigma-Aldrich Chemie GmbH, Munich 

Bacto-Agar Becton Dickinson GmbH, Heidelberg 

Bacto-Tryptone Becton Dickinson GmbH, Heidelberg 

Blocking Reagent  Amersham Bioscience, Freiburg 

Bovine serum albumin (BSA) Serva, Heidelberg 

Bromophenol blue Serva, Heidelberg 

Chloroform Merck KGaA, Darmstadt 

Coomassie Serva, Heidelberg 

Detection reagent: Immobilon Western Millipore Corporation, Schwalbach 

Dimethylformamid  Merck KGaA, Darmstadt 

Di-potassium hydrogen phosphate 

    (K2HPO4) 

Roth, Karlsruhe 

Di-sodium hydrogen phosphate (Na2HPO4) Merck KGaA, Darmstadt 

Di-sodium tartrate dihydrate Merck KGaA, Darmstadt 

DMEM medium Gibco BRL, Eggenstein 

DNA ladder:          - 1 kb (GeneRulerTM) 

                               - 12 kb 

Fermentas, St. Leon-Rot 

Invitrogen, Darmstadt 

dNTP mix  Abgene, Hamburg 

Doxycycline Invitrogen, Darmstadt 

Dulbecco’s PBS w/o Ca2+ and Mg2+ PAA Laboratories, Pasching, Austria 

EDTA (1%)/PBS w/o Ca2+ and Mg2+ Biochrom KG, Berlin 

Ethanol Sigma-Aldrich Chemie GmbH, Munich 

Ethidium bromide Roth, Karlsruhe 



Materials                                                                                                                               30 

Chemicals:  Company:  

Ethylenediaminetetraacetic acid (EDTA) Biochrom KG, Berlin 

Fetal calf serum (FCS) Gibco BRL, Eggenstein 

Glucose Merck KGaA, Darmstadt 

Glutathione Merck KGaA, Darmstadt 

Glutathione-sepharose 4B  GE Healthcare Europe GmbH, Munich 

Glycerol Roth, Karlsruhe  

Glycine AppliChem GmbH, Darmstadt 

Guanidine-HCL Merck KGaA, Darmstadt 

Hanks’ Salt Solution w/o Ca2+ and Mg2+ Biochrom KG, Berlin 

Hepes Serva, Heidelberg 

Human serum University Medical Center Ulm, Ulm 

Hydrochloric acid (HCL) VWR, Darmstadt 

Hydrogen peroxide (30%) Baker, Deventer, Netherlands 

Igepal CA 630 Sigma-Aldrich Chemie GmbH, Munich 

Imidazole Merck KGaA, Darmstadt 

Isopropyl alcohol Sigma-Aldrich Chemie GmbH, Munich 

L-glutamine (200 mM) PAA Laboratories, Pasching, Austria 

Liquid nitrogen University Ulm, Ulm 

Lymphocyte Separation Medium LSM 1077 PAA Laboratories, Pasching, Austria 

Non essential amino acids Biochrom KG, Berlin 

Macrophage colony stimulating factor 

    (M-CSF) 

R&D Systems, Wiesbaden-Nordenstadt 

Magnesium chloride (MgCl2) Roth, Karlsruhe 

MEM medium Gibco BRL, Eggenstein 

MEM powder Gibco BRL, Eggenstein 

Mercaptoethanol Merck KGaA, Darmstadt 

Methocel MC Fluka Chemie AG, Buchs, Switzerland 

Methyl alcohol Sigma-Aldrich Chemie GmbH, Munich 

Opti MEM® I Gibco BRL, Eggenstein 

p20 GE Healthcare Europe GmbH, Munich 

Page RulerTM Prestained Protein Ladder Fermentas, St. Leon-Rot 

Paraformaldehyde (PFA) Fluka Chemie AG, Buchs, Switzerland 
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Chemicals:  Company:  

Potassium acetate (KOAc) Merck KGaA, Darmstadt 

Potassium chloride (KCl) Roth, Karlsruhe 

Potassium dihydrogen phosphate (KH2PO4) Merck KGaA, Darmstadt 

Protease Inhibitor “complete”, EDTA free Roche Diagnostics GmbH, Mannheim 

ProteoBlockTMProtease Inhibitor Cocktail Fermentas, St. Leon-Rot 

RPMI medium Gibco BRL, Eggenstein 

Skim milk powder Saliter, Augsburg 

Sodium acetate (NaOAc) Merck KGaA, Darmstadt 

Sodium bicarbonate (NaHCO3) Merck KGaA, Darmstadt 

Sodium chloride (NaCl) AppliChem GmbH, Darmstadt 

Sodium deoxycholat Sigma-Aldrich Chemie GmbH, Munich 

Sodium dihydrogen phosphate (NaH2PO4) Merck KGaA, Darmstadt 

Sodium dodecyl sulphate (SDS) Fluka Chemie AG, Buchs, Switzerland 

Sodium fluoride (NaF) Sigma-Aldrich Chemie GmbH, Munich 

Sodium hydroxide (NaOH) AppliChem GmbH, Darmstadt 

Sucrose USB Corporation, USA 

Tetramethylethylenediamine (TEMED) Serva, Heidelberg 

Transfection reagents:  

               - LipofectaminTM LTX Reagent 

               - Turbofect 

 

Invitrogen, Darmstadt 

Fermentas, St. Leon-Rot 

Tricine Sigma-Aldrich Chemie GmbH, Munich 

Tris(hydroxymethyl)aminomethane (Tris) USB, Cleveland, OH, USA 

Triton X-100 Serva, Heidelberg 

Trypsin/EDTA solution PAA Laboratories, Pasching, Austria 

Trypan blue Carl Roth GmbH & Co. KG, Germany 

Tween-20 Merck KGaA, Darmstadt 

Xylene cyanol Serva, Heidelberg 

Yeast extract Becton Dickinson GmbH, Heidelberg 
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2.13. Instruments and software 
Instruments:  Company: 

ÄKTApurifier GE Healthcare Europe GmbH, Munich 

BiacoreX apparatus GE Healthcare Europe GmbH, Munich 

BIAsoftware:  

- Biacore Control software 

- BIAevaluation  

- SPR pages 

 

Biacore, Inc., Piscataway, NJ, USA 

Biacore, Inc., Piscataway, NJ, USA 

http://www.sprpages.nl/ 

Blotting equipment:  

- Semi Dry Blotter Trans-Blot SD 

- Wet transfer 

 

Bio-Rad, Munich 

Bio-Rad, Munich 

Centrifuges:  

- Beckmann Coulter AllegraTM 6  

- Beckmann Coulter Avanti  

                                  (Rotor: JA14) 

- Eppendorf 5415 C und D  

- Megafuge 1.0R  

- Ultracentrifuge  

                                  (Rotors: SW28, SW41)

 

Beckmann, Munich 

Beckmann, Munich 

 

Eppendorf, Munich 

Heraeus, Hanau 

Beckmann, Munich 

Developer Curix 60 AGFA Gevaert Gruppe, Cologne 

DynaMag™-Spin Invitrogen, Darmstadt 

Gene PulserTM Bio-Rad, Munich 

Gradient Maker Model GM-20 C.B.S. Scientific Company, Del Mar,  

CA, USA 

Equibio Electroporator EasyjecT Optima Peqlab, Erlangen 

Fluorescence microscope Axio-Observer.Z1  

    equipped with an Apotom 

Zeiss, Jena 

Gel documentation:  - Gel Doc 2000 

- Video Graphic Printer   

       UP-890CE 

Bio-Rad, Munich  

Sony Deutschland GmbH, Berlin 

Image editing:  - Image J 

- Axiovision 4.6. 

http://rsbweb.nih.gov/ij/index.html 

Zeiss, Jena 

MiniMACSTM separator Miltenyi Biotec, Bergisch Gladbach 
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Instruments:  Company: 

Optical microscope Carl Zeiss AG, Oberkochen 

Peristaltic pump for protein purifications Gilson, Villiers-le-Bel, France 

pH meter, pH 526 WTW GmbH, Weilheim 

Qubit Fluorometer Invitrogen, Darmstadt 

SDS PAGE chamber Bio-Rad, Munich 

Sequence analysis:  

 

- CSS-Palm 2.0      http://csspalm.biocuckoo.org/ 

- Hits                      http://myhits.isb-sib.ch/cgi-bin/index 

- Jpred                    http://www.compbio.dundee.ac.uk/www-jpred/

Sonifier B12 Gerhard Heinemann Laboratorium   

Ausrüstung, Schwäbisch Gmünd 

Spectrometer Novaspec II Pharmacia, Uppsala, Sweden 

Statistics program: GraphPad Prism GraphPad Software, La Jolla, CA, USA 

Superdex S75 and S200 for gel filtration GE Healthcare Europe GmbH, Munich 

Thermocycler GenAmp PCR System 9700 Perkin Elmer, Rodgau 

 

2.14. Other utensils 
Utensils:  Company:  

Amicon Ultra4 Centrifugal Filter Units, 3 kDa Millipore Corporation, Schwalbach 

Amicon Ultra15 Centrifugal Filter Units, 3 kDa Millipore Corporation, Schwalbach 

Bio-Rad Protein Assay  Bio-Rad, Munich 

Buffy coats Transfusion Center,  

University Medical Center Ulm, Ulm 

Cannulas Sterican Gr. 18, 0.45 x 25 mm Braun, Melsungen  

Click-iT® reagents: 

- palmitic acid, azide 

- biotin, alkyne 

- Protein Reaction Buffer Kit 

 

Invitrogen, Darmstadt 

Invitrogen, Darmstadt 

Invitrogen, Darmstadt 

CM5 sensor chip GE Healthcare Europe GmbH, Munich 

Coverslips Ø 13 mm Glaswarenfabrik Karl Hecht, Sondheim 

Cryo tubes Greiner Bio-One, Frickenhausen 

Dynabeads® Protein G for IP Invitrogen, Darmstadt 

E. coli Pulser® Cuvette (0.1 cm) Bio-Rad, Munich 
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Utensils:  Company:  

Electroporation Cuvette (0.4 cm) VWR, Darmstadt 

Eppendorf tubes 1.5 ml und 2.0 ml  Eppendorf, Munich 

Falcon tubes 15 ml und 50 ml Becton Dickinson GmbH, Heidelberg 

High Pure Viral Nucleic Acid Kit Roche Diagnostics GmbH, Mannheim 

HiYield ® PCR clean-up/ Gel  

    Extraction Kit 

Süd-Laborbedarf GmbH, Gauting 

Ibidi chamber 8 well Integrated Bio Diagnostics, Munich 

Lumox dishes Sarstedt AG & Co., Nümbrecht 

MACSTM LS column Miltenyi Biotec, Bergisch Gladbach 

Monocyte Isolation Kit II Miltenyi Biotec, Bergisch Gladbach 

Nickel beads  Sigma-Aldrich Chemie GmbH, Munich 

Object slide Menzel GmbH und CoKG, 

Braunschweig 

PCR tubes Biozym Diagnostik GmbH, Hessisch 

Oldendorf 

Petri dishes Cellstar Greiner Bio-One GmbH, Frickenhausen

Pipettes Sarstedt AG & Co., Nümbrecht 

Plasmid DNA purification kit:  

    NucleoBond XtraMidi 

Macherey-Nagel, Düren 

Polyvinylidene difluoride (PVDF) membrane Millipore Corporation, Schwalbach 

ProteoJETTMMembrane protein extraction kit Fermentas, St. Leon-Rot 

PureLinkTM Quick plasmid mini prep kit  Invitrogen, Darmstadt 

Sterile Syringe Filter 0.2 µm VWR, Darmstadt 

Syringe BD PlastipakTM 1 ml Becton Dickinson GmbH, Heidelberg 

Tissue culture flask T175, T75 and T25 Greiner Bio-One, Frickenhausen 

Tissue culture plates (6, 12, 24, 48, 96 well) Greiner Bio-One, Frickenhausen 

Vivaspin 500, 5K MWCO Sartorius AG, Göttingen 

X-ray films AGFA Cronex 5 AGFA-Gevaert N.V., Mortsel, Belgium 
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3. Methods 
3.1. Molecular biological methods  
3.1.1. Polymerase chain reaction 

The Phusion High-Fidelity DNA polymerase (Finnzymes) was used for polymerase 

chain reactions (PCRs) to clone various expression plasmids. The advantages of this 

enzyme are the higher fidelity, low error rate and increased processivity. The PCR was 

performed as described in table 4 and 5. 
 

Tab. 4 PCR attempt for the Phusion High-Fidelity DNA polymerase 

template (10 ng/µl) 1 µl

5’ primer [10 pM] 1 µl

3’ primer [10 pM] 1 µl

dNTPs [10 mM] 1 µl

5x buffer 10 µl

polymerase 0.5 µl

aqua bidest 35.5 µl

 
Tab. 5 PCR program for the Phusion High-Fidelity DNA polymerase 

Step 1 initial denaturation 30 s 98 °C 
    

Step 2 denaturation 10 s 98 °C 

Step 3 annealing 20 s 62 °C 

Step 4 elongation (~1kb) 30 s 72 °C 
    

Step 5 denaturation 10 s 98 °C 

Step 6 + 7 annealing + elongation 50 s 72 °C 
    

Step 8 elongation  5 min 72 °C 

Step 9  ∞ 4 °C 

  

The correct size of the PCR products was controlled by agarose gel electrophoresis.  

 

 

 

 

10 cycles 

25 cycles
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3.1.2. Cloning of expression plasmids 

The gene of interest was PCR amplified with sequence specific primers including 

restriction enzyme sites at the 5’ and 3’ ends. Afterwards the PCR product as well as the 

expression vector was digested by restriction enzymes according to the manufacture’s 

protocol. After heat inactivation of enzymes the ligation was performed in a total volume 

of 20 µl. 150 ng of the digested expression vector, 3 times more insert, 10x ligation buffer 

and aqua bidest were mixed and incubated on ice. After 30 min 1 µl ligase was added. The 

ligation reaction proceeded at room temperature (RT) for at least 30 min. Finally the ligase 

was heat inactivated at 65°C for 10 min.  

 

3.1.3. Transformation of bacteria 

The ligation mix was transformed into bacteria. Therefore, 5 µl of the ligation was 

mixed with 15 µl bacteria culture and incubated on ice for 20 min. Then, a short heat shock 

at 42°C for 45 s was performed. After 3 min incubation on ice 250 µl SOC medium was 

added and the bacteria were shaken at 37°C for 1 h. Bacteria were plated on agar plates 

with respective antibiotics and incubated over night at 37°C. Selected colonies were grown 

in over night cultures and used for DNA mini preparation (3.1.5). Correctness of selected 

clones was controlled by DNA digestion and sequencing of the insert region (4baselab 

GmbH, Reutlingen).  

 

3.1.4. Generation of glycerol cultures 

For glycerol cultures 900 µl bacteria suspension grown in Luria Bertani (LB) medium 

with antibiotics were mixed with 900 µl glycerol culture medium and stored at -80°C. 

To ensure good growth rates for subsequent experiments, the bacteria should be in the 

exponential growth phase before freezing.  

 

3.1.5. Mini preparation of BAC and plasmid DNA 

For mini preparations bacteria were grown over night at 37°C (plasmid DNA) or 32°C 

(BAC DNA) in 3 ml LB medium supplemented with respective antibiotics. Cultures were 

centrifuged at 4500 rpm for 10 min and the bacteria pellet was resuspended in 

300 µl solution 1 and transferred to a new tube. For alkaline cell lysis 300 µl solution 2 

was added, mixed by inverting the tube and incubated for not more than 5 min at RT.  
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For neutralization the sample was mixed with 300 µl cooled solution 3 by inverting the 

tube and incubated at 4°C for 20 min. Next, the sample was centrifuged at 13000 rpm for 

20 min at 4°C to separate the soluble plasmid or BAC DNA from precipitated proteins and 

chromosomal DNA. The supernatant was transferred to a new tube. To improve purity of 

the DNA, the sample was centrifuged again at 4°C. Afterwards, 800 µl of supernatant were 

mixed with 450 µl isopropyl alcohol by inverting the tube. The sample was centrifuged at 

13000 rpm for 20 min at 4°C for DNA precipitation. The DNA pellet was washed with 

500 µl 70% ethanol. After centrifugation at 13000 rpm for 20 min at RT, ethanol was 

removed and the DNA pellet was dried at 37°C. DNA was resolved in 50 µl TE buffer and 

shaken at 300 rpm at 37°C for at least 30 min. DNA concentrations were determined with 

the Qubit Fluorometer.    

Additionally, mini preparations of plasmid DNA were also performed with the 

PureLinkTM Quick Plasmid Mini preparation Kit (Invitrogen) exactly as described in the 

manufacturer’s protocol.  

 

3.1.6. Midi preparation of BAC and plasmid DNA 

The NucleoBond Xtra Midi Kit (Macherey-Nagel) was used for midi preparations. 

200 ml LB medium supplemented with antibiotics was inoculated with the respective 

bacteria. Bactria containing plasmid DNA were incubated over night at 37°C and bacteria 

containing BAC DNA at 32°C. After centrifugation of bacteria for 10 min at 4500 rpm, the 

cell lysis was performed exactly as described in the manufacturer’s protocol. Then, 

additional steps were introduced. The sample was centrifuged at 6000 rpm for 15 min to 

precipitate the proteins. Next, the sample was filtered through a gauze layer before loading 

on the column. The following washing and precipitation steps were again performed as 

described in the manufacturer’s protocol. Precipitated DNA was resolved in 500 µl TE 

buffer and shaken at 37°C for at least 30 min. DNA concentrations were determined with 

the Qubit Fluorometer.  

 

3.2. BAC mutagenesis 
Markerless BAC mutagenesis is a successful tool for introducing mutations into viral 

BACs. It is based on two homologous recombination events which first introduce the 

mutation with a selection marker into the BAC DNA and then remove the selection marker 

again (153).  
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For the BAC mutagenesis GS-TB40-BAC4 bacteria were used carrying the HCMV 

wild-type BAC TB40-BAC4 or one of its mutants, a temperature inducible promoter for 

the expression of recombination (rec) enzymes Exo, Beta and Gam and an arabinose 

inducible promoter for the expression of the homing endonuclease I-SceI. The respective 

steps of introducing a point mutation into the viral BAC sequence are described below in 

detail.  

 

3.2.1. Generation of the template for BAC mutagenesis 

The Kan-I-SceI template was obtained by digestion of 3 µg of the pEP-KanS vector 

with the restriction enzymes BamHI and EcoRV. The gel purified template was used for 

generating the BAC mutagenesis template by PCR with specific primers. The PCR was 

performed as described in table 6 and 7.  
 

Tab. 6 PCR attempt for the Taq polymerase 

Kan-I-SceI template [20 ng/µl] 1 µl

5’ primer [10 pM] 1 µl

3’ primer [10 pM] 1 µl

dNTPs [10 mM] 1 µl

10x buffer 5 µl

Taq polymerase 0.5 µl

aqua bidest 40.5 µl

 
Tab. 7 PCR program for the Taq polymerase 

Step 1 initial denaturation     3 min 95 °C 
    

Step 2 denaturation 30 s 95 °C 

Step 3 annealing 30 s 47 °C 

Step 4 elongation (~1kb) 90 s 68 °C 
    

Step 5 denaturation 30 s 95 °C 

Step 6 + 7 annealing + elongation     2 min 68 °C 
    

Step 8 elongation     7 min 68 °C 

Step 9  ∞ 4 °C 

 

 

15 cycles 

20 cycles
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The primers used for the PCR bind to the Kan-I-SceI template and contain the point 

mutation flanked by the surrounding viral gene sequences (Fig. 5). The PCR product was 

purified with the HiYield ® PCR clean-up/Gel Extraction kit and used for the 

transformation of GS-TB40-BAC4 bacteria.  
 

 
 

Fig. 5 Generation of the template for BAC mutagenesis 

The PCR was performed with special primers carrying sequences (white) homolog to the Kan-I-SceI 

template (KanR = kanamycin resistance, I-SceI = I-SceI restriction site). The non-binding parts of the 

primers contain the point mutation (*) flanked by the surrounding gene sequences in this case 

sequences of the viral gene UL103 (dark gray).  

 

3.2.2. Generation of electrocompetent GS-TB40-BAC4 bacteria 

GS-TB40-BAC4 bacteria containing the viral BAC were grown over night at 32°C in 

5 ml LB medium supplemented with chloramphenicol (Cam). 200 ml medium were 

inoculated with the over night culture and incubated at 32°C until an optical density 600 

(OD600) of 0.5 to 0.7 was reached. Then, a heat shock was performed at 42°C for 15 min to 

activate expression of the rec enzymes. After shaking bacteria on ice for 20 min, they were 

transferred to 50 ml tubes and centrifuged at 6000 rpm for 10 min at 4°C. Bacteria were 

washed 3 times with cooled 50 ml 10% glycerol and after each washing step they were 

centrifuged at 6000 rpm for 10 min at 4°C. Finally, the supernatant was completely 

removed and the pellet was resuspended in 600 µl 10% glycerol. 50 µl bacteria suspension 

was aliquoted into new tubes, shock frozen in liquid nitrogen and stored at -80°C. 
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3.2.3. Electroporation of GS-TB40-BAC4 bacteria – first recombination 

500 ng of the PCR product (3.2.1.) was mixed with 50 µl of electrocompetent             

GS-TB40-BAC4 bacteria (3.2.2.) and transferred to an electroporation cuvette (0.1 cm). 

After the pulse (1250 volt, 25 µF, 200 ohm) of the gene pulser, bacteria were resuspended 

in 900 µl SOC medium. The first recombination step was performed by shaking the 

bacteria at 32°C for 1 h (Fig. 6). Afterwards bacteria were plated on an LB agar plate 

supplemented with Cam and kanamycin (Kan) and incubated at 32°C.  
 

 
 

Fig. 6 First recombination step 

For the first recombination step GS-TB40-BAC4 bacteria were transformed with the PCR product by 

electroporation. The PCR product was incorporated into the viral BAC by temperature induced rec 

enzymes via homologous recombination (KanR = kanamycin resistance, I-SceI = I-SceI restriction site).  

 

3.2.4. Selection of positive clones after first recombination  

Positive clones were inoculated in 5 ml 2xYT medium supplemented with Cam and Kan 

and the BAC mini preparation was performed as described under 3.1.6. To control whether 

the insertion into the viral BAC occurred at the right position, a PCR with three primers 

was performed using the isolated BAC DNA as template (Fig. 7). One primer was 

homolog to the inserted Kan-I-SceI sequence and the other two primers surrounded the 

region used for the insertion. 2 different PCR products were obtained in case of a correct 

recombination.  
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Fig. 7 Control PCR for the first recombination step  

(A) The wild-type BAC is carrying no kanamycin resistance gene. Therefore, primer 2 containing 

homologous sequences to the selection marker cannot bind. PCR resulted in one product by primer 1 

and 3. (B) After performing the first recombination step for introducing the point mutation together 

with the kanamycin resistance gene into the viral BAC, primer 2 can bind to the inserted selection 

marker resulting in 2 different PCR products; a small product amplified by primer 1 and 2 and 

a longer product by primer 1 and 3 (KanR = kanamycin resistance, I-SceI = I-SceI restriction site).  

 

3.2.5. Resolution of positive clones – second recombination  

Clones with the correct PCR products were grown in 1 ml LB medium supplemented 

with Cam for 2 h at 32°C. The expression of the homing endonuclease I-SceI was induced 

by adding 1 ml LB containing 2% arabinose. By shaking the bacteria for 60 min at 32°C    

I-SceI generates double strand breaks at the I-SceI site in the Kan-I-SceI sequence. These 

double strand breaks are the substrate for the rec enzymes which were induced by 

a temperature shift to 42° for 30 min. The second recombination step was performed by 

shaking the bacteria for up to 3 h at 32°C (Fig. 8). Next, the OD600 was measured. Bacteria 

were diluted in LB medium depending on the measured value and transferred to LB agar 

plates supplemented with Cam and 1% arabinose. The plates were incubated for at least 

one day at 32°C.    
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Fig. 8 Second recombination step 

For the second recombination, arabinose induced expression of the homing endonuclease I-SceI led to 

a double strand break at the I-SceI site. After induction of rec enzyme expression, the second 

recombination occurred resulting in the loss of the selection marker and the doubled UL103 gene 

sequences (KanR = kanamycin resistance, I-SceI = I-SceI restriction site).  

 

3.2.6. Selection of positive clones after second recombination 

Clones were analyzed in replica on different agar plates to screen for those with a 

successful second recombination. Bacteria were first transferred to a plate containing 

LB agar supplemented with Cam and Kan. On this plate only non-resolved clones still 

harboring the Kan-I-SceI sequence were able to grow. The same bacteria were also 

transferred to an LB agar plate containing Cam and 1% arabinose. On this plate especially 

the clones with a successful second recombination grew. Both plates were compared to 

find positive clones. Clones unable to grow on the Cam/Kan plate but growing to large 

colonies on the Cam/arabinose plate were chosen for BAC mini preparation (3.1.6.). After 

the DNA isolation, the same PCR as described under 3.2.4 was performed to control for 

the inserted mutation. Resolved clones had lost their Kan-I-SceI sequence and thus 

exhibited the same PCR product as the wild-type BAC (Fig. 9). The selected clones were 

first sequenced to control for the correctness of the inserted point mutation and the 

recombination sites. Subsequently, BAC DNA was digested with different restriction 

enzymes and subjected to restriction length fragment polymorphism analysis to control the 

backbone of the viral BAC. 
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Fig. 9 Control PCR for the second recombination step 

(A and B) The second recombination step led to the loss of the induced selection marker and the 

doubled UL103 gene sequence. The PCR products of wild-type BAC and the resolved BAC mutant 

amplified with primer 1 and 3 are equal except for the induced point mutation (*) in the BAC mutant. 

(C) Non-resolved clones still harbor the Kan-I-SceI sequence and thus the binding site for primer 2 

resulting in two different PCR products (KanR = kanamycin resistance, I-SceI = I-SceI restriction site).   

 

3.2.7. Electroporation of eukaryotic cells 

MRC5 cells were electroporated with the viral BAC DNA to reconstitute mutant 

viruses. Therefore, 10 µl BAC mini DNA or 3 µg BAC midi DNA together with 1 µg of 

the pCDNA3.1-pp71 plasmid expressing the HCMV transactivator protein pp71 were 

diluted in 40 µl Opti MEM supplemented with 5% FCS. MRC5 cells of one T75 flask were 

used for two electroporation attempts. Cells were washed 2 times with 

0.01 M PBS/2% EDTA, trypsinized and transferred to a 50 ml tube. The tube was filled up 

to 50 ml with 0.01 M PBS. After centrifugation at 1200 rpm for 10 min at RT, the cell 

pellet was resuspended in 500 µl Opti MEM supplemented with 5% FCS.  
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For one electroporation attempt 250 µl of cells were mixed with the diluted BAC DNA 

and transferred to an electroporation cuvette (0.4 cm) and put into the electroporator. The 

electroporation was performed at 260 volt and 1050 µF. Afterwards cells were collected by 

immediately rinsing the cuvette with conditioned medium containing 50% fresh medium 

and 50% medium in which MRC5 cells were grown for at least 3 day. The surviving cells 

of two electroporations using the same BAC DNA were seeded in one T25 flask. 

Depending on the cell density it could be necessary to add non-electroporated MRC5 cells 

the next day. After an incubation of up to 5 days, depending on the growth rate and cell 

density, cells were transferred to a T75 flask and further proceeded for virus stock 

generation as described under 3.3.2. 

The same protocol was used for the electroporation of MRC5 cells with plasmid DNA. 

For each attempt 5 µg DNA of plasmids expressing inducible proteins was used. The 

induction of protein expression was induced afterwards by treatment of cells with 

doxycycline (1µg/ml) diluted in medium.   

 

3.3. Cell biological methods 
3.3.1. Cultivation of cell lines 

Cultivation of cell lines was performed in tissue culture flasks in cell-specific medium 

in an incubator at 37°C under 5% carbon dioxide content. To passage cells, medium was 

removed and cells were washed twice with 0.01 M PBS/2% EDTA. Cells were detached 

from the flask by treatment with trypsin and incubation at 37°C. Detached cells were 

resuspended in fresh medium and transferred to new flasks. Passage frequency and dilution 

factor were dependent on the respective cell lines (Tab. 8). 
 

Tab. 8 Cultivation of cell lines 

 passage frequency in days dilution factor 

Cos7 cells 3-4 1:5 to 1:10 

HEK293FT cells 2-4 1:10 to 1:30 

HeLa cells 3-4 1:5 to 1:15 

HFFs 7 1:2 

MRC5 cells 4 1:3 to 1:5 
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3.3.2. Generation of virus stocks 

Virus stocks were generated by infection of primary human foreskin fibroblasts (HFFs) 

in a T25 flask with a multiplicity of infection (MOI = virus particles/cell count) of 0.5. 

After incubation for 3 days 2 T25 flasks were combined into one T75 flask and further 

incubated to enhance the spread of infection. Flasks containing densely grown cells were 

splitted 1:2 whereas uninfected cells were added to flasks containing only few cells. These 

procedures were repeated until all cells were infected. Then, free virus particles were 

harvested several times by removing the supernatant and adding fresh medium to the cells. 

Cell debris was removed from the supernatant by centrifugation at 5000 rpm for 10 min. 

Virions were sedimented by an ultracentrifugation step at 23000 rpm for 60 min. The pellet 

was gently resuspended in 250 µl medium and 250 µl sucrose phosphate buffer after 

incubation at 4°C for at least 2 h. The resuspended virus stocks were aliquoted and stored 

at -80°C. For determining the virus yield, one aliquot was thawed and titrated on HFFs as 

described under 3.3.4.  

 

3.3.3. Virus purification by tartrate glycerol gradient 

HCMV infected HFFs were grown until they reached a cytopathic effect of 80% to 

90%. The supernatant was transferred to a tube and centrifuged at 5000 rpm for 10 min at 

4°C for removing cell debris. Next, virions in the supernatant were sedimented by ultra 

centrifugation at 23000 rpm for 70 min at 10°C. The pellet was resuspended in 

2 ml 0.04 M sodium phosphate buffer and loaded on the density gradient consisting of 

4 ml 35% sodium tartrate and 5 ml 15% sodium tartrate 30% glycerol buffer gently filled 

into the Gradient Maker (C.B.S. Scientific Company). The sample was centrifuged at 

23000 rpm for 45 min at 10°C. The brake was taken off after reaching 800 rpm during 

stopping the centrifuge. The layer containing the separated virions was transferred to a new 

tube and the virions were sedimented by centrifugation at 25000 rpm for 60 min at 4°C. 

The pellet was resuspended in sodium phosphate buffer, aliquoted and stored at -80°C.   

 

3.3.4. Virus titration 

1.7x104 HFFs per well were seeded in a 96 well plate and incubated over night. Serial 

dilutions (1:10) of the virus stock were prepared in duplicate and added to the cells. The 

plate was centrifuged at 1900 rpm for 30 min and incubated for 2 days. Then, cells were 

fixed and permeabilized with ice cold methyl alcohol.  
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After incubation at -20°C for 10 min, methyl alcohol was removed and cells were dried. 

For detection of infected cells by immunoperoxidase staining, cells were initially washed 

twice with 0.01 M PBS. 35 µl of either the primary anti-CMV antibody (DAKO) diluted 

1:75 in 0.01 M PBS/1% BSA or the IE antibody (Mab 63-27) from hybridoma culture 

supernatant diluted 1:1 in 0.01 M PBS was added to the cells. After incubation at RT for 

1 h, cells were washed 3 times with 0.01 M PBS. Then, 35 µl of the horseradish peroxidase 

(HRP)-coupled secondary antibody (DAKO) diluted 1:100 in 0.01 M PBS/1% BSA was 

added and incubated at RT for 1 h. Cells were washed 3 times with 0.01 M PBS. Finally, 

the peroxidase reaction for staining the nuclei of infected cells was performed by adding 

50 µl of the freshly prepared staining solution. After incubation at RT for 20 min, cells 

were washed again with 0.01 M PBS. The stained nuclei were counted using light 

microscopy and the virus titer (plaque forming unit (p.f.u.)/ml) of the virus sample was 

calculated with the following formula.  
 

 
 

3.3.5. Growth kinetics on HFFs 

3x104 HFFs per well were seeded in a 48 well plate and grown over night in the 

incubator. Cells were infected for single step (MOI 3) or multi step kinetics (MOI 0.01). 

The virus yield of the inocula was controlled by titration (3.3.4). After adding the virus 

diluted in medium on the cells, cells were centrifuged at 1900 rpm for 30 min and 

incubated for 2 h. Finally the virus containing medium was replaced by fresh medium. 

Samples were taken every day up to day 7 for the single step kinetics and every third day 

up to day 18 or 21 for multi step kinetics. Supernatant of infected cells was collected at the 

indicated times and centrifuged at 4000 rpm for 5 min to remove the cell debris. The 

supernatant was transferred to a new tube and stored at -80°C. Cells were immediately 

covered with fresh medium and placed back in the incubator. For harvesting the            

cell-associated virus, infected cells were resuspended in 500 µl fresh medium at indicated 

times and stored at -80°C. Before titration, samples were thawed and cells were lysed by 

several passages through a 1 mm needle. To remove cell debris, samples were centrifuged 

for 5 min at 4000 rpm and the supernatant was used for titration. Determination of virus 

yields was done by titration on HFFs as described under 3.3.4. The obtained growth curves 

were used to compare the virus yield of wild-type and mutant viruses at the respective 

times. Growth kinetics on HFFs were performed in at least 3 independent experiments.  
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3.3.6. Preparation of macrophages for growth kinetics 

For this work monocytes were isolated from buffy coats and further differentiated to 

macrophages. The buffy coats of anonymized HCMV seronegative healthy individuals 

were obtained from the Transfusion Center (University Medical Center Ulm). All blood 

donors give written informed consent to approve and authorize the use of their blood for 

medical, pharmaceutical and research scopes.  

For the monocyte isolation the Monocyte Isolation Kit II (Miltenyi Biotec) was used. 

Therefore, two 50 ml tubes were prepared with 15 ml Lymphocyte Separation Medium 

LSM containing Ficoll for the following density gradient. The Ficoll tubes were gently 

overlayed with 20 ml of a buffy coat diluted in 50 ml Hanks. The blood cells were 

separated by the Ficoll gradient via centrifugation at 1750 rpm for 30 min without using 

the brake to stop the centrifuge. The layer containing the leukocytes was transferred to a 

new tube, filled up with 50 ml Hanks and centrifuged at 1650 rpm for 10 min by using the 

soft brake. Afterwards, the cell pellet was resuspended in 10 ml EDTA (1%)/PBS and 

filled up to 50 ml with Hanks. Cells were centrifuged again at 1000 rpm for 10 min by 

using the soft brake. After adding both samples in one tube, it was filled up with 50 ml 

Hanks. Cells were counted by using trypan blue to distinguish between vital and dead cells. 

1.5x108 cells were washed with 50 ml Hanks and centrifuged at 1650 rpm for 10 min. 

From now on all steps were performed with precooled solutions and on ice. For the 

negative selection, the cell pellet was resuspended in 450 µl Miltenyi buffer and mixed 

with 150 µl FcR blocking and 150 µl monocyte biotin AB cocktail. After 10 min 

incubation on ice, 450 µl Miltenyi buffer and 280 µl anti-biotin micro beads were added. 

After 15 min on ice, the sample was filled up with 50 ml Miltenyi buffer and was 

centrifuged at 1200 rpm for 10 min. After equilibration of the MACSTM LS column with 3 

ml Miltenyi buffer, the pellet was resuspended in 1 ml Miltenyi buffer and loaded on the 

column. The flow through, containing the negative selected monocytes, was collected in 

a tube and the column was washed again 3 times with 3 ml Miltenyi buffer. The monocytes 

in the flow through were centrifuged at 1200 rpm for 10 min. The pellet was resolved in 

medium and cell counts determined. 3x106 monocytes were seeded in each Lumox dish. 

To differentiate monocyte to M2 macrophages, medium was supplemented with 100 ng/ml 

macrophage colony stimulating factor (M-CSF). Medium and the growth factor were 

refreshed 3 days later.  
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After 7 days of differentiation the macrophages were detached by rinsing the Lumox 

dish with 0.01 M PBS and were used for growth kinetics. 1.5x105 macrophages per well 

were seeded in a 96 well plate. The next day, they were infected by the respective viruses 

using an MOI of 5. 4 h after infection, cells were washed 3 times with 0.01 M PBS and 

fresh medium was added. The supernatant of infected macrophages was collected every 

day up to day 15 and replaced by fresh medium. The samples were centrifuged at 

4000 rpm for 5 min and the supernatant was frozen at -80°C. The virus yields of the 

supernatants as well as that of the inocula used for infection were determined by titration 

on HFFs (3.3.4.). Additionally, the infectivity of the inocula was controlled in 

macrophages, because the titer of the used virus stocks was only determined on HFFs. 

1.5x105 macrophages were seeded in an 8 well ibidi. One day after infection cells were 

fixed with 4% paraformaldehyde (PFA) in 0.01 M PBS and stained for IE expression. The 

immunofluorescence staining was performed as described under 3.3.11. For analysis the 

percentage of infected cells was calculated. The growth kinetics on macrophages was 

performed by using 3 different donors including 2 to 4 independent attempts of each virus, 

respectively. 

 

3.3.7. Plaque assay 

Direct cell-to-cell spread of HCMV could be investigated by plaque assays.                     

1.5 x105 HFFs per well were seeded in a 12 well plate and infected the day after with 

100 infectious virus particles per well. To allow only direct cell-to-cell spread, cells were 

overlayed with medium for plaque assay containing the viscous substance methylcellulose 

one day post infection. 4 days post infection new overlay medium was added. 9 days post 

infection, cells were washed with 0.01 M PBS, fixed and permeabilized with ice cold 

methyl alcohol at -20°C for 10 min. Infected cells were stained with an IE antibody and 

a fluorescence-coupled secondary antibody as described under 3.3.11. Pictures of the 

plaques were taken with the Axio-Observer.Z1 fluorescence microscope by using the 

10x objective. The plaque areas of at least 30 plaques were determined by the 

Image J software. Experiments were repeated in 3 independent attempts. Statistical 

analysis was performed by using the Kruskal-Wallis and the Dunn’s Multiple Comparison 

test using the GraphPad Prism software.  
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3.3.8. Infection and foscarnet treatment of cells  

The cell count and the MOI used for virus infections were dependent on the respective 

experiments. For Western blot (WB) analysis 2x105 HFFs per well were seeded in 

a 12 well plate and infected with the respective viruses by using an MOI of 3. Cells were 

centrifuged at 1900 rpm for 30 min for higher infection rates. After 2 h incubation the virus 

containing medium was replaced by fresh medium. To further investigate the expression 

kinetics of viral proteins, cells were treated with the pyrophosphate analogue foscarnet by 

using a final concentration of 400 µM. This substance is used to distinguish between      

IE-/DE-genes and L-genes by inhibiting only the expression of L-genes. After the 

respective incubation times cells were washed 2 times with 0.01 M PBS, lysed in Ripa 

buffer and stored at -80°C.   

 

3.3.9. Membrane fractionation experiments 

The ProteoJET membrane protein extraction kit (Fermentas) was used to isolate 

membranes of virus infected cells. 2.5x105 HFFs per well were seeded in a 6 well plate, 

infected with HCMV wild-type virus by using an MOI of 3 and incubated for 5 days. For 

the fractionation, the permeabilization buffer and membrane protein extraction buffer had 

to be supplemented with protease inhibitors and all buffers were kept on ice during the 

experiment. First, the cells were washed twice with 0.01 M PBS and then with 1.6 ml of 

the cell wash solution. 600 µl permeabilization buffer was added and the plate was gently 

shaken at 4°C. After incubation for 20 min the permeabilization buffer, containing now the 

cytosolic proteins, was transferred into a new tube. The membrane fraction was obtained 

by adding 500 µl membrane protein extraction buffer. The plate was shaken at 300 rpm for 

30 min at 4°C. Then, the membrane protein extraction buffer containing the membrane 

proteins was transferred into a new tube. Finally, the tubes containing the cytosolic and 

membrane fractions were centrifuged at 13000 rpm for 15 min at 4°C. The supernatants 

were transferred into a new tube and either stored at -80°C or was directly used for SDS 

PAGE (3.4.1.) and Western blot analysis (3.4.2.). 
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3.3.10. Palmitoylation experiments  

Palmitoylation is a post translational protein modification. The acylation of proteins, in 

this case with palmitic acid, increases their hydrophobicity and thus facilitating membrane 

association (115, 144). The Click-iT system (Invitrogen) was used to detect palmitoylated 

proteins. 5x105 HEK293FT cells per well were seeded in a 6 well plate and were 

transfected with the respective expression plasmids by using LTX reagent as it is described 

in the manufacture’s protocol. To investigate palmitoylation during HCMV infection, 

2.6x105 HFFs per well were seeded in a 6 well plate, infected with an MOI of 5 and 

incubated for 5 days. For metabolic labeling, transfected as well as infected cells were 

treated with 100 µM azide palmitic acid for at least 6 h in the incubator. Then, cells were 

washed twice with 0.01 M PBS. 1x106 cells were centrifuged at 400 rpm for 5 min and the 

pellet was lysed in 60 µl lysis buffer. Samples were incubated at 4°C for 30 min and after 

sonification they were mixed for 5 min by using a vortex mixer. The cell lysate was 

centrifuged at 13000 rpm for 5 min at 4°C. The supernatant was transferred into a new tube 

and protein concentration was determined using the Qubit fluorometer. For the Click-iT 

reaction 50 µl (containing maximal 200 µg protein) protein lysate was mixed with 

100 µl buffer A supplemented with 40 µM biotin-alkyne and 10 µl aqua bidest. Then, the 

other buffers (buffer B: 10 µl, buffer C: 10 µl, buffer D: 20 µl) were added one by one with 

always a short mixing step in between. The biotin labeling of palmitoylated proteins 

(Click-iT reaction) took place at an overhead shaker at RT for 30 min by forming a stable 

triazole conjugate arisen from the azide and alkyne residues. Next, the proteins were 

purified. Therefore, 600 µl methyl alcohol, 150 µl chloroform and 400 µl aqua bidest were 

mixed one by one to the sample. Phase separation was performed by a centrifugation step 

at 13000 rpm for 5 min. The aqueous upper phase was discarded and 450 µl methyl alcohol 

was mixed to the lower phase. The sample was centrifuged at 13000 rpm for 5 min and the 

supernatant was discarded. The protein pellet was washed again with 450 µl methyl 

alcohol and after the last centrifugation step at 13000 rpm for 5 min it was dried for at least 

15 min at RT. Then, the pellet was resolved in 40 µl 2x loading buffer and after 10 min 

mixing and a denaturation step at 95°C for 10 min, 10 µg of each sample was used for SDS 

PAGE (3.4.1.). Separated proteins were transferred to a PDVF membrane for Western blot 

analysis (3.4.2.). For detection of palmitoylated proteins WB blocking buffer for 

palmitoylation experiments, 0.1% PBST and an HRP-coupled strepdavidin antibody 

directed against biotin were used.  
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3.3.11. Immunofluorescence analysis 

Immunofluorescence (IF) experiments were performed to study the localization of 

proteins in transfected as well as in infected cells. 4.5x104 Cos7 cells per well were seeded 

on glass cover slips in a 24 well plate and were transfected with expression plasmids by 

using LTX reagent as it is described in the manufacture’s protocol. For infection 

experiments, 1.3x104 HFFs per well were seeded in an 8 well ibidi chamber and infected 

the next day with the respective viruses using an MOI between 0.1 and 0.5. Medium was 

changed one day post infection. After the respective incubation times cells were washed 

twice with 0.01 M PBS prior fixation with 4% PFA in 0.01 M PBS at 4°C for 10 min. 

After 2 washing steps with 0.01 M PBS, cells were permeabilized by incubation with 

0.1% Triton X-100 in 0.01 M PBS at RT for 5 min. Cells were washed twice with 

0.01 M PBS and then incubated in either IF blocking buffer for infected or the buffer for 

transfected cells at RT for 30 min to reduce non-specific binding of antibodies. Primary 

antibodies were diluted in IF blocking buffer and incubated with the cells at RT for at least 

45 min. Then, cells were washed 3 times with either IF washing buffer for infected cells or 

with 0.01 M PBS for transfected cells. Next, fluorescence-coupled secondary antibodies 

diluted in 0.01 M PBS were added and incubated with the cells at RT for 45 min. After 

3 washing steps with 0.01 M PBS the nuclei were stained with DAPI (1µg/ml) in 

0.01 M PBS at RT for 10 min. After a final washing step, localization of stained proteins in 

the 8 well ibidi chamber was examined directly by fluorescence microscopy. Cells on 

cover slips were mounted on object slides using Vectashield Mounting medium (Vector 

Laboratories). Fluorescence signals were detected by monochromatic pictures of the         

Axio-Observer.Z1 microscope equipped with an apotome (Zeiss). Colors were determined 

later by the Axiovision 4.6. software. 

 

3.3.12. Bimolecular fluorescence complementation assay 

Bimolecular fluorescence complementation (BiFC) assay is a method to investigate 

protein-protein interactions under physiological conditions (63, 64, 65, 66). Including the 

advantages that the localization of the interacting proteins and also the cellular milieu is 

not influenced like it is the case in other methods, for example in coimmunoprecipitation 

(CoIP) experiments. Citrine, a modified yellow fluorescent protein (YFP), was used for the 

BiFC experiments (45).  
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The YFP is split into two parts, the N-terminal part (YN, amino acid 1 to 173) and the 

C-terminal part (YC, amino acid 155 to 238) (139). These parts are fused to the respective 

interacting proteins by a flexible glycine/serine-rich linker region. The BiFC is based on 

the fact that the expression of one YFP part shows no detectable fluorescence signal. For 

recovery of the fluorescence signals it is necessary that on the one hand both YFP parts are 

expressed in the same cell and on the other hand that they come close to each other, like it 

is the case when the proteins fused to the YFP parts interact with each other.  

For the BiFC experiments, 5x104 HeLa cells per well were seeded on cover slips in 

a 24 well plate and incubated over night. Transfection was performed by using Turbofect 

reagent as it is described in the manufacture’s protocol. Except that only 130 ng DNA of 

plasmids, expressing YN- and YC-fusion proteins and 170 ng of the plasmid, expressing 

mCherry were used. The transfection mix was added to the cells and incubated for 7.5 h in 

the incubator. Protein folding of YFP was improved by an additional incubation step for 

30 min at 32°C. Afterward, cells were fixed with 4% PFA and permeabilized with 

0.1% Triton X-100 at RT for 5 min. Nuclei were stained with DAPI (1µg/ml). Images of 

individual cells were taken with the Axio-Observer.Z1 microscope with fixed exposure 

times for YFP (160 or 200 ms) and for mCherry (550 or 600 ms) in each experiment. The 

strength of the YFP and mCherry signals was measured by using the colocalization module 

of the Axiovision software. The mean value of YFP and mCherry signals of              

20 non-transfected cells was determined as background and subtracted from the measured 

signals of transfected cells, respectively. The quotient of YFP and mCherry signals was 

defined as BiFC efficiency and the mean value of the positive control was set to 

100 percent. The data were statistical analysis by the Kruskal-Wallis and the Dunn’s 

Multiple Comparison test using the GraphPad Prism software. Independent experiments 

were performed 3 times and from each attempt at least 75 cells were analyzed.  

 

3.3.13. Brefeldin A treatment of cells 

Brefeldin A (BFA) is an antibiotic agent, leading to a dissociation of Golgi membranes 

and Golgi associated membrane proteins (69). 4.5x104 Cos7 cells per well were seeded on 

glass cover slips in a 24 well plate and were transfected with expression plasmids by using 

LTX reagent (Invitrogen) as it is described in the manufacture’s protocol. For infection 

experiments 1.3x104 HFFs were seeded on each well of an 8 well ibidi chamber and 

infected the day after with HCMV wild-type virus using an MOI of 1.  
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The BFA treatment was either performed one day post transfection or 2 days post 

infection. BFA was diluted in medium to the final concentration of 5 µl/ml and incubated 

with the cells for 30 min. Then, cells were washed twice with 0.01 M PBS and fixed with 

4% PFA in 0.01 M PBS at 4°C for 10 min. The immunostaining of proteins was performed 

as described under 3.3.11. 

 

3.4. Protein biochemical methods 
3.4.1. Gel electrophoresis and Coomassie staining of separated proteins 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE) can be used 

for the separation of proteins depending on their size. The sample was first taken up in 

lysis buffer and stored at -80°C. After thawing, 4x protein loading buffer was added and 

the sample was sonicated for 1 min. For denaturation of proteins, the tube was heated up to 

95°C for 5 min. The sample was centrifuged at 13000 rpm for 1 min prior loading on the 

gel. The gel electrophoresis was performed at 200 volt for 50 min in 1x Lämmli buffer for 

SDS gels or in 1x upper and 1x lower buffer for tricine gels. Separated proteins were either 

transferred to polyvinylidene difluoride (PVDF) membranes and analyzed by Western blot 

analysis (3.4.2.) or directly stained with Coomassie. The Coomassie staining was 

especially used to control the right size and the expression level of proteins expressed in 

bacteria. The gel was incubated with Coomassie staining buffer for 10 min at RT and was 

destained either by shaking over night at RT or by heating the gel covered with aqua bidest 

in the microwave.  

 

3.4.2. Western blot analysis 

This method is used to detect particular proteins separated by SDS PAGE through 

specific antibodies. Therefore, proteins had to be transferred to PVDF membranes. These 

membranes had to be activated in methyl alcohol for 2 min prior use. Afterwards, the 

membrane, the filter papers, the sponges and the gel were incubated in PVDF transfer 

buffer. Protein transfer was performed by using two different methods. For the semi dry 

method, the Semi Dry Blotter Trans-Blot SD (Bio-Rad) was used. Therefore, gel and 

membrane were surrounded by 3 filter papers on each side and the transfer occurred at 

15 volt for 60 min. In the other method, the wet blot transfer, gel and membrane were 

enclosed by 3 filter papers and surrounded by one sponge at each side. Protein transfer was 

performed at 300 milliampere for 1h.  
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After blotting the membrane was washed in aqua bidest and incubated for 15 s in 

methyl alcohol. The membrane was dried for at least 10 min at RT, resulting in better 

fixation of the transferred proteins. After reactivation in methyl alcohol, the membrane was 

incubated in WB blocking buffer for at least 30 min to prevent non-specific binding of 

antibodies. The primary antibody was diluted in 0.3% PBST supplemented with 

0.5% milk. The membrane was incubated with the diluted antibody over night at 4°C. 

Afterwards, the antibody was removed and the membrane was washed 3 times with 

0.3% PBST and incubated for 1 h with the HRP-coupled secondary antibody diluted in 

0.3% PBST supplemented with 0.5% milk. The membrane was again washed 3 times with 

0.3% PBST. Detection was performed by chemiluminescence. Therefore, the detection 

reagents luminol and peroxidase (Millipore) were diluted 1:1 and added on the membrane. 

The signals were detected on an X-ray film which was developed by using a Curix 60 

developer (AGFA).  

 

3.4.3. Coimmunoprecipitation experiments 

Coimmunoprecipitation (CoIP) is a method to investigate protein-protein interactions in 

transfected as well as infected cells. For transfection experiments, 5x105 HEK293FT cells 

per well were seeded in a 6 well plate. The plasmids expressing the proteins of interest 

were transfected together and as control also alone with an empty pEF1/Myc-HisC vector. 

Transfection was performed with LTX reagent as it is described in the manufacture’s 

protocol. After incubation for 2 days, cells of two 6 wells were washed twice with 

0.01 M PBS and were resuspended in 800 µl CoIP washing buffer for cell lysis. For 

infection experiments, HFFs of one T75 flask were infected with the respective viruses 

using an MOI of 1.5. Cells were lysed in 800 µl CoIP washing buffer 5 days post infection.  

Cell lysates were incubated on ice for 20 min and then centrifuged at 14000 rpm for 

10 min at 4°C to remove the cell debris. A 75 µl aliquot was mixed with 25 µl 4x SDS 

loading buffer and denaturated at 95°C for 10 min as lysate control. The remaining 

supernatant containing the proteins was used for the CoIP experiments. Therefore,            

50 µl magnetic Dynabeads were transferred to a tube. The beads were washed twice with 

200 µl CoIP binding buffer by placing the tube into a magnet for removing the supernatant. 

Afterwards antibodies against one of the interacting proteins were bound to the beads. In 

these studies the immunoprecipitation (IP) was performed with Flag antibody-coupled 

beads.  
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For each sample, 1.5 µl of the Flag M2 antibody (Sigma) was diluted in 200 µl CoIP 

binding buffer and added to the beads. After incubation at RT for 15 min on an overhead 

shaker, Flag antibody-coupled beads were washed 3 times with CoIP washing buffer to 

remove unbound antibodies. Next, the supernatant of the prepared cell lysate was added to 

the beads and incubated at RT for 1 h on an overhead shaker. After 3 washing steps with 

200 µl CoIP washing buffer to remove unbound proteins, beads were resuspended in 

100 µl CoIP washing buffer and transferred to a new tube. After removing the supernatant 

and adding 20 µl 2x loading buffer, the precipitated proteins were denaturated at 95°C for 

10 min. Before loading on SDS gels the CoIP samples were placed again in the magnet and 

the previously taken lysate controls were centrifuged at 13000 rpm for 2 min. Detection of 

the precipitated protein and its interaction partners occurred by SDS PAGE (3.4.1.) and 

Western blot analysis (3.4.2.).  

 

3.4.4. Protein expression in bacteria and protein purification 

For protein expression in bacteria, precultures in 3 ml LB medium supplemented with 

the respective antibiotics were incubated for 8 h at 37°C. The main culture of 1 l LB 

medium was inoculated with the preculture and bacteria were grown over night at RT. 

Then, bacteria were shaken at 37°C until they reached an OD600 from 0.5 to 0.7. Protein 

expression was induced either by isopropyl β-D-1-thiogalactopyranoside (IPTG, 0.1 M, 

pGEX expression plasmids) or by anhydrotetracycline (AHTC) (250 µg/ml, pASK 

expression plasmids). The following incubation time was dependent on the expression of 

the respective proteins and took between 2 h (pUL71) and 3 h (Vps4A). Afterwards, 

bacteria were centrifuged at 6000 rpm for 20 min at 4°C. The bacteria pellet was lysed in 

50 ml of the indicated lysis buffers (2.11.6.) depending on the tag of the proteins and the 

purification column. After 8 min of sonification the lysed bacteria were centrifuged at 

20000 rpm for 20 min at 4°C. Proteins in the supernatant were filtrated and afterwards 

purified on columns containing beads recognizing the tags of the expressed proteins. 

Peristaltic pumps were used for the application of proteins and buffers on the columns. 

First, the columns had to be equilibrated. The glutathione-sepharose 4B column for 

glutathione S-transferase (GST)-tagged proteins was washed with the following buffers, 

each with the amount of one column volume: aqua bidest, 6 M guanidine-HCL, 

aqua bidest, 70% ethanol, aqua bidest, 0.1 M Tris + 50 mM NaCl (pH 8.8), 0.1 M sodium 

acetate + 50 mM NaCl (pH 4.5), the last two steps were alternately repeated 3 times.  
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Finally 100 ml 0.01 M PBS was added. The nickel column for histidine (His)-tagged 

proteins was washed with 0.5 M EDTA for removing nickel residues, then 100 ml aqua 

bidest were added. Next, 100 mM nickel solution was used to rebind nickel to the beads, 

then the column was washed again with 100 ml aqua bidest and 100 ml 30 mM Tris + 

300 mM NaCl (pH 7.4). After equilibration the filtrated protein solution was added on the 

respective columns. The GST-tagged proteins on the glutathion-sepharose 4B column were 

washed with 100 ml 0.01 M PBS, 200 ml 0.01 M PBS + 1 M NaCl + 1 M KCl and 100 ml 

0.01 M PBS. The His-tagged proteins on the nickel column were washed with 200 ml 

30 mM Tris + 300 mM NaCl + 20 mM imidazole (pH 7.4) and 200 ml 30 mM Tris + 

300 mM NaCl + 50 mM imidazole (pH 7.4). The elution of the protein was performed with 

the respective elution buffer (2.11.6.). Protein expression and purification was controlled 

by gel electrophoresis on tricine gels and Coomassie staining (3.4.1.).  

 

3.4.5. Gel filtration of purified proteins 

Gel filtration was performed with an ÄKTApurifier (GE Healthcare) using Superdex 75 

and 200 columns depending on the size of the proteins. First, the pumps of the purifier and 

the columns were washed with 30 ml of the gel filtration buffer (flow: 0.5 ml/min). Then, 

the protein solution was concentrated (5 – 10 mg/ml) and 500 µl of the solution was added 

on the column. During the filtration (flow: 0.5 ml/min, 28 ml buffer) the proteins were 

separated in 0.5 ml fractions depending on their size. The fractions were analyzed during 

the run. Fractions, exhibiting the expected protein size and a corresponding peak in the 

chromatogram, were controlled on tricine gel electrophoresis and a following Coomassie 

staining (3.4.1.). 

 

3.4.7. Surface plasmon resonance experiments 

All surface plasmon resonance (SPR) experiments were performed by using the 

Biacore X apparatus. The GST-tagged pUL71 proteins were used as ligand and coated on 

the CM5 sensor chips whereas the His/streptavidin-tagged Vps4A proteins were used as 

analyte. Protein coating occurred by amine coupling after inserting a new chip in the 

machine and washing with SPR buffer. First, one flow cell of the chip was activated with 

70 µl of a 1:1 mixture of N-hydroxysuccinimide (NHS) and 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC) (flow: 10 µl/min). Then, 70 µl of the ligand (10 to 

200 µg/ml) diluted in coating buffer was injected (flow: 5 µl/min).  
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The binding of protein was controlled by using the Biacore Control software. If the 

binding of the protein on the chip was too weak, recognizable by a low baseline, this step 

was repeated until the requested response was obtained. Deactivation of the chip surface 

occurred by adding 70 µl ethanolamine (flow: 5 µl/min). Finally, the chip was washed 

several times until the baseline was stable. Now, the analyte was diluted in SPR buffer and 

50 µl of at least 5 different concentrations were injected and measured respectively            

(flow: 5 µl/min, delay: 600 s). SPR curves of 5 analyte concentrations, giving a response 

between 50 and 600 resonance units (RU), were chosen for evaluation and statistical 

analysis by the BIAevaluation software.  
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4. Results 
4.1. Characterization of pUL71 function during HCMV infection 

The aim of this thesis was to elucidate the function of pUL71 during HCMV infection. 

While at the beginning of this work not much was known about the role of pUL71, now we 

and others published that pUL71 plays a role during secondary envelopment of HCMV 

(130, 170). All the preliminary experiments for investigating the role of pUL71 during 

HCMV morphogenesis (39) were performed with EGFP-tagged pUL71 proteins. In order 

to perform the following experiments with wild-type pUL71, a polyclonal antibody 

directed against the C-terminal part of pUL71 was raised in rabbits (130). 

 

4.1.1. Incorporation of tegument protein pUL71 in HCMV virions 

The first aim was to verify the incorporation of tegument protein pUL71 into mature 

virions (160). Therefore, wild-type virions were isolated by gradient purification, lysed and 

analyzed by Western blot analysis. Lysates of mock and HCMV wild-type virus infected 

HFFs 5 days post infection were included as controls. Western blot analysis showed that 

the viral tegument protein pp65 and major capsid protein (MCP) were detectable in lysates 

of HCMV wild-type virus infected cells as well as in wild-type virions (Fig. 10). In 

contrast, cellular actin was only present in mock and wild-type virus infected cells. The 

tegument protein pUL71 was detected in virions as well as in wild-type virus infected 

cells. Stronger pUL71 signals in the lysate of wild-type virus infected cells compared to 

virions and weaker pUL71 signals in the virions compared to pp65 and MCP suggested 

that only small amounts of pUL71 were incorporated into HCMV virions.  
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Fig. 10 Incorporation of tegument protein pUL71 into HCMV virions 

Gradient purified HCMV wild-type (wt) virions as well as mock and HCMV wild-type virus infected 

HFFs (5 days post infection, MOI 3) were lysed and analyzed by Western blot analysis. The viral 

proteins pUL71, MCP and pp65 and cellular actin were detected with the respective primary 

antibodies and HRP-coupled secondary antibodies [A modified picture has also been published in 

Schauflinger et al., 2011 (130)]. 

 

4.1.2. Expression kinetics of pUL71 

To further classify the function of pUL71 during HCMV infection, the kinetics of 

pUL71 expression was determined. Therefore, HFFs infected with HCMV wild-type virus 

were lysed at the indicated times. Western blot analysis showed that the tegument protein 

pp65 was weakly detectable 2 days post infection and exhibited a strong increase at day 3 

(Fig. 11A). The capsid protein MCP was expressed 3 days post infection, while pUL71 

was clearly detectable 2 days post infection, indicating DE expression kinetics for pUL71. 

Equal loading of cell lysates was controlled by actin. To confirm the DE expression 

kinetics of pUL71, additional experiments using the chemotherapeutic substance foscarnet 

were performed. Foscarnet is a pyrophosphate analogue which blocks viral DNA synthesis 

(23). These inhibitors are used to identify genes whose expression is dependent on viral 

DNA replication. Only the expression of true L-genes but not of IE and DE genes should 

be inhibited by foscarnet treatment (99). Cells infected with HCMV wild-type virus were 

treated with foscarnet and lysed 3 and 4 days post infection. Expression of MCP and the 

high increase of pp65 expression at day 3 were impaired in cells treated with foscarnet 

(Fig. 11B). In contrast, pUL71 expression levels in foscarnet treated cells were comparable 

to those of non-treated cells, demonstrating that pUL71 expression was not dependent on 

DNA replication. So these experiments confirm the DE kinetics of pUL71. 
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Fig. 11 Expression kinetics of pUL71 in HCMV infected cells 

(A) HFFs were infected with HCMV wild-type virus using an MOI of 3 and were lysed at the indicated 

times. (B) Identically infected cells were treated with foscarnet (Fos, 400 µM) or left untreated and 

lysed 3 and 4 days post infection. The viral proteins pUL71, pp65 and MCP and cellular actin were 

detected with the respective primary antibodies and HRP-coupled secondary antibodies [A modified 

picture has also been published in Schauflinger et al., 2011 (130)]. 

 

4.1.3. Influence of pUL71 on the expression of other viral proteins 

For the investigation of pUL71 function during HCMV morphogenesis a UL71-stop 

mutant virus, TB-71stop, has been generated in the lab (128). A stop codon at nucleotide 

position 34 to 36 followed by a frame shift was inserted into the UL71 sequence. In 

addition, a revertant virus, TB-71rev, has been generated in which the mutation was 

restored (130). All viruses used in this thesis were reconstituted from the TB40-BAC4 

backbone derived from the endotheliotropic virus strain TB40/E (142). The advantages of 

this virus strain are its broad cell tropism, its growth to high viral titers in cell culture and 

the usability for the generation of new recombinant viruses with the same genetic 

background by markerless BAC mutagenesis. 

The TB-71stop virus was used to control whether pUL71 affects the expression of other 

viral proteins. Therefore, HFFs infected with wild-type, TB-71stop and TB-71rev viruses 

were lysed 5 days post infection and protein expression was analyzed by Western blot 

analysis. As shown in figure 12, pUL71 could not be detected in lysates of TB-71stop virus 

infected cells whereas pUL71 expression levels in lysates of wild-type and TB-71rev virus 

infected cells were comparable. The expression levels of MCP, tegument proteins pp65 

and pp150 and glycoprotein gB in lysates of TB-71stop virus infected cells were similar to 

those of wild-type and TB-71rev virus infected cells and thus their expression was not 

affected in the absence of pUL71. Equal loading of cell lysates was controlled by actin.   
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Fig. 12 Expression of viral proteins in cells infected with TB-71stop virus  

HFFs were infected with wild-type (wt), TB-71stop or TB-71rev viruses using an MOI of 3 and were 

lysed 5 days post infection. The viral proteins pUL71, MCP, pp65, pp150 and gB and the cellular actin 

were detected with the respective primary antibodies and HRP-coupled secondary antibodies             

[A modified picture has also been published in Schauflinger et al., 2011 (130)]. 
 

4.1.4. Growth characteristics of the TB-71stop virus in different cell types 

The growth characteristics of the TB-71stop virus were analyzed in two different cell 

types. The standard cells to investigate HCMV growth are HFFs (141). Additionally, the 

growth kinetics was performed in human macrophages which allow only restricted growth 

of HCMV shown by a delay in virus production compared to the viral replication in 

fibroblasts (40). 

For single step growth kinetics, HFFs were infected with HCMV wild-type, TB-71stop 

and TB-71rev viruses using an MOI of 3. Virus released into the supernatant and          

cell-associated virus samples were collected every day until day 7. For multi step growth 

kinetics cells were infected with the same mutant viruses using an MOI of 0.01 and 

respective samples were taken every 3 days until day 18 or 21. The virus yields of the 

samples were determined by titration on HFFs. The analysis showed that the virus yield in 

the supernatant of TB-71stop virus was significantly reduced (18-fold) in single step 

growth kinetics at day 5 post infection (Fig. 13A, Kruskal-Wallis and Dunn’s Multiple 

Comparison test, p<0.01) and also significantly reduced (852-fold) in multi step kinetics at 

day 15 post infection (Fig. 13C, Kruskal-Wallis and Dunn’s Multiple Comparison test, 

p<0.001) compared to virus yields of the wild-type virus.  
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Additionally, cell-associated virus yields were determined after lysis of infected cells. 

Single step growth kinetics revealed a significant 4-fold reduction of the cell-associated 

virus yield of TB-71stop virus at day 5 post infection (Fig. 13B, Kruskal-Wallis and 

Dunn’s Multiple Comparison test, p<0.05) and a 16-fold reduction at day 15 post infection 

in multi step growth kinetics (Fig. 13D) compared to those of the wild-type virus. In all 

experiments the growth curves of the wild-type virus was comparable to that of the         

TB-71rev virus. In summary, these results showed an impairment of infectious virus 

particles production and virus release in absence of pUL71.  
 

 
Fig. 13 Growth kinetics of TB-71 stop virus in infected HFFs 

HFFs were infected with HCMV wild-type, TB-71stop and TB-71rev viruses. The samples of the virus 

yields in the supernatant and the cell-associated virus yields were taken at the indicated times. The 

virus yield of the respective samples was determined on HFFs. (A and B) For single step growth 

kinetics an MOI of 3 and (C and D) for multi step growth kinetics an MOI of 0.01 was used. Each point 

in the growth curves shows the mean value of the titrated virus yields and the standard deviation. The 

experiments were performed in at least 3 independent experiments including 2 to 3 attempts for each 

mutant virus, except for the cell-associated multi step kinetics, here only one preliminary experiment 

with 3 attempts was performed [□ = wild-type virus, ▲ = TB-71stop virus, ● = TB-71rev virus,             

p.f.u. = plaque forming units, dpi = days post infection, a modified picture has also been published in 

Schauflinger et al., 2011 (130)]. 



Results                                                                                                                                63 

In addition to fibroblasts, the growth characteristics of the TB-71stop virus were 

investigated in monocyte derived M2 macrophages differentiated by addition of the 

macrophage colony stimulating factor (M-CSF) (20, 87, 120). Before the growth kinetics, 

the infectivity of HCMV wild-type, TB-71stop and TB-71rev viruses in macrophages was 

controlled by immunofluorescence assays because the titer of the used virus stocks was 

only determined on HFFs. Therefore, macrophages were infected with the respective 

viruses by using an MOI of 5. Infected cells were fixed one day post infection and stained 

by using a primary antibody against the IE protein and a fluorescence-coupled secondary 

antibody. Nuclei were stained with DAPI. The percentage of infected cells compared to the 

total cell count was calculated. As shown in figure 14A the percentage of IE positive cells 

was strongly depending on the respective blood donor and virus mutants. While the 

amount of IE positive macrophages infected with wild-type virus reached a value between 

25% to 44%, the infectivity of TB-71stop virus ranged from 3% to 50%. The infectivity of         

TB-71rev virus reached values from 11% to 45%.  

For growth kinetics macrophages were infected with the same amount of HCMV        

wild-type, TB-71stop and TB-71rev viruses as used for the infectivity control that 

corresponded to an MOI of 5 in HFFs. Supernatants of infected macrophages were 

collected every day until day 15 and virus yields in the supernatants were determined by 

titration on HFFs. Growth curves showed that at day 8 post infection the virus yield in the 

supernatant of TB71-stop virus infected cells was significantly reduced (72-fold) compared 

to that of wild-type and TB-71rev virus infected cells (Kruskal-Wallis and Dunn’s Multiple 

Comparison test, p<0.001), indicating impaired growth of the TB-71stop virus also in 

macrophages (Fig. 14B).  
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Fig. 14 Infectivity control and growth kinetics of TB-71stop virus infected macrophages 

(A) For the infectivity control, macrophages were infected with HCMV wild-type (wt), TB-71stop and 

TB-71rev viruses using an MOI of 5. One day post infection cells were fixed and stained with an 

IE antibody and fluorescence-coupled secondary antibody. Nuclei were stained with DAPI. The signals 

were detected with the Axio-Observer.Z1 fluorescence microscope by using the Axiovision software 

and the 10x objective. The percentage of infected cells visualized by IE-staining was calculated. Each 

point in the figure shows the mean values and the spread of the single values (● =donor I, ▲ = donor II, 

■ = donor III). (B) For the growth kinetics, macrophages were infected with HCMV wild-type,         

TB-71stop and TB-71rev viruses using an MOI of 5. The supernatants were collected at the indicated 

times and the virus yield of the samples was determined by titration on HFFs. Each point in the growth 

curves shows the mean value of the titrated virus yields and the standard deviation. The experiments 

were performed for 3 independent donors including 2 to 4 attempts for each mutant virus                         

(□ = wild-type virus, ▲ = TB-71stop virus, ● = TB-71rev virus, p.f.u. = plaque forming units, dpi = days 

post infection).  

 

4.1.5. Influence of pUL71 on HCMV cell-to-cell spread  

Plaque assays were performed to investigate the effect of pUL71 on HCMV cell-to-cell 

spread. Apart from the distribution of matured virus particles through their release into the 

extracellular space the direct infection of neighboring cells via cell-to-cell spread is 

important for the distribution of HCMV (127). HFFs were infected with 100 plaque 

forming units per well of HCMV wild-type, TB-71stop and TB-71rev viruses and 

overlayed with medium for plaque assay containing the viscous substance methylcellulose 

one day post infection. The overlay only allows cell-to-cell spread and prevents the 

distribution by free virus particles. 9 days post infection cells were fixed and viral induced 

plaques were stained for immunofluorescence analysis by using an antibody against the 

IE protein. The relative plaque size of each mutant virus was determined by using the 

ImageJ software and setting the mean plaque size of HCMV wild-type virus infected cells 

to 100 percent.  
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The statistical analysis revealed that the plaque size induced by the TB-71stop virus was 

significantly reduced reaching only 25% of the plaque size of wild-type and TB-71stop 

viruses (Fig. 15, Kruskal-Wallis and Dunn’s Multiple Comparison test, p<0.001). This 

indicates a strong effect of pUL71 on HCMV cell-to-cell spread.  
 

 
Fig. 15 Cell-to-cell spread of TB-71stop virus analyzed by plaque assay 

(A) HFFs were infected with HCMV wild-type (wt), TB-71stop and TB-71rev viruses. Cells were 

overlayed with medium for plaque assay containing the viscous substance methylcellulose one day post 

infection. 9 days post infection, cells were fixed and infected cells were detected by IE antibody and 

fluorescence-coupled secondary antibody (red). Nuclei were stained with DAPI (blue). The signals 

were detected with the Axio-Observer.Z1 fluorescence microscope by using the Axiovision software 

and the 10x objective. (B) The plaque size for each virus was determined by using the ImageJ software. 

The data were normalized by setting the mean plaque size of wild-type virus infected cells to 

100 percent and were statistically analyzed by Kruskal-Wallis and Dunn’s Multiple Comparison test 

using the GraphPad Prism software. In each experiment for each virus, respectively, the mean plaque 

size and the standard deviation was determined of at least 30 plaques. The experiment was 

independently repeated tree times [*** = p<0.001, a modified picture has also been published in 

Schauflinger et al., 2011 (130)]. 
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4.2. Investigation of pUL71 localization and its localization domain  
Previous experiments showed that pUL71 fused to EGFP was localized to TGN 

membranes in transfected as well as in infected cells (39). In this work the experiments 

were extended with wild-type pUL71 by using our polyclonal pUL71 antibody (130).  

 

4.2.1. Localization of pUL71 during HCMV infection 

Due to the involvement of pUL71 in HCMV secondary envelopment (130, 170) the 

investigation of the intracellular localization of pUL71 during HCMV infection might be 

crucial to learn more about its function during HCMV morphogenesis. First, the 

localization of pUL71 in comparison to that of cellular membrane marker proteins was 

investigated by immunofluorescence analysis. Therefore, HFFs were infected with HCMV 

wild-type virus and fixed 5 days post infection. pUL71 as well as the cis-Golgi marker 

GM130 and the TGN markers Golgin-97 and γ-Adaptin were stained for localization 

analysis. The signals of pUL71 and the TGN marker γ-Adaptin were equally distributed 

throughout the entire AC, whereas the signals of the other TGN marker Golgin-97 

exhibited a ring-like structure around the center of the AC (Fig. 16). The majority of the 

cis-Golgi marker GM130 was detectable in the periphery of the compartment. In 

conclusion, these results lead to the assumption that pUL71 accumulates at the TGN and 

not at cis-Golgi membranes during HCMV infection.  

Next, the localization of pUL71 and the reorganization of the TGN membranes during 

the formation of the vial AC were analyzed by time course experiments. HCMV infected 

cells were stained for pUL71 and the TGN marker protein γ-Adaptin due to their 

comparable localization 5 days post infection. pUL71 signals were detectable already after 

one day (Fig. 17). Until 2 days post infection pUL71 and γ-Adaptin signals exhibited the 

typical Golgi stacking structure as seen in non-infected cells (data not shown). The 

rearrangement of cellular membranes preceding the formation of the AC started 3 days 

post infection. 4 days as well as 5 days post infection the AC was formed and the signals of 

pUL71 and γ-Adaptin were equally distributed throughout the entire compartment. Despite 

severe structural rearrangements of cellular membranes, pUL71 was detectable at             

γ-Adaptin positive membranes during the course of infection. These results confirmed the 

assumption that pUL71 accumulates at the TGN membranes during HCMV infection.  
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Fig. 16 Localization of pUL71 and cellular membrane marker proteins during HCMV infection 

HFFs were infected with HCMV wild-type virus using an MOI of 0.01 to 0.05 and fixed 5 days post 

infection. Nuclei were visualized with DAPI (blue). pUL71 (green), the cis-Golgi protein GM130 and 

the TGN proteins Golgin-97 and γ-Adaptin (all red) were stained with the respective primary 

antibodies and fluorescence-coupled secondary antibodies. The signals were detected with the                

Axio-Observer.Z1 fluorescence microscope equipped with an Apotome (Zeiss) by using the Axiovision 

software and the 63x objective. 
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Fig. 17 Localization of pUL71 and the TGN marker γ-Adaptin during the course of HCMV infection 

HFFs were infected with HCMV wild-type virus using an MOI of 0.01 and were fixed at the indicated 

times one day to 5 days post infection (dpi). Nuclei were visualized with DAPI (blue). pUL71 (green) 

and γ-Adaptin (red) were stained with the respective primary antibodies and fluorescence-coupled 

secondary antibodies. The signals were detected with the Axio-Observer.Z1 fluorescence microscope 

equipped with an Apotome (Zeiss) by using the Axiovision software and the 63x objective. 
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Many other viral tegument and glycoproteins also accumulate at the AC (3, 4, 43, 50, 

124, 125, 137). Thus, it was interesting to compare the localization of those proteins to that 

of pUL71. Therefore, HFFs were infected with HCMV wild-type virus and fixed 5 days 

post infection. For immunofluorescence studies antibodies against the viral tegument 

proteins pUL71, pp28 (pUL99) and pp150 (pUL32) and the glycoprotein gB were used. 

These proteins were chosen, because pp28 is a Golgi associated tegument protein (137). 

pp150 is associated with the viral capsid and is therefore often used as viral particle marker 

(10) and gB is associated with viral membranes during infection via an internal 

transmembrane domain (16, 156). The localization analysis revealed that the signals of 

pp28, pp150 and gB accumulated in a ring-shaped structure around the center of the AC 

and thus exhibited a different localization in comparison to the signals of pUL71, which 

were distributed throughout the entire compartment (Fig. 18).       
 

 
Fig. 18 Localization of pUL71 and viral proteins in HCMV infected cells 

HFFs were infected with HCMV wild-type virus using an MOI of 0.01 to 0.05 and fixed 5 days post 

infection. Nuclei were visualized with DAPI (blue). pUL71 (green), tegument proteins pp28 and pp150 

and the glycoprotein gB (all red) were stained with the respective primary antibodies and fluorescence-

coupled secondary antibodies. The signals were detected with the Axio-Observer.Z1 fluorescence 

microscope equipped with an Apotome (Zeiss) by using the Axiovision software and the 63x objective. 
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Now, it was investigated whether the pUL71 stop mutation has an effect on the 

localization of other viral tegument proteins accumulating at the AC. Therefore, HFFs 

infected with HCMV wild-type and TB-71stop viruses were fixed 5 and 7 days post 

infection and stained for immunofluorescence analysis. In wild-type virus infected cells 

7 days post infection pp28 and pp150 accumulated in a ring-like structure at the AC while 

pUL71 was distributed throughout the entire compartment (Fig. 19). In contrast, no 

specific pUL71 signals were detectable in cells infected with TB-71stop virus. In these 

cells the signals of pp28 and pp150 lost their defined ring-like structure and additional 

small vesicular structures were detectable in the periphery of the AC. The experiment 

performed 5 days post infection (data not shown) revealed the same results. It appears that 

the morphology of the AC in TB-71stop virus infected cells was altered compared to the 

HCMV wild-type virus infected cells. 
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Fig. 19 Localization of pUL71, pp28 and pp150 in cells infected with TB-71stop virus  

HFFs were infected with HCMV wild-type (wt) and TB-71stop viruses using an MOI of 0.01 to 0.05 

and fixed 7 days post infection. Nuclei were visualized with DAPI (blue). pUL71 (green) and the viral 

tegument proteins pp28 and pp150 (both red) were stained with the respective primary antibodies and 

fluorescence-coupled secondary antibodies. The signals were detected with the Axio-Observer.Z1 

fluorescence microscope equipped with an Apotome (Zeiss) by using the Axiovision software and the 

63x objective [A modified picture has also been published in Schauflinger et al., 2011 (130)]. 

 

4.2.2. Localization of pUL71 in transfected cells 

To investigate whether pUL71 localization is independent of the expression of other 

viral proteins, Cos7 cells were transfected with a plasmid expressing pUL71. Transfected 

cells were fixed one day post transfection and stained for pUL71 as well as for cellular 

marker proteins of the cis-Golgi (GM130), TGN (Golgin-97 and γ-Adaptin) and 

endosomal membranes (EEA1).  
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As shown in figure 20, pUL71 signals mainly accumulated at membranes stained with 

the TGN markers Golgin-97 and γ-Adaptin and less at those stained with the cis-Golgi 

marker GM130. The signals of pUL71 and the early endosome marker EEA1 exhibited 

a completely different localization. Thus the transfection experiments confirm that pUL71 

accumulates at TGN membranes and that this accumulation is independent of the 

expression of other viral proteins.  
 

 
Fig. 20 Localization of pUL71 and cellular membrane marker proteins in transfected cells 

Cos7 cells were transfected with a plasmid expressing pUL71 and were fixed one day post transfection. 

Nuclei were visualized with DAPI (blue). pUL71 (green) and the cellular membrane proteins GM130 

(cis-Golgi), Golgin-97, γ-Adaptin (both TGN) and early endosome antigen 1 (EEA1, all red) were 

stained with the respective primary antibodies and fluorescence-coupled secondary antibodies. The 

signals were detected with the Axio-Observer.Z1 fluorescence microscope equipped with an Apotome 

(Zeiss) by using the Axiovision software and the 63x objective. 
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4.2.3. Membrane association of pUL71  

The localization studies indicated for an association of pUL71 with TGN membranes in 

transfected as well as in HCMV infected cells. Brefeldin A (BFA) experiments were 

performed to support these findings. BFA is an antibiotic agent which leads to a rapid 

redistribution of the cis-Golgi and TGN membranes and thus also of cis-Golgi and TGN 

associated membrane proteins. While the cis-Golgi proteins are redistributed to the ER, the 

majority of the TGN collapses around the microtubule organizing center (MTOC) (32, 69, 

77, 78, 79, 80, 113). BFA experiments were performed in Cos7 cells transfected with the 

pUL71 expression plasmid and in HFFs infected with HCMV wild-type virus. After the 

respective incubation times, one day in transfection and 2 days in infection experiments, 

cells were treated with BFA (5µg/ml) for 30 min or left untreated prior fixation. 

Immunofluorescence analysis of transfected as well as infected cells showed that the 

signals of pUL71 in untreated cells accumulated at membranes stained with the TGN 

marker protein Golgin-97, whereas in BFA treated cells the signals of both proteins 

accumulated in a juxtanuclear region which supposed to be the MTOC (Fig. 21). These 

observations strengthened the findings that pUL71 is associated with TGN membranes in 

transfected as well as infected cells.  

To verify that pUL71 is associated with membranes, fractionation experiments were 

performed. HFFs were infected with HCMV wild-type virus. 5 days post infection 

cytoplasmic and membrane fractions were separated as described in the manufacture’s 

protocol of the ProteoJETTM Membrane Protein Extraction kit (Fermentas). The fractions 

were analyzed by Western blot analysis. The cis-Golgi marker protein GM130 was used to 

control the membrane fraction and was not detected in the cytoplasmic fraction (Fig. 22). 

The glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) located in 

the cytoplasm was only found in the cytoplasmic fraction. The viral tegument proteins 

pUL71 as well as pp28 were detectable in the membrane fraction, proving that both 

proteins were associated with cellular membranes during HCMV infection.  
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Fig. 21 Effects of BFA treatment on pUL71 distribution in transfected as well as HCMV infected cells 

(A) Cos7 cells were transfected with a plasmid expressing pUL71 and incubated for one day. (B) HFFs 

were infected with HCMV wild-type virus using an MOI of 1 and incubated for 2 days. Afterwards, 

cells were treated with BFA (5µg/ ml) for 30 min or left untreated. After fixation, nuclei were 

visualized with DAPI (blue). pUL71 (green) and the cellular membrane marker protein Golgin-97 

(TGN, red) were stained with the respective primary antibodies and fluorescence-coupled secondary 

antibodies. The signals were detected with the Axio-Observer.Z1 fluorescence microscope equipped 

with an Apotome (Zeiss) by using the Axiovision software and the 63x objective.  
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Fig. 22 Membrane fractionation of HCMV infected cells 

HFFs were infected with HCMV wild-type (wt) virus using an MOI of 3. 5 days post infection 

cytoplasmic (cyt) and membrane fractions (mem) were separated. The cis-Golgi membrane marker 

protein GM130, the glycolytic enzyme GAPDH and the viral tegument proteins pUL71 and pp28 were 

detected with the respective primary antibodies and HRP-coupled secondary antibodies. 

 

4.2.4. Characterization of the TGN localization domain of pUL71 

Although pUL71 is clearly associated with membranes, no transmembrane domain was 

found by sequence analysis. It is known that Golgi localization of the homologous HSV 1 

protein pUL51 is mediated by palmitoylation of the N-terminal cysteine residue at 

position 9 (107). Palmitoylation is a posttranslational protein modification. Attachment of 

palmitic acid via a labile thioester bond on cysteine residues enhances the hydrophobicity 

of the acylated proteins and can influence membrane binding and membrane targeting of 

these proteins (35, 115, 116, 123, 144). 

Sequence analysis of HCMV pUL71 using the CSS-Palm software 

(http://csspalm.biocuckoo.org) predicted 2 possible palmitoylation sites at cysteine 

residues 8 and 13 (C8 and C13). By mutational analysis it was investigated whether these 

cysteine residues and their palmitoylation are crucial for pUL71 localization. Therefore, 

diverse plasmids were constructed, expressing N-terminal and C-terminal truncations of 

pUL71 fused to EGFP.  
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The most important constructs are shown in figure 23. Additionally, point mutations 

were introduced at the predicted palmitoylation sites C8 and C13 of pUL71-EGFP.  

 
Fig. 23 pUL71 mutants for localization studies 

All pUL71 mutants constructed for mutational analysis are C-terminally fused to EGFP. The most 

important mutants are the N-terminal truncation pUL71-EGFPaa12-361, the C-terminal truncations 

pUL71-EGFPaa1-11 and pUL71-EGFPaa1-34 and the point mutations pUL71-EGFP C8A,        

pUL71-EGFP C13A and pUL71-EGFP C8/13A (aa = amino acid).  
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For investigation of the pUL71 localization domain, pUL71-EGFP expression plasmids 

were transfected in Cos7 cells. One day after transfection, cells were fixed and the 

localization of proteins was analyzed by immunofluorescence analysis. First, the 

localization of pUL71 and pUL71-EGFP was compared to exclude effects of fused EGFP 

on the localization of pUL71. As shown in figure 24, pUL71 and pUL71-EGFP exhibited 

a similar localization, whereas EGFP alone was distributed throughout the entire cell. 

Therefore, all further studies were performed with the EGFP fusion proteins. The             

N-terminal truncated protein, pUL71-EGFPaa12-361, as well as the C-terminal truncated 

protein pUL71-EGFPaa1-11, had completely lost their TGN localization, whereas the 

localization of pUL71-EGFPaa1-34 was comparable to that of wild-type pUL71. These 

data showed that the first 34 amino acids of pUL71 were sufficient for TGN localization, 

supporting the presumption that the two predicted palmitoylation sites at C8 and C13 are 

important for TGN localization of pUL71. Transfection of respective plasmids expressing 

pUL71-EGFP point mutants showed that the C8A mutation had no effect on localization of 

pUL71-EGFP C8A, whereas pUL71-EGPF C13A was partially associated with the TGN 

membranes and partially distributed throughout the cell. Only the mutation of both 

predicted palmitoylation sites completely abrogated TGN localization of pUL71-EGFP 

C8/13A, indicating that the cysteine residues C8 and C13 are crucial for the TGN 

localization of pUL71.   
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Fig. 24 Characterization of the pUL71 localization domain 

Cos7 cells were transfected with plasmids expressing pUL71, pUL71-EGFP, EGFP, the N-terminal 

truncation pUL71-EGFPaa12-361, the C-terminal truncations pUL71-EGFPaa1-11 and               

pUL71-EGFPaa1-34 and the point mutants pUL71-EGFP C8A, pUL71-EGFP C13A and            

pUL71-EGFP C8/13A. Cells were fixed one day post transfection. Nuclei were visualized with DAPI 

(blue). EGFP and the pUL71-EGFP mutants (all green) were detected by the fluorescence of fused 

EGFP. pUL71 (green) was stained with the pUL71 antibody and fluorescence-coupled secondary 

antibody. The signals were detected with the Axio-Observer.Z1 fluorescence microscope equipped with 

an Apotome (Zeiss) by using the Axiovision software and the 63x objective. 

 

The next step was to investigate whether these cysteine residues serve as palmitoylation 

sites. HEK293FT cells were transfected with plasmids expressing pUL71 and pUL71 

C8/13A and incubated for 2 days. Palmitoylated proteins were metabolically labeled with 

biotin by using the Click-iT reaction kit (Invitrogen) and were thus detectable with 

a streptavidin antibody.  
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Western blot analysis revealed that only a signal of pUL71 and not of pUL71 C8/13A 

was visible indicating that only wild-type pUL71 and not the mutant was palmitoylated in 

transfected cells (Fig. 25A). The expression level of both proteins was comparable shown 

by detection with a pUL71 antibody.  

Next, it was investigated whether pUL71 is also palmitoylated during HCMV infection 

Therefore, the same labeling experiment was performed for HFFs infected with HCMV 

wild-type and TB-71stop viruses 5 days post infection. Detection of pUL71 with the 

pUL71 antibody showed only a signal in wild-type virus infected cells verifying that 

pUL71 was only expressed in wild-type and not in TB-71stop virus infected cells (Fig. 

25B). Detection with the streptavidin antibody exhibited multiple signals indicating that 

several proteins were palmitoylated in HCMV infected cells. A signal corresponding to the 

size of pUL71 was only detectable in wild-type and not in the TB-71stop virus infected 

cells, showing that pUL71 is also palmitoylated during HCMV wild-type virus infection.  
 

 
Fig. 25 Palmitoylation of pUL71 in transfected and HCMV infected cells 

(A) For transfection experiments, HEK293FT cells were transfected with plasmids expressing pUL71 

and pUL71 C8/13A and incubated for 2 days. (B) For infection experiments, HFFs were infected with 

HCMV wild-type (wt) and TB-71stop viruses using an MOI of 5 and incubated for 5 days. The         

Click-iT metabolic labeling kit (Invitrogen) was used for labeling of palmitoylated proteins with biotin. 

After purification palmitoylated proteins were analyzed by Western blot analysis. pUL71 was detected 

with the pUL71 antibody and an HRP-coupled secondary antibody and palmitoylated proteins by       

an HRP-coupled streptavidin antibody after biotinylation. Palmitoylated pUL71 detected in the lysates 

of wild-type virus infected cells is marked with black arrows. 
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4.3. Interaction of pUL71 with the ESCRT-associated protein Vps4A 
Our lab has recently identified an interaction between viral pUL71 and the cellular ATPase 

and ESCRT-associated protein Vps4A in transfected cells (39). Now, the interaction 

between these two proteins was further investigated and the interaction domain of pUL71 

was characterized. In mammalian cells two Vps4 proteins Vps4A and Vps4B are 

expressed. In this thesis all experiments were performed with Vps4A. 

 

4.3.1. pUL71 mediated recruitment of Vps4A during HCMV infection 

It has been published that Vps4A is recruited to the viral AC during HCMV infection 

(148). Due to the interaction between pUL71 and Vps4A in transfected cells it was 

hypothesized that the recruitment of Vps4A to the viral AC depends on pUL71 expression. 

To control this hypothesis, MRC5 cells transfected with a plasmid expressing Vps4A-Flag 

were infected with wild-type, TB-71stop and TB-71rev viruses. 5 days post infection, cells 

were fixed and analyzed by immunofluorescence analysis. In HCMV wild-type and        

TB-71rev virus infected cells, Vps4A-Flag was recruited to the AC, whereas in TB-71stop 

virus infected cells Vps4A-Flag remained distributed throughout the entire cell (Fig. 26). 

This observation supported the hypothesis that pUL71 is required for the recruitment of 

Vps4A to the AC during HCMV infection.   

To verify that the recruitment of Vps4A by pUL71 is based on an interaction, 

coimmunoprecipitation (CoIP) experiments were performed by using a TB-71Flag virus in 

which pUL71 is C-terminally fused to a Flag epitope (31). 5 days post infection, HFFs 

infected with wild-type and TB-71Flag viruses were lysed and the supernatant was used 

for precipitation of pUL71-Flag and its interaction partners by Flag antibody-coupled 

beads. Western blot analysis of the cell lysates with the pUL71 antibody revealed 

a comparable expression of pUL71 in wild-type and pUL71-Flag in TB-71Flag virus 

infected cells (Fig. 27). After precipitation with the Flag antibody-coupled beads only one 

signal of pUL71-Flag in the lane of TB-71Flag virus infected cells was detectable. The 

endogenous interaction partner Vps4 was detected by the Vps4 antibody and exhibited 

comparable signals in the cell lysates. After precipitation of pUL71-Flag only one signal 

with the expected size of Vps4 was detected in TB-71Flag virus infected cells, indicating 

that precipitated pUL71-Flag was able to coprecipitate endogenous Vps4 during HCMV 

infection.   
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Fig. 26 pUL71 mediated the recruitment of Vps4A in HCMV infected cells 

MRC5 cells were transfected with a plasmid expressing inducible Vps4A-Flag and were infected with 

HCMV wild-type (wt), TB-71stop and TB-71rev viruses. Expression of Vps4A-Flag was induced 4 days 

post infection by treatment of the cells with doxycycline (1µg/ml). 5 days post infection cells were fixed. 

Nuclei were visualized with DAPI (blue). pUL71 (green) and overexpressed Vps4A-Flag (red) were 

stained with the respective primary antibodies and fluorescence-coupled secondary antibodies. The 

signals were detected with the Axio-Observer.Z1 fluorescence microscope equipped with an Apotome 

(Zeiss) by using the Axiovision software and the 63x objective.  
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Fig. 27 Precipitation of pUL71-Flag and endogenous Vps4 during HCMV infection 

Mock, TB-71Flag and wild-type (wt) virus infected HFFs were lysed 5 days post infection were used 

for CoIP experiments. The expression efficiency of pUL71, pUL71-Flag and endogenous Vps4 was 

controlled in the cell lysates. The IP experiment showed the precipitation of pUL71-Flag and the 

coprecipitation of the interaction partner Vps4. Primary antibodies against pUL71 and Vps4 and 

HRP-coupled secondary antibodies were used for detection of the respective proteins.  

 

4.3.2. pUL71 mediated recruitment of Vps4A in transfected cells 

The next experiments were preformed to exclude an effect of other viral proteins on the 

recruitment of Vps4A by pUL71. Therefore, Cos7 cells were transfected with plasmids 

expressing pUL71, pp28-EGFP and Vps4A-Flag. One day after transfection cells were 

fixed and analyzed by immunofluorescence analysis. Overexpressed Vps4A-Flag was 

distributed throughout the entire cell, whereas the coexpression with pUL71 led to 

a relocalization of Vps4A-Flag to the pUL71 site (Fig. 28). The coexpression of           

Vps4A-Flag and HCMV tegument protein pp28-EGFP showed that Vps4A remained 

distributed throughout the cell, indicating that the recruitment of Vps4A is a specific 

feature of pUL71.   
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Fig. 28 pUL71 mediated recruitment of Vps4A in transfected cells 

Cos7 cells were transfected with plasmids expressing pUL71, pp28-EGFP and Vps4A-Flag. One day 

post transfection cells were fixed for immunofluorescence analysis. Nuclei were visualized with 

DAPI (blue). pp28-EGFP (green) was detectable by the fluorescence of fused EGFP. pUL71 (green) 

and Vps4A-Flag (red) were stained with the respective primary antibodies and fluorescence-coupled 

secondary antibodies. The signals were detected with the Axio-Observer.Z1 fluorescence microscope 

equipped with an Apotome (Zeiss) by using the Axiovision software and the 63x objective. 

  

4.3.3. Characterization of the internal pUL71 domain for Vps4A interaction 

The next experiment was aimed to identify the sequence requirements of pUL71 for the 

interaction with Vps4A. Preliminary experiments showed that the 48 C-terminal amino 

acids of pUL71 are crucial for Vps4A recruitment in transfected cells (39). To further 

characterize the interaction domain, additional pUL71 deletion and point mutants were 

constructed. The most important mutants contributing to the identification of the pUL71 

domain for Vps4A interaction are shown in figure 29. 
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Fig. 29 pUL71 mutants for investigating Vps4A recruitment 

The pUL71 mutants used for investigation of Vps4A recruitment are 2 N-terminal truncations 

pUL71aa1-314 and pUL71aa1-320, 4 point mutants pUL71 P315A, pUL71 P318A, pUL71 P315/318A 

and pUL71 V317D and the internal deletion mutant pUL71del315-326 (aa = amino acid).  

 

To identify the sequence requirements of pUL71 for the recruitment of Vps4A, cells 

were transfected with the plasmids expressing the C-terminal truncations of pUL71 and 

Vps4A-Flag. One day after transfection cells were fixed and analyzed by 

immunofluorescence analysis. Wild-type pUL71 as well as pUL71aa1-320 were still able 

to recruit Vps4A-Flag to the pUL71 site, whereas Vps4A-Flag was distributed throughout 

the entire cell in cells coexpressing pUL71aa1-314 (Fig. 30). These results indicate that the 

6 amino acid motif “PDVPRE” from amino acid position 315 to 320 of pUL71 is required 

for the Vps4A-Flag recruitment in transfected cells. 
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Fig. 30 Characterization of the pUL71 interaction domain for Vps4A recruitment 

Cos7 cells were transfected with plasmids expressing pUL71, pUL71aa1-320, pUL71aa1-314 and 

Vps4A-Flag. One day post transfection cells were fixed for immunofluorescence analysis. Nuclei were 

visualized with DAPI (blue). pUL71 mutants (green) and Vps4A-Flag (red) were stained by the 

respective primary antibodies and fluorescence-coupled secondary antibodies. The signals were 

detected with the Axio-Observer.Z1 fluorescence microscope equipped with an Apotome (Zeiss) by 

using the Axiovision software and the 63x objective.  

 

The importance of the 6 amino acid motif of pUL71 for the interaction with Vps4A was 

also verified in CoIP experiments. HEK293FT cells were transfected with plasmids 

expressing the C-terminal truncated pUL71 proteins and Vps4A-Flag. Cells were lysed and 

used for CoIP experiments 2 days after transfection. The analysis of the CoIP revealed that 

wild-type pUL71 as well as the truncated mutant pUL71aa1-320 were coprecipitated by 

Vps4-Flag, whereas pUL71aa1-314 was not detectable (Fig. 31). The precipitation of 

Vps4A-Flag by the Flag antibody-coupled beads was successful shown by comparable 

signals in all samples transfected with Vps4A-Flag expression plasmids. Similar 

expression levels of pUL71 mutants and Vps4A-Flag in the cell lysates were additionally 

confirmed by Western blot analysis prior precipitation. 
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 In summary, the CoIP revealed that wild-type pUL71 as well as pUL71aa1-320 but not 

pUL71aa1-314 interact with Vps4A-Flag. Thus the CoIP results were conform to the 

immunofluorescence data, showing that the 6 amino acids motif “PDVPRE” from amino 

acid position 315 to 320 is required for the interaction with Vps4A.  
 

  
Fig. 31 CoIP of pUL71 truncations and Vps4A-Flag in transfected cells 

HEK293FT cells were transfected with plasmids expressing wild-type pUL71 (wt), pUL71aa1-320, 

pUL71aa1-314 and Vps4A-Flag. Cell lysates were used for CoIP experiments 2 days post transfection. 

The expression levels of pUL71 truncations and Vps4A-Flag were controlled in the cell lysates of the 

transfected cells. The IP experiment showed the precipitation of Vps4A-Flag and the coprecipitation of 

the interaction partner pUL71. Primary antibodies against pUL71 and Vps4 and HRP-coupled 

secondary antibodies were used for detection of the respective proteins. 

 

The next step was to investigate which of the 6 amino acids of the pUL71 “PDVPRE” 

motif are required for Vps4A recruitment. Therefore, several plasmids expressing pUL71 

point mutants as well as the deletion mutant of the whole domain were constructed 

(Fig. 29). The plasmids were transfected into Cos7 cells and one day post transfection cells 

were fixed for immunofluorescence analysis. In cells coexpressing pUL71 P315/318A, 

pUL71 V317D and pUL71del315-326, respectively, Vps4A-Flag remained distributed 

throughout the entire cell (Fig. 32).  
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In additional coexpression experiments with the single point mutants pUL71 P315A and 

pUL71 P318A, Vps4A-Flag was partially distributed in the cell and partially recruited to 

the localization site of these pUL71 mutant (data not shown). Finally, these experiments 

revealed that the mutants pUL71 P315/318A, pUL71 V317D and pUL71del315-326 were 

not able to recruit Vps4A and thus further confirmed the importance of the identified 

6 amino acid motif “PDVPRE” of pUL71 for Vps4A-Flag recruitment.  
 

 
Fig. 32 Characterization of the internal pUL71 interaction domain for Vps4A recruitment  

Cos7 cells were transfected with plasmids expressing pUL71 (wt), pUL71 P315/318A, pUL71 V317D, 

pUL71del315-326 and Vps4A-Flag. One day post transfection cells were fixed for immunofluorescence 

analysis. Nuclei were visualized with DAPI (blue). pUL71 mutants (green) and Vps4A-Flag (red) were 

stained by the respective primary antibodies and fluorescence-coupled secondary antibodies. The 

signals were detected with the Axio-Observer.Z1 fluorescence microscope equipped with an Apotome 

(Zeiss) by using the Axiovision software and the 63x objective.  
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The importance of the “PDVPRE” motif of pUL71 for the interaction with Vps4A was 

also verified by CoIP experiments. Therefore, HEK293FT cells were transfected with 

plasmids expressing pUL71, pUL71 P315/318A, pUL71 V317D and pUL71del315-326 

and Vps4A-Flag. 2 days post transfection cells were lysed and used for CoIP experiments. 

The analysis of the interaction partner pUL71 in the CoIP samples showed only a signal 

for wild-type pUL71 (Fig. 33). This revealed that only non-mutated pUL71 and not the 

mutants carrying point mutations or the deletion of the “PDVPRE” motif could be 

coprecipitated by Vps4A-Flag. Specific signals of Vps4A-Flag in the IP blot indicated that 

the precipitation of Vps4A-Flag was performed with the same efficiency in all lysates. 

Western blot analysis of the cell lysates showed comparable signals for Vps4A-Flag as 

well as for pUL71 mutants exhibiting that the proteins were equally expressed. These 

precipitation experiments revealed that Vps4A-Flag interacts with the non-mutated pUL71 

but not with the point mutants pUL71 P315/318A and pUL71 V317D or the deletion 

mutant pUL71 del315-326 underlining the importance of the 6 amino acid of pUL71 for 

the interaction with Vps4A-Flag.  
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Fig. 33 CoIP of pUL71 point mutants and Vps4A-Flag in transfected cells 

HEK293FT cells were transfected with plasmids expressing pUL71 (wt) pUL71 P315/318A, pUL71 

V317D, pUL71del315-326 and Vps4A-Flag. 2 days post transfection cells were lysed and the 

supernatant was used for CoIP experiments. The expression efficiency of the pUL71 mutants and 

Vps4A-Flag was controlled in the cell lysates of the transfected cells. The IP experiments show the 

precipitation of Vps4A-Flag and the coprecipitation of the interaction partner pUL71. Primary 

antibodies against pUL71 and Vps4 and HRP-coupled secondary antibodies were used for detection of 

the respective proteins.  

 

4.3.4. Characterization of the internal Vps4A domain for pUL71 interaction 

After the identification of the “PDVPRE” motif of pUL71 required for the interaction 

and recruitment of Vps4A, it was investigated whether Vps4A interacts via its MIT domain 

with pUL71. In the cellular context the N-terminal MIT domain of Vps4A (amino acid 1 to 

84) is required for the interaction with the MIM domain of ESCRT-III. It is known that 

cellular ESCRT-III proteins contain two types of MIM domains interacting with different 

regions of the Vps4A MIT domain. It could be shown that the point mutation V13A 

abrogates the interaction with the MIM2 domain of ESCRT-III proteins, whereas the 

Vps4A point mutation L64A prevents the interaction with the MIM1 domain (67, 147).  
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Based on these data, several plasmids expressing Vps4A-Flag mutants were constructed 

to determine whether one of these known key residues of the Vps4 MIT domain is also 

required for the interaction with pUL71 (Fig. 34). 
 

 
Fig. 34 Vps4A-Flag mutants for investigating the interaction with pUL71  

Vps4A-Flag mutants used for investigating the interaction with pUL71 are the deletion mutant    

Vps4A-Flag delMIT and the 2 point mutants Vps4A-Flag V13D and Vps4A-Flag L64D.  

 

To determine the sequence requirements of Vps4A for the recruitment by pUL71, Cos7 

cells were transfected with plasmids expressing pUL71 and the Vps4A-Flag mutants. One 

day post transfection cells were fixed for immunofluorescence analysis. Figure 35 shows 

that the Vps4A-Flag delMIT and Vps4A-Flag V13D mutants were completely delocalized, 

indicating that pUL71 was not able to recruit these Vps4A mutants. The mutant           

Vps4A-Flag L64A is partially localized to the pUL71 site and partially distributed 

throughout the cell, indicating an impaired recruitment of this protein by pUL71. This 

leads to the assumption that Vps4A MIT domain, especially the MIM2 interacting site 

(V13) plays an important role for the interaction with pUL71. 
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Fig. 35 Characterization of the Vps4A domain required for the recruitment by pUL71 in transfection 

Cos7 cells were transfected with plasmids expressing pUL71, Vps4A-Flag (wt), Vps4A-Flag delMIT, 

Vps4A-Flag V13D and Vps4A-Flag L64D. One day post transfection cells were fixed for 

immunofluorescence analysis. Nuclei were visualized with DAPI (blue). pUL71 (green) and          

Vps4A-Flag mutants (red) were stained by the respective primary antibodies and fluorescence-coupled 

secondary antibodies. The signals were detected with the Axio-Observer.Z1 fluorescence microscope 

equipped with an Apotome (Zeiss) by using the Axiovision software and the 63x objective.  
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The role of the Vps4A MIT domain for the interaction with pUL71 was additionally 

controlled by CoIP experiments. Therefore, cells transfected with pUL71 and the      

Vps4A-Flag mutants were lysed 2 days post transfection and used for the CoIP 

experiments. The detection of the interaction partner pUL71 revealed strong signals of 

pUL71 in the CoIP samples containing non-mutated Vps4A-Flag and Vps4A-Flag delMIT 

and a weak signal in the sample of Vps4A-Flag L64D (Fig. 36). No signal of pUL71 was 

detected in the sample of Vps4A Flag V13D. Precipitation of Vps4A-Flag was controlled 

by using a Flag antibody. Comparable signals in all samples containing Vps4A-Flag 

showed that the IP was successful. The signals of pUL71 and Vps4A-Flag mutants in the 

cell lysates analyzed before precipitation showed that the proteins were expressed in equal 

amounts. These results indicated that pUL71 can be coprecipitated by Vps4A-Flag and 

Vps4A-Flag delMIT, but not by Vps4A-Flag V13D. The interaction with pUL71 seems to 

be reduced in case of precipitated Vps4A-Flag L64D. In summary the CoIP experiments 

together with the immunofluorescence analysis revealed that the mutation of the MIM2 

interacting region V13D has a stronger effect on the interaction with pUL71 compared to 

the mutation of the MIM1 interacting region L64D. This indicates that the Vps4A MIT 

domain and especially the MIM2 interacting site is required for the interaction with 

pUL71.  
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Fig. 36 CoIP of Vps4A-Flag mutants and pUL71 in transfected cells 

HEK293FT cells were transfected with plasmids expressing pUL71, Vps4A-Flag, Vps4A-Flag delMIT, 

Vps4A-Flag V13A and Vps4A-Flag L64D. 2 days post transfection cells were lysed and the supernatant 

was used for CoIP experiments. The expression efficiency of pUL71 and Vps4A-Flag mutants were 

controlled in the cell lysates of the transfected cells. The IP experiment showed the precipitation of 

Vps4A-Flag mutants and the coprecipitation of the interaction partner pUL71. Primary antibodies 

against pUL71 and the Flag-tag and HRP-coupled secondary antibodies were used for detection of the 

respective proteins.  

 

4.3.5. Analysis of pUL71/Vps4A interaction by SPR experiments 

Until now, all the interaction experiments were performed in transfected or infected 

cells. Therefore, it is still not clear whether the interaction between pUL71 and Vps4A is 

a direct or indirect interaction. To make sure that no other cellular proteins are involved, 

pUL71 and Vps4A were separately expressed in bacteria, purified and binding 

characteristics were investigated in surface plasmon resonance (SPR) experiments. 

Because of difficulties in expression and purification of full length proteins, only the        

C-terminal part (amino acids 283-361) of pUL71 and the N-terminal part (amino acids     

2-85) of Vps4A were used for these experiments.  
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Several plasmids expressing mutants of pUL71 fused to a GST-tag and Vps4A fused to 

a streptavidin/His-tag were constructed (Fig. 37).   

 
Fig. 37 pUL71 and Vps4A mutants for SPR experiments 

For SPR experiments plasmids expressing the C-terminal part of pUL71 N-terminally fused to           

a GST-tag were constructed. The wild-type (wt) protein GST-pUL71aa283-361, the 2 point mutants                            

GST-pUL71aa283-361 P315/318A and GST-pUL71aa283-361 V317D and a deletion mutant              

GST-pUL71aa283-361 del315-326 were used. Additional two point mutations were introduced into the 

N-terminal Vps4A MIT domain which is N-terminally fused to a His-tag and C-terminally to 

a streptavidin-tag resulting in the proteins His-Vps4AMIT-Strep, His-Vps4AMIT V13D-Strep and      

His-Vps4AMIT L64D-Strep (Strep = streptavidin, aa = amino acid).  
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These expression plasmids were transformed into bacteria. These bacteria were cultured 

in LB medium and the protein expression was induced after reaching an OD600 between 

0.5 and 0.7. After a protein specific incubation time bacteria were lysed and the expressed 

proteins in the supernatants were column purified. A glutathione sepharose 4B column was 

used to purify GST-tagged proteins and a nickel column was used for His-tagged proteins. 

To further improve protein purity, a gel filtration was performed with an ÄKTApurifier by 

using a sepharose column. The size of the filtrated proteins was controlled by SDS PAGE 

with tricine gels and positive fractions were used for SPR experiments. Purified               

GST-pUL71aa283-361 and its mutants were used as ligands and coated on a CM5 sensor 

chip, whereas His-Vps4AMIT-Strep and its mutants were used as analytes. At least 

5 different concentrations of the analyte were injected for each experiment and binding 

capacity to pUL71 mutants was measured by the BIAevaluation software. As an example, 

the SPR curves of GST-pUL71aa283-361 and the GST-pUL71aa283-361 del315-326 

mutant together with the analyte His-Vps4AMIT-Strep are shown in figure 38. It is 

important to note that in the case of the GST-pUL71aa283-361 del315-326 mutant higher 

Vps4A concentrations were necessary to reach the same response between 50 to 

500 resonance units (RU) compared to the non-mutated GST-pUL71aa283-361. This 

indicates a higher binding strength of His-Vps4AMIT-Strep to the wild-type                 

GST-pUL71aa283-361 compared to the tested GST-pUL71aa283-361 del315-326 deletion 

mutant. 
 

 
Fig. 38 SPR curves for analyzing the binding capacity between pUL71 and Vps4A 

Purified GST-pUL71aa283-361 and GST-pUL71aa283-361 del315-326 were directly coated on a CM5 

sensor chip. Binding curves were measured after injecting the indicated concentrations of the analyte 

His-Vps4AMIT-Strep. BIAevaluation software was used for combining the single curves to one graph 

(RU = resonance units, aa = amino acids). 
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Finally, SPR curves of all pUL71 and Vps4A mutants were analyzed by the 

BIAevaluation software. Here it was measured how closely model curves fit to the 

experimental data and thereof the dissociation constant (kD) was calculated. The exact 

values for all the tested combinations of pUL71 and Vps4A mutants are shown in table 9. 

The results of the pUL71 mutants revealed that the binding strength of wild-type           

His-Vps4AMIT-Strep and wild-type GST-pUL71aa283-361 (kD = 1.0 µM) was 38-fold 

reduced compared to GST-pUL71aa283-361 P315/318A (kD = 38.0 µM), 85-fold reduced 

compared to GST-pUL71aa283-361 V317D (kD = 85.3 µM) and 97-fold reduced 

compared to GST-pUL71aa283-361 del315-326 (kD = 96.7 µM).  

For the Vps4A mutants, the binding strength was only 3-fold reduced in the 

measurements of wild-type GST-pUL71aa283-361 and His-Vps4AMIT V13D-Strep     

(kD = 2.9 µM) and not reduced in the measurement of His-Vps4AMIT L64D-Strep       

(kD = 1.1 µM) compared to the binding of wild-type His-Vps4AMIT-Strep. Finally, the 

SPR experiments revealed that the mutation of the 6 amino acid motif of pUL71 led to 

a reduced binding of Vps4A, whereas the tested mutations of Vps4A have no (L64D) or 

only a marginal effect (V13D) on the interaction with pUL71.  
 

Tab. 9 Binding strengths of the tested pUL71 and Vps4A mutants 

ligand 
(GST-pUL71aa283-361) 

analyte 
(His-Vps4AMIT-Strep) 

ka 
[102M-1s-1] 

kd 
[10-4s-1] 

kD    
[µM] 

Chi2 differences 
in kD values 

wt wt 79.0 75.5 1.0 1.2  -- 
       

P315/318A wt 1.0 36.8 38.0 1.9 38x 
V317D wt 0.5 46.3 85.3 1.3 85x 

del315-326 wt 0.5 45.2 96.7 2.5 97x 
wt V13D 16.9 48.2 2.9 2.6 3x 
wt L64D 43.1 48.1 1.1 1.5  -- 

wt: wild type, M: mole, s: second, ka: association rate constant, kd: dissociation rate constant, kD: 
dissociation constant [kd/ka], Chi2: statistical measure of how closely the model fits the experimental 
data (value should be <10 for good fittings) (SPR pages: http://www.sprpages.nl/). 
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4.3.6. Interaction between Vps4A and pUL71 homologs of other herpesviruses 

After discovering this novel and unique interaction between the HCMV tegument 

protein pUL71 and the cellular protein Vps4A it was investigated whether this interaction 

is conserved among the herpesvirus family. Therefore, a panel of plasmids was constructed 

expressing pUL71 homologs of other human herpesviruses (Fig. 39).  

 
Fig. 39 pUL71 homologs of other human herpesviruses  

pUL71 homologs used for investigating Vps4A recruitment are pUL51-HA of HSV 1 (α-herpesvirus), 

pUL71-HA of HCMV and HHV 6 (both β-herpesviruses) and BRSF1-HA of EBV (γ-herpesvirus). All 

constructs are C-terminally fused to an HA-tag.  
 

 

For CoIP experiments cells were transfected with plasmids expressing the pUL71 

homologs and Vps4A-Flag. 2 days post transfection cells were lysed and the supernatant 

was used for the CoIP experiments. Analysis of the CoIP samples with an HA antibody 

revealed that only the β-herpesviral pUL71-HA homologs of HCMV and HHV6 were 

coprecipitated by Vps4A-Flag (Fig. 40). Signals of the α-herpesvirus homolog pUL51-HA 

of HSV 1 and γ-herpesvirus homolog BSRF1-HA of EBV were not detectable. The 

successful precipitation of Vps4A-Flag was shown by using a Vps4 antibody. In cell 

lysates prior precipitation, comparable signals for the pUL71 homologs as well as    

Vps4A-Flag were detectable indicating that all proteins were expressed in adequate levels. 

In summary, these experiments revealed that only pUL71-HA of the β-herpesviruses 

HCMV and HHV 6 could interact with Vps4A-Flag and not the homologs of α- and          

γ-herpesviruses.  
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Fig. 40 CoIP of pUL71 homologs of other human herpesviruses and Vps4A-Flag in transfected cells 

HEK293FT cells were transfected with plasmids expressing the pUL71 homologs pUL51-HA of HSV 1 

(α-herpesvirus), pUL71-HA of HCMV and HHV 6 (both β-herpesviruses), BSRF1-HA of EBV           

(γ-herpesvirus) and Vps4A-Flag. 2 days post transfection cells were lysed and the supernatant was 

used for CoIP experiments. The expression efficiency of pUL71 homologs and Vps4A-Flag was 

controlled in the cell lysates of the transfected cells. The IP experiment showed the precipitation of 

Vps4A-Flag and the coprecipitation of the pUL71 homolog interaction partners. Primary antibodies 

against the HA-tag and Vps4 and HRP-coupled secondary antibodies were used for detection of the 

respective proteins.  

 

These results suggest that the interaction with Vps4A might be a conserved feature of 

pUL71 homologs among β-herpesviruses. Thus another β-herpesvirus homolog M71 of the 

murine cytomegalovirus (MCMV) was tested. Sequence analysis revealed a 7 amino acid 

motive PDHLPGE (amino acid position from 254 to 260) at the C-terminus of the protein 

which resembles the Vps4A interaction motif of HCMV pUL71 (“PDVPRE”).  
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To investigate whether there is an interaction between MCMV M71 and Vps4A and 

whether the discovered M71 motif is important for Vps4A interaction, M71 plasmids were 

constructed expressing wild-type M71-HA and 2 C-terminal truncations (Fig. 41). 

 
Fig. 41 M71-HA mutants for investigating Vps4A recruitment 

MCMV M71 mutants used for the investigation of Vps4A recruitment are wild-type M71-HA and the 

2 C-terminal truncations M71-HAaa1-260 and M71-HAaa1-250 (aa = amino acid).  

 

The interaction between Vps4A-Flag and M71-HA was controlled in CoIP experiments. 

Therefore, HEK293FT cells were transfected with M71-HA mutants and Vps4A-Flag. 

2 days post infection cells were lysed and the supernatant was used for CoIP experiments. 

Western blot analysis with an HA antibody exhibited signals in the CoIP samples of     

M71-HA and M71-HAaa1-260 and not for M71-HAaa1-250 (Fig. 42). Precipitation of 

Vps4A-Flag by the beads was controlled with the Vps4 antibody and showed comparable 

signals in all samples containing Vps4A-Flag. Also the signals of M71 mutants and 

Vps4A-Flag in the cell lysates before precipitation were detected in adequate amounts 

indicating comparable expression levels of all proteins. Finally, this experiment reveal that 

wild-type M71-HA and M71-HAaa1-260 but not M71-HAaa1-250 interact with      

Vps4A-Flag, indicating that the 7 amino acid motif PDHLPGE located inside the 10 amino 

acids from 250 to 260 might be required for the interaction with Vps4A.  
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Fig. 42 CoIP of MCMV M71-HA and Vps4A-Flag in transfected cells 

HEK293FT cells were transfected with plasmids expressing MCMV M71-HA, M71-HAaa1-260,    

M71-HAaa1-250 and Vps4A-Flag. 2 days post transfection cells were lysed and the supernatant was 

used for CoIP experiments. The expression efficiency of M71-HA mutants and Vps4A-Flag was 

controlled in the cell lysates of the transfected cells. The IP experiment showed the precipitation of 

Vps4A-Flag and the coprecipitation of interaction partner M71. Primary antibodies against the      

HA-tag and Vps4 and HRP-coupled secondary antibodies were used for detection of the respective 

proteins. 
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4.4. Interaction of pUL71 with the viral tegument protein pUL103 
Another viral protein crucial for efficient virus particle release of HCMV is the recently 

investigated tegument protein pUL103. It has been shown that pUL103 is localized to the 

viral AC during HCMV infection (1). So the function of pUL103 at late steps of HCMV 

morphogenesis as well as its localization at the AC is comparable to the findings of 

pUL71. Therefore, the localization of these proteins and a possible interaction between 

these two proteins was now investigated.  

 

4.4.1. Localization of pUL103 during HCMV infection 

 It is known that pUL103 is localized to the viral AC in HCMV infected cells (1). So 

first, the localization of pUL103 at the AC was compared to that of cellular membrane 

marker proteins. Due to the lack of an antibody against pUL103, HFFs were infected with 

the pUL103-Flag expressing virus TB-103Flag. Cells were fixed 7 days post infection and 

pUL103-Flag as well as the cis-Golgi marker GM130, the TGN markers Golgin-97 and     

γ-Adaptin were stained for immunofluorescence analysis. The signals of pUL103-Flag 

were distributed throughout the entire AC and showed the best colocalization with the 

TGN marker γ-Adaptin (Fig. 43). In contrast to these proteins the other TGN marker 

Golgin-97 showed a ring-like structure around the center of the AC and the majority of the 

cis-Golgi marker GM130 was detectable in the periphery of the compartment. So, the 

localization of pUL103 was comparable to the accumulation of pUL71 at TGN membranes 

and at the viral AC (Fig. 16). These results were also confirmed at day 5 post infection 

(data not shown).  

To prove the similar localization of pUL71 and pUL103-Flag at the viral AC during 

HCMV infection, the localization of these proteins as well as the localization of tegument 

proteins pp28 and pp150 was analyzed in immunofluorescence analysis. Therefore, HFFs 

were infected with TB-103Flag virus. 7 days post infection, cells were fixed and the viral 

tegument proteins were stained with the respective antibodies. pUL71 as well as    

pUL103-Flag were comparably distributed throughout the entire AC and thus showed the 

same localization pattern (Fig. 44). In contrast pp28 and pp150 exhibited a different 

localization. They accumulated in a ring-shaped structure around the center of the AC. The 

same distribution of pUL71 and pUL103 at the viral AC, also observed 5 days post 

infection (data not shown), support the assumption that both proteins are involved in equal 

steps of HCMV morphogenesis.  
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Fig. 43 Localization of pUL103-Flag and cellular membrane marker proteins during HCMV infection 

HFFs were infected with TB-103Flag virus using an MOI of 0.05 and fixed 7 days post infection. Nuclei 

were visualized with DAPI (blue). pUL103-Flag (green) and cis-Golgi protein GM130 and the TGN 

proteins Golgin-97 and γ-Adaptin (all red) were stained with the respective primary antibodies and 

fluorescence-coupled secondary antibodies. The signals were detected with the Axio-Observer.Z1 

fluorescence microscope equipped with an Apotome (Zeiss) by using the Axiovision software and the 

63x objective. 
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Fig. 44 Localization of pUL103-Flag and other viral tegument proteins during HCMV infection 

HFFs were infected with TB-103Flag virus using an MOI of 0.05 and fixed 7 days post infection. Nuclei 

were visualized with DAPI (blue). pUL103-Flag (green), tegument proteins pUL71, pp28 and pp150 

(all red) were stained with the respective primary antibodies and fluorescence-coupled secondary 

antibodies. The signals were detected with the Axio-Observer.Z1 fluorescence microscope equipped 

with an Apotome (Zeiss) by using the Axiovision software and the 63x objective. 

 

4.4.2. Localization of pUL103 in transfected cells  

The localization of overexpressed pUL103-Flag was also investigated in transfected 

cells to exclude the influence of other viral proteins on its localization. Cos7 cells were 

transfected with plasmids expressing pUL71 and pUL103-Flag and were fixed 8 h after 

transfection. Additionally to the viral proteins, TGN membranes were stained by using an 

antibody against TGN membrane protein Golgin-97. As shown in figure 45, pUL71 as well 

as pUL103-Flag accumulated at the site of the TGN marker protein Golgin-97. This 

indicates that like pUL71, overexpressed pUL103 also accumulated at TGN membranes in 

transfected cells and that this accumulation was independent of the expression of other 

viral proteins.  
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Fig. 45 Localization of pUL71 and pUL103-Flag in transfected cells 

Cos7 cells were transfected with plasmids expressing pUL71 and pUL103-Flag. 8 h post transfection 

cells were fixed for immunofluorescence analysis. Nuclei were visualized with DAPI (blue). pUL71, 

pUL103-Flag (both green) and Golgin-97 (TGN, red) were stained by the respective primary 

antibodies and fluorescence-coupled secondary antibodies. The signals were detected with the         

Axio-Observer.Z1 fluorescence microscope equipped with an Apotome (Zeiss) by using the Axiovision 

software and the 63x objective. 

 

4.4.3. Interaction of pUL71 and pUL103 in transfected cells 

Due to the comparable localization of pUL103 and pUL71 at TGN membranes, it was 

hypothesized that these two proteins interact with each other. To determine an interaction, 

cells were transfected with plasmids expressing pUL71, the localization-defective mutant 

pUL71 C8/13A, pp28 and pUL103-Flag. 8 h post transfection cells were fixed for 

immunofluorescence analysis. The signals of pUL71 and pUL103 accumulated in the same 

site in transfected cells (Fig. 46). Interestingly, pUL71 C8/13A seemed to have an effect on 

the localization of pUL103-Flag. The C8/13A point mutations led to the already 

characterized delocalization of pUL71 (Fig. 24) which surprisingly caused also 

a delocalization of pUL103-Flag. Both proteins were distributed throughout the entire cell. 

Control cells expressing pUL71 and pp28 showed that membrane association of pp28 was 

not affected by the delocalization of pUL71 C8/13A. The delocalization of pUL103 

mediated by pUL71 C8/13A seemed to be specific and might be an indication for an 

interaction between these two proteins. 
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Fig. 46 Effects of pUL71 on the localization of pUL103-Flag in transfected cells 

Cos7 cells were transfected with plasmids expressing wild-type (wt) pUL71, pUL71 C8/13A, pp28 and 

pUL103-Flag. 8 h post transfection cells were fixed for immunofluorescence analysis. Nuclei were 

visualized with DAPI (blue). pUL71, pUL71 C8/13A (both green), pUL103-Flag and pp28 (both red) 

were stained by the respective primary antibodies and fluorescence-coupled secondary antibodies. The 

signals were detected with the Axio-Observer.Z1 fluorescence microscope equipped with an Apotome 

(Zeiss) by using the Axiovision software and the 63x objective.  

 

To confirm that there is an interaction between the HCMV tegument proteins pUL71 

and pUL103 further experiments like CoIP and bimolecular fluorescence complementation 

(BiFC) assays were performed. For CoIP experiments HEK293FT cells were transfected 

with plasmids expressing pUL71, pUL71 C8/13A and pUL103-Flag.  



Results                                                                                                                                106 

2 days post transfection cells were lysed and the supernatant was used for the 

precipitation of pUL103-Flag and its interaction partners. Western blot analysis of the 

CoIP samples with the pUL71 antibody showed signals for pUL71 wild-type as well as for 

the pUL71 C8/13A mutant indicating that both proteins were coprecipitated by      

pUL103-Flag (Fig. 47). The successful precipitation of pUL103-Flag was shown by 

comparable signals detected by using a Flag antibody. Furthermore, the protein expression 

of all proteins was controlled in the cell lysates before using them for precipitation. The 

detection of equal signals revealed comparable expression levels for all proteins. In 

summary, the CoIP experiment showed an interaction of pUL103 Flag with pUL71 as well 

as with the mutant pUL71 C8/13A. 
 

       
 

Fig. 47 CoIP of pUL71 and pUL103-Flag in transfected cells 

HEK293FT cells were transfected with plasmids expressing pUL71 (wt), pUL71 C8/13A and        

pUL103-Flag. 2 days post transfection cells were lysed and the supernatant was used for CoIP 

experiments. The expression efficiency of pUL71 and pUL103-Flag was controlled in the cell lysates of 

the transfected cells. The IP experiments show the precipitation of pUL103-Flag and the 

coprecipitation of the interaction partner pUL71. Primary antibodies against pUL71 or the Flag-tag 

and HRP-coupled secondary antibodies were used for detection of the respective proteins.  
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The interaction between pUL71 and pUL103 was also investigated by BiFC assays. 

This method is based on the fact that the YFP citrine can be divided into an N- (amino 

acids 1-173) and a C-terminal (amino acids 155-238) non-fluorescent part (139). For the 

BiFC assay the investigated proteins are separately fused to one of these YFP parts. If there 

is an interaction of the expressed proteins in transfected cells, the fused YFP parts are 

brought into near contact, leading to a recovery of the fluorescence signal (63, 64, 65, 66). 

One advantage of this method is that additionally to the interaction also the intracellular 

localization of the interacting proteins can be determined under physiological conditions.  

To investigate the interaction between pUL71 and pUL103, BiFC plasmids were 

constructed expressing pUL71, pUL71aa12-361 and pUL71-C8/13A C-terminally fused to 

the N-terminal part of YFP and pUL103 C-terminally fused to the C-terminal part of YFP 

(Fig. 48). 
 

 
 

Fig. 48 pUL71-YN and pUL103-YC fusion proteins for BiFC assay 

Proteins used for investigation of the interaction between pUL71 and pUL103 by BiFC assay are YN 

(aa1-173 of YFP), YC (aa155-238 of YFP), pUL71-YN, pUL71aa12-361-YN, pUL71-C8/13A-YN and 

pUL103-YC (aa = amino acid).  
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As a preliminary experiment HeLa cells were transfected with the generated plasmids 

expressing the YFP fusion proteins. The correct localization of the proteins at the TGN 

membrane or distribution throughout the entire cell was confirmed by immunofluorescence 

analysis (data not shown). 

For the BiFC assay HeLa cells were transfected with plasmids expressing pUL71-YN, 

pUL71aa12-361-YN and pUL71-C8/13A-YN together with pUL103-YC and mCherry. As 

controls, cells were also transfected with plasmids only expressing the N-terminal or         

C-terminal YFP parts in combination with the respective fusion protein partners. After 

incubation for 7.5 h at 37°C and 30 min at 32°C cells were fixed and the nuclei were 

stained with DAPI. Pictures were taken with the Axio-Observer.Z1 fluorescence 

microscope with constant exposure times. The images showed that mCherry signals were 

distributed throughout the entire cells (Fig. 49). In the YN and YC expressing cells the 

YFP signal was weakly distributed inside the cell, whereas the controls, YN with     

pUL103-YC and pUL71-YN with YC, showed weak juxtanuclear accumulations. Only 

cells expressing the fusion proteins pUL71-YN and pUL103-YC showed strong YFP 

signals, indicating an interaction of these proteins. A strong YFP signal distributed 

throughout the entire cell was also detected in cells expressing pUL71aa12-361-YN or 

pUL71-C8/13A-YN together with pUL103-YC, while only weak signals were detected in 

the controls (Fig. 50). This indicates that non-mutated pUL71 as well as both pUL71 

mutants interact with pUL103-YC.  
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Fig. 49 BiFC analysis of pUL71-YN and pUL103-YC in transfected cells 

HeLa cells were transfected with plasmids expressing YN, YC, pUL71-YN and pUL103-YC. 8 h post 

transfection cells were fixed for immunofluorescence analysis. Nuclei were visualized with DAPI (blue). 

mCherry was detectable by its fluorescence. The YFP signals were obtained after interaction of fused 

proteins. The signals were detected with the Axio-Observer.Z1 fluorescence microscope without the 

Apotome by using the Axiovision software and the 63x objective. 
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Fig. 50 BiFC analysis of pUL71-YN mutants and pUL103-YC in transfected cells 

HeLa cells were transfected with plasmids expressing YC, pUL71aa12-361-YN, pUL71-C8/13A-YN 

and pUL103-YC. 8 h post transfection cells were fixed for immunofluorescence analysis. Nuclei were 

visualized with DAPI (blue). mCherry was detectable by its fluorescence. The YFP signals were 

obtained after interaction of fused proteins. The signals were detected with the Axio-Observer.Z1 

fluorescence microscope without the Apotome by using the Axiovision software and the 63x objective. 

 

To determine the BiFC efficiency of the pUL71 mutants together with pUL103 the 

signals of YFP and mCherry were measured with the colocalization module of the 

Axiovision software. The analysis revealed that weak signals of YFP and mCherry were 

also detectable in non-transfected cells. Therefore, the mean value of YFP and mCherry 

signals of 20 non-transfected cells was determined as background and was subtracted from 

the values of transfected cells.  
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To adjust the different protein expression levels in each cell, the quotient of the YFP 

and mCherry signals was determined as BiFC efficiency and normalized by setting the 

average BiFC signal of pUL71-YN, pUL103-YC and mCherry expressing cells to 

100 percent. The BiFC efficiency of the YFP signals were measured of at least 75 cells. 

Kruskal-Wallis and Dunn’s Multiple Comparison Tests were used for the statistical 

analysis revealing a significant increase of the BiFC efficiency of pUL103-YC together 

with pUL71-YN, pUL71aa12-316-YN or pUL71-C8/13A-YN in comparison to all tested 

controls (Fig. 51, all values p<0.001). Furthermore, the analysis showed that there was also 

a significant difference between pUL103-YC together with pUL71-YN or                    

pUL71-C8/13A-YN (p<0.001) as well as between pUL103-YC together with       

pUL71aa12-361-YN or pUL71-C8/13A-YN (p<0.01) but not a significant difference 

between pUL103-YC together with pUL71-YN or pUL71aa12-361-YN. Finally, the BiFC 

assay confirms the interaction between pUL71 and pUL103 and indicates that the 

interaction of pUL103 with the delocalized pUL71 mutants is even stronger than the 

interaction with non-mutated pUL71.   
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Fig. 51 Evaluation of the BiFC efficiency in cells expressing pUL71-YN mutants and pUL103 -YC 

The fluorescence signal of YFP and mCherry of expressed proteins were determined with the 

colocalization module of Axiovision and the background signals measured in non-transfected cells 

were subtracted. Each transfection was performed 3 times and at least 75 cells were analyzed of each 

attempt, respectively. The BiFC efficiency, the quotient of the YFP and mCherry signals, was 

normalized by setting the average BiFC signal of pUL103-YC/pUL71-YN/mCherry expressing cells to 

100%. The image shows the mean percentage of fluorescence signals, the standard deviation and the 

spread of the single values.  

 

4.4.4. BAC mutagenesis of the double stop mutant virus TB-71/103stop 

Due to the interaction and the similar localization between pUL71 and pUL103 in 

transfected as well as infected cells and their comparable functions during late steps of 

HCMV morphogenesis it was now interesting to investigate whether both proteins function 

in a sequential way during HCMV morphogenesis. For this case, it was expected that the 

growth defect of a double stop virus mutant, containing mutations in the genes for pUL71 

and pUL103, is more pronounced compared to that of the respective single stop virus 

mutants. To investigated the growth characteristics of such a double stop mutant, the      

TB-71/103stop mutant virus was constructed during this thesis by markerless 

BAC mutagenesis (153).  
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The correct generation of the BAC mutant BAC-71/103stop was analyzed on the one 

hand by PCR and sequencing of the UL71 and UL103 mutation site and on the other hand 

the backbone of the BAC was controlled by digestion with the restriction enzymes HindIII, 

EcoRI and EcoRV, followed by restriction fragment length polymorphism (RFLP) analysis 

(Fig. 52). The digested DNA fractions of the BACs were loaded on an agarose gel. The 

evaluation of the gel revealed that the controls wild-type BAC TB40-BAC4, BAC-71stop, 

BAC-71rev and BAC-103stop as well as the constructed BAC-71/103stop mutant all 

showed the same fragments, indicating that no random mutation had occurred at the       

BAC-71/103stop backbone during the BAC mutagenesis. 
 

 

 
Fig. 52 Restriction fragment length polymorphism of the constructed BAC mutant BAC-71/103stop 

The DNA of the BACs BAC-71rev (1), HCMV wild-type BAC (TB40-BAC4, 2), BAC-71stop (3),   

BAC-71/103stop (4) and BAC-103stop (5) were digested with the restriction enzymes HindIII, EcoRI 

and EcoRV and loaded on an agarose gel for electrophoresis (M = marker).  

 

For reconstitution of the TB-71/103stop mutant virus, MRC5 cells were electroporated 

with the BAC mutant BAC-71/103stop. The reconstitution of TB-71/103stop virus was 

successful indicating that the mutant virus is replication-competent in fibroblasts. 

Nevertheless, the mutant exhibited a strongly delayed viral growth. As an additional 

control the viral DNA of TB-71/103stop virus infected HFFs was isolated by the High Pure 

Viral Nucleic Acid Kit (Roche) and the UL71 and UL103 stop mutation sites were PCR 

amplified and sequenced.  
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4.4.5. Growth characteristics of the TB-71/103stop virus in fibroblasts 

The growth characteristics of the TB-71/103stop virus were analyzed in multi step 

growth kinetics. HFFs were infected with wild-type, TB-71stop, TB-103stop,                  

TB-71/103stop viruses using an MOI of 0.01. The supernatant of the infected cells was 

taken every 3 days for 21 days and the virus yield was determined by titration on HFFs. 

The growth curves showed that the virus yields of TB-71stop, TB-103stop and 

TB71/103stop viruses were comparable at day 15 post infection. All three mutant viruses 

showed a significant reduction of the virus yield (TB-71stop: 852-fold,                       

TB-103stop: 1465-fold, TB-71/103stop: 1460-fold) compared to that of wild-type virus 

(Fig. 53, Kruskal-Wallis and Dunn’s Multiple Comparison test, p<0.001) and no 

significant difference among themselves. In summary the multi step growth kinetics 

showed that the absence of either pUL103 or pUL71 as well as of both proteins together 

led to the equal viral growth defect indicating more for an analogues function of these 

proteins during HCMV replication and not for the assumed function in a sequential way.  
 

 
Fig. 53 Multi step growth kinetics of TB-71/103stop virus in infected HFF 

HFFs were infected with HCMV wild-type, TB-71stop, TB-103stop and TB-71/103stop viruses using 

an MOI of 0.01. The samples of the virus yields in the supernatant were taken at the indicated times. 

The virus yield of the respective samples was determined on HFFs. Each point in the growth curves 

shows the mean value of the titrated virus yields and the standard deviation. The experiments were 

performed in 3 independent attempts including 2 to 3 attempts for each mutant virus respectively        

(□ = wild-type virus, ▲ = TB-71stop virus, ▼ = TB-103stop virus, ♦ = TB-71/103stop virus, 

p.f.u. = plaque forming units, dpi = days post infection).   
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4.4.6. Influence of pUL71 and pUL103 on HCMV cell-to-cell spread  

The effect of the UL71 and UL103 stop mutations on the cell-to-cell spread of HCMV 

was analyzed by plaque assays. HFFs were infected with 100 plaque forming units per well 

of wild-type, TB-71stop, TB-103stop, TB-71/103stop viruses, respectively, and overlayed 

with medium for plaque assays containing the viscous substance methylcellulose to 

prevent virus spread via cell-free virus particles.  

9 days post infection, cells were fixed and IE expressing cells were detected by 

immunofluorescence staining with an IE antibody. Images of virus plaques were taken by 

fluorescence microscopy using the Axiovision software. For statistical analysis the relative 

plaque size of each virus mutant was determined by using the ImageJ software and setting 

the mean plaque size of HCMV wild-type virus infected cells to 100 percent. As shown in 

figure 54 the plaque size of TB-71stop virus (25%), TB-103stop virus (31%) and            

TB-71/103stop virus (29%) exhibited a significant difference compared to the plaque size 

of wild-type virus (Kruskal-Wallis and Dunn’s Multiple Comparison test, p<0.001) and no 

significant difference among themselves. Finally, the plaque assays revealed that compared 

to wild-type virus infected cells the cell-to-cell spread of all tested HCMV mutants was 

equally impaired regardless of whether the expression of pUL71, pUL103, or both proteins 

together was suppressed. This confirms the hypothesis of an analogues function of these 

proteins during HCMV morphogenesis.    
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Fig. 54 Cell-to-cell spread of TB-71/103stop virus analyzed by plaque assay 

(A) HFFs were infected with HCMV wild-type (wt), TB-71stop, TB-103stop, TB-71/103stop viruses. 

Cells were overlayed with medium for plaque assay containing the viscous substance methylcellulose 

one day post infection. 9 days post infection, cells were fixed and infected cells were detected by an       

IE antibody and fluorescence-coupled secondary antibody (red). Nuclei were stained with DAPI (blue). 

The signals were detected with the Axio-Observer.Z1 fluorescence microscope by using the Axiovision 

software and the 10x objective. (B) The plaque size for each virus was determined by using the ImageJ 

software. The data were normalized by setting the mean plaque size of wild-type virus infected cells to 

100 percent and were statistically analyzed by Kruskal-Wallis and Dunn’s Multiple Comparison test 

using the GraphPad Prism software. In each experiment for each virus, respectively, the mean plaque 

size and the standard deviation was determined of at least 30 plaques. The experiment was 

independently repeated tree times (*** = p<0.001). 
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5. Discussion  
HCMV morphogenesis is a potential target for antiviral treatment (84, 114, 157, 161, 

162, 168). Therefore, it is crucial to understand the detailed mechanisms leading to HCMV 

envelopment and release of infectious virus particles from infected cells. It appears that 

many of these steps are determined by an intricate network of protein-protein interactions, 

but only few viral and cellular proteins involved in these envelopment and egress processes 

have been identified so far (94, 95, 96). Thus, current investigations address the function of 

distinct proteins, e.g. tegument proteins, which might lead to a better understanding of 

HCMV morphogenesis. One viral protein crucial for efficient HCMV secondary 

envelopment is the tegument protein pUL71 (130, 170). The results of this thesis including 

those on the intracellular localization and the identification of new cellular and viral 

interaction partners help to clarify the role of pUL71 during HCMV morphogenesis.  

 

5.1. Function of pUL71 during HCMV infection  
HCMV pUL71 is required for efficient secondary envelopment (130, 170). The 

importance of pUL71 during HCMV envelopment processes has been demonstrated in our 

lab by ultrastructural analysis of TB-71stop virus infected cells, revealing an impaired 

envelopment of viral particles 5 days post infection compared to HCMV wild-type virus 

infected cells (128, 129, 130). For these investigations as well as for the experiments 

performed during this work, a UL71 stop mutant virus was used because a complete 

deletion of the UL71 sequence was not possible due to the fact that the promoter of the 

essential gene UL70 (34) is located within the UL71 sequence. An involvement during 

envelopment processes has also been observed for the homolog protein pUL51 of                      

α-herpesviruses HSV 1 and PRV. The final envelopment of viral particles was impaired in 

cells infected with a PRV UL51 deletion mutant virus (70), whereas the function of the 

HSV 1 pUL51 was observed during the maturation of viral particles downstream of the 

initial envelopment steps at the inner nuclear membrane, possibly during the egress from 

the perinuclear space or the egress beyond the outer nuclear membrane (108). 

In this thesis, the importance of pUL71 during HCMV replication has been 

demonstrated by a strong growth defect of the TB-71stop virus in replication kinetics and 

plaque assays. Replication kinetics were first performed in fibroblasts since they are the 

standard cells to investigate HCMV replication (57, 136, 141, 150).  
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The single step kinetics of TB-71stop virus revealed a strong reduction of the virus 

yield in the supernatant but only a slight reduction in the cell-associated virus yield 

compared to wild-type and TB-71rev virus. The strong reduction of the virus yields in the 

supernatant of TB-71stop virus infected cells fits to the observed secondary envelopment 

defect of this mutant in ultrastructural analysis (128, 129, 130). However, the only slight 

reduction in the cell-associated virus yield of the TB-71stop virus was unexpected and 

indicates that beside the defect in secondary envelopment the subsequent intracellular 

transport of the virus-containing vesicles to the plasma membrane is impaired or that the 

infectious particles are trapped in these vesicles in the cytoplasm of infected cells. In both 

cases the egress of the infectious HCMV particles into the extracellular space would be 

inhibited. A function during egress steps has already been published for the integral 

membrane protein pUL20 of PRV. The deletion of pUL20 led to an accumulation of 

enveloped viral particles in vesicles in the cytoplasm of infected cells suggesting that the 

transport of these vesicles to the plasma membrane is impaired. A comparable function 

during these transport processes of virus containing vesicles to the plasma membrane could 

be also possible for HCMV pUL71.  

The reduction of the TB-71stop virus yield in the supernatant as well as the slighter 

reduction in the cell-associated virus yield observed in the single step kinetics could be 

confirmed by multi step kinetics. However, in the multi step kinetics, the growth defect of 

the TB-71stop virus was more pronounced compared to that of the single step kinetics. 

This effect could be explained by different infection rates during the experiments. At the 

beginning of the single step kinetics all cells were infected (MOI 3) at the same time and 

virus progeny resulted from only one round of infection. In contrast, in multi step kinetics 

only few cells were infected (MOI 0.01) at the beginning of the experiment. Over time new 

cells became infected and thus virus progeny of several rounds of infection were measured 

leading to a more pronounced growth defect of the TB-71stop virus.  

Another noticeable feature of the HCMV multi step kinetics was that at day 12 post 

infection a differences were detectable in the virus yields in the supernatant of wild-type 

and TB-71rev viruses compared to TB-71stop virus, but at later times of infection the virus 

yield of the wild-type and TB-71rev viruses decreased and converged to that of the TB-

71stop virus. The explanation could be that in wild-type virus infected cells, all cells were 

infected at 12 days post infection, resulting in a saturation of viral particle release. The 

release of viral particles was reduced again at day 18 and 21 post infection presumably 

caused by an increasing death of infected cells.  
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Due to the observed growth defect of the TB-71stop virus, this mutant was not able to 

infect all cells during the investigated time period. So the growth curve of TB-71stop virus 

showed on the one hand a slower increase compared to wild-type virus, indicating 

a reduced release of infectious virus particles and on the other hand never reached the 

saturation plateau of wild-type virus infected cells. So the same measured virus yields of 

wild-type and TB-71stop viruses at day 21 post infection seems to be a results of the 

slower increase in TB-71stop virus particle release and the already reduced release of   

wild-type virus particles due to cell death.  

A similar growth defect as for the TB-71stop virus has been observed for another UL71 

stop mutant (170) and a UL71 mutant virus generated by transposon mutagenesis (172). 

Both mutant viruses were constructed in the background of the laboratory adapted virus 

strain AD169. The data of the UL71 mutants are consistent with the observed reduction of 

the virus yield in the supernatant of the UL51 deletion mutant viruses of the α-

herpesviruses HSV 1 and PRV (70, 108) and suggest a conserved function of these 

proteins within the herpesvirus family.  

The TB-71stop virus also exhibited a defect in cell-to-cell spread as shown by 

a 25% reduction of the plaque size of TB-71stop virus in comparison to wild-type and   

TB-71rev viruses. These results are in agreement with previous data where a small plaque 

phenotype has also been observed for the UL51 deletion mutants of HSV 1 and PRV and 

the UL71 transposon mutant from the parental strain AD169 (70, 108, 172). Not much is 

known about the detailed mechanisms of direct cell-to-cell spread of HCMV. It is 

presumed that the secondary envelopment of particles as well as the incorporation of 

glycoproteins gB, gH and gL into the viral envelope play an important role (127). But 

whether the cell-to-cell spread defect of TB-71stop virus is directly linked to the 

envelopment defect or whether pUL71 plays another role in this process could not be 

clarified yet.  

HCMV can replicate in a number of different cell types in vivo, including macrophages 

(143). Macrophages are cells of the innate immune system and thus part of the first line of 

defense after infections in humans (105). Interestingly, replication of HCMV is delayed in 

this cell type (40), which can potentially lead to a stronger growth defect of HCMV 

mutants in macrophages compared to fibroblasts. This is supported by recent findings that 

a pp65 stop mutant virus exhibited a strong growth defect in macrophages, whereas viral 

growth in fibroblasts was undistinguishable from that of the wild-type virus (22).  
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But until now the replication processes of HCMV in macrophages and the differences 

compared to the viral replication in fibroblasts are still not completely understood.  

In this work the growth kinetics in macrophages after HCMV infection with an MOI 

of 5 revealed a more reduced virus yield in the supernatant of the TB-71stop virus 

compared to that of the single step kinetics in fibroblasts using an MOI of 3. This would 

indicate a more pronounced growth defect of the TB-71stop virus in macrophages. But the 

titers of the virus stocks used for infection were only determined on HFFs and not on 

macrophages. This might explain the differences in the virus yields, because it was 

observed that the infectivity rates of HCMV strains, especially for the reconstituted TB40-

BAC4 mutant viruses were notably lower in macrophages compared to HFFs. The MOI of 

5 used for these experiments was not high enough to infect the majority of macrophages 

one day post infection. So the lower infectivity rates of the TB40-BAC4 mutant viruses in 

macrophages could explain why the obtained growth curves resembled the multi step and 

not the single step kinetics in HFFs. The assumption that the growth defect of the TB-

71stop virus is not pronounced in macrophages compared to HFFs was supported in our 

lab by ultrastructural analysis of different cell types infected with TB-71stop virus. These 

investigations revealed a comparable envelopment defect of the TB-71stop virus in 

infected fibroblasts, macrophages as well as human umbilical vein endothelial cells 

(HUVECs) (129). In addition another problem beside the low infectivity rates was that 

infected macrophages obtained from different blood donors revealed strong differences in 

the infection efficiency. So, the obtained results were not completely reproducible by using 

cells from different donors. Furthermore, the infectivity of the different viruses showed 

a strong variation. In macrophages obtained from two out of three donors the infectivity of 

the TB-71stop virus was reduced in comparison to that of wild-type and TB-71rev viruses. 

But due to the similar infectivity of all three viruses in the cells from the third donor the 

question whether pUL71 has also an effect on viral entry in macrophages could not be 

conclusively answered during this thesis. Finally, the obtained growth curve of TB-71stop 

virus infected macrophages revealed a constantly very low virus particle release, raising 

the question whether the infectious particles were mainly released from macrophages by 

cell lysis during cell death and not by the common egress pathway after membrane fusion. 

To clarify on that and to distinguish whether less infectious viral particles are built in 

general or whether infectious particles are unable to egress from HCMV infected 

macrophages, growth kinetics determining the cell-associated virus yields in infected 

macrophages would be necessary.  
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Taken together, all these observations and experimental problems indicate that 

macrophages may not be the ideal cell type to study the function of the tegument protein 

pUL71 during viral morphogenesis.  

The performed growth kinetics together with the ultrastructural phenotype of TB-71stop 

virus infected cells revealed that the absence of pUL71 either led to a less efficient or 

delayed secondary envelopment of HCMV particles. However, the exact function of 

pUL71 during these processes is still unknown. One hypothesis is that pUL71 might be a 

structural component of the viral tegument and that the absence of pUL71 leads to an 

impaired assembly of viral particles. The other possibility is that pUL71 might fulfill 

functions during the mechanistic processes of HCMV secondary envelopment, like 

membrane curvature and scission. The latter hypothesis is supported by the high 

expression level of pUL71 in infected cells and the lower incorporation of pUL71 in 

virions shown by Western blot analysis in this thesis. This minor incorporation of pUL71 

has also been observed in mass spectrometry analysis of purified HCMV AD169 virions 

(160). There, it has been shown that only 0.1% of each viral particle consists of pUL71, 

while other known structural proteins are often incorporated in higher amounts. One 

example is the capsid protein MCP which represents 6% of the HCMV virion.  

Furthermore, pUL71 was already expressed 24 h post infection and thus before progeny 

virus particles were detected at the viral AC. The classification as DE protein has been 

shown in this work by immunofluorescence analysis and time course experiments in 

foscarnet treated HCMV infected cells. Foscarnet is a pyrophosphate analogue which 

blocks viral DNA synthesis and thus the expression of true L-genes but not of IE and DE 

genes (23, 99). One common function of DE proteins and thus presumably also for pUL71 

is the transactivation of L-gene expression (99). But in this thesis it has been shown by 

Western blot analysis of cells infected with wild-type, TB-71stop and TB-71rev viruses, 

that pUL71 has no effect on the expression of capsid protein MCP, the tegument proteins 

pp65 and pp150 and glycoprotein B. It seems that pUL71 does not function as a regulatory 

protein during the gene expression cascade. More likely, pUL71 belongs to a group of 

tegument proteins together with e.g. pp65 or pp150 which are transcriptionally active as 

DE genes although their main function is during HCMV maturation (99). 

In conclusion, the first part of this work revealed that pUL71 plays an important role 

during the generation of infectious particles and that it might fulfill functions during the 

mechanistic processes of HCMV secondary envelopment.  
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5.2. Localization of pUL71 during HCMV infection  
Protein localization studies may help to clarify the function of investigated proteins. It 

can be expected that proteins important for envelopment processes are associated either 

with viral capsids or with membranes utilized for viral envelopment. It could be shown in 

this thesis that pUL71 is associated with TGN membranes at the viral AC, the site of 

HCMV envelopment. The detection of pUL71 at the viral AC is in accordance with the 

published localization of GFP-tagged pUL71 (170) as well as with the localization at the 

viral assembly site of the homolog pUL51 in HSV 1 infected cells (107). For pp28, another 

HCMV tegument protein also involved in envelopment processes, it has been demonstrated 

that the correct localization of the protein at the viral AC is crucial for its function. 

Deletion of an acidic cluster from amino acid position 45 to 49 led to a delocalization of 

overexpressed pp28. After introducing this mutation into the viral background it was not 

possible to detect infectious virus particles in the supernatant of cells infected with this 

pp28 mutant virus (137).  

The AC in HCMV infected cells is a compartment composed of intertwined concentric 

rings of different cellular membranes, especially cis-Golgi, TGN and endosomal 

membranes and is formed 3 days post infection (29, 30). The secondary envelopment of 

viral particles occurs in the AC, leading to the formation of infectious viral particles. 

Despite intensive research, it is still not entirely clear which of the cellular membranes 

found within the AC are used for the HCMV envelopment processes. TGN membranes but 

also endosomal membranes or even the formation of a mixed compartment of these 

membranes are still in discussion (21, 36, 41, 50, 55, 155). During HCMV infection it has 

been shown that the TGN marker proteins Golgin-97 and γ-Adaptin are localized to the 

viral AC. Both proteins are part of the cellular clathrin coated vesicle transport between 

TGN, endosomes and the plasma membrane. In the cellular pathway, the clathrin proteins 

are first recruited to the TGN membranes by the cellular adaptor protein 1 (AP1) complex. 

One component of this complex is the TGN protein γ-Adaptin. Transport vesicles are 

formed at the TGN membranes with the involvement of clathrin and also coat proteins. 

Next, the vesicles are transported to the target membrane by using components of the 

cytoskeleton. The interaction between the target membrane and the transport vesicles is 

mediated by tethering molecules. It is supposed that Golgin-97 could be one of these 

tethering molecules.  
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In the last step, soluble N-ethylmaleimide-sensitive factor attachment protein receptors 

(SNAREs) mediate the fusion of the vesicle with the target membranes (33, 83, 117). The 

importance of these proteins for viral replication has been shown in HIV infected cells. 

Here, the AP1 complex containing γ-Adaptin binds to the viral Gag protein and supports 

the envelopment processes (19). During pox virus infection it has been observed that     

Golgin-97 accumulates at the viral assembly region and is incorporated into HCMV 

particles (2). For HBV it is supposed that the function of the ESCRT machinery during 

envelopment processes is supported by the co-factor adaptor protein γ2-Adaptin. The 

cellular function of γ2-Adaptin is still unknown but the protein seems to be comparable to 

γ-Adaptin. For γ2-Adaptin it is assumed that it mediates the accumulation of HBV proteins 

at the region of the viral assembly. Another possibility of γ2-Adaptin function is the 

transport of HBV particles to the cell surface and the egress of the viral particles into the 

extracellular space (73, 121). At the moment nothing is known about an involvement of the 

proteins of the clathrin coated vesicle transport pathway in HCMV infection, but due to the 

detection of the TGN markers γ-Adaptin and Golgin-97 at the viral AC, a possible function 

of this proteins during viral envelopment should be investigated in future experiments.  

In addition to the cellular proteins and membranes also viral proteins especially 

tegument and glycoproteins are detectable at the viral AC (3, 4, 10, 17, 18, 43, 50, 52, 53, 

85, 124, 125, 137, 152). Most of these proteins are under discussion to be crucial for 

HCMV envelopment either as structural components of the viral particle or as proteins 

involved in the formation of the AC or to mediate the mechanistic processes during HCMV 

envelopment, like membrane curvature and scission. One of these functions might also be 

referred to pUL71 accounted for by its association with TGN membranes during HCMV 

infection and the envelopment defect of viral particles in TB-71stop virus infected cells by 

ultrastructural analysis (128, 129, 130, 170). In this work, it could be shown that pUL71 

accumulates at TGN membranes directly after its expression. This membrane association 

of pUL71 endures the rearrangement of cellular membranes occurring during the formation 

of the viral AC. The membrane association of pUL71 was further proven by detection of 

pUL71 as well as pp28 in the membrane fraction of HCMV infected cells. The 

classification of these membranes as TGN membranes was verified in BFA experiments. 

BFA is an antibiotic agent which leads to a rapid redistribution of the cis-Golgi to the ER 

while the majority of the TGN collapses around the MTOC (32, 69, 77, 78, 79, 80, 113).  
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It has been demonstrated that after BFA treatment of transfected as well as infected cells 

pUL71 and the TGN marker Golgin-97 accumulated in a juxtanuclear region which 

supposed to be the MTOC, indicating an association of pUL71 with TGN membranes. This 

is consistent with results of BFA experiments performed with the homolog pUL51 of 

HSV 1 in transfected cells, showing that pUL51 is also associated with Golgi membranes 

(107).  

The localization analysis at day 5 and 7 post infection revealed that tegument proteins 

pp28 and pp150 as well as the glycoprotein gB showed a ring-shaped localization around 

the center of the viral AC in many HCMV infected cells. Due to the association of pp150 

with the viral nucleocapsid (10) and ultrastructural analysis of the viral AC (129) it is 

assumed that the ring-shaped localization of pp28, pp150 and gB within the viral AC is due 

to the accumulation of viral particles within this region during the envelopment processes. 

This hypothesis is supported by DAPI signals which are often also detected in the ring-

shaped distribution at the AC, presumably indicating the presence of viral DNA. 

Interestingly, pUL71 localization differed markedly from the ring-shaped distribution of 

the other tested proteins and was characterized by a distribution throughout the entire AC. 

The reason for the different distribution of pUL71 is still not clear. It could be assumed 

that the membrane curvature during envelopment processes are facilitated by interaction 

between tegument proteins attached to the nucleocapsid and other viral proteins associated 

with cellular membranes. Due to its distribution throughout the entire AC and its 

association with cellular membranes pUL71 could be one of the latter proteins. This 

hypothesis is in consistence with the assumed function of pUL71 during mechanistic 

processes of HCMV secondary envelopment.  

Another unanswered question is how the formation of the viral AC is mediated. It is 

feasible to assume that the AC formation is driven by the virus infection and presumably 

by the involvement of viral proteins. The distribution of pUL71 throughout the entire AC 

and its association with the TGN membranes within the compartment as well as the fact 

that pUL71 is already detectable before the formation of the viral AC suggests that pUL71 

might contribute to the formation of this compartment. This hypothesis is supported by the 

findings that an altered morphology of the AC structure was detected in cells infected with 

the TB-71stop virus. The ring-like distribution of pp28 and pp150 signals was dissolved 

and additional small vesicular structures were detected in the periphery of the AC. This 

phenotype has also been observed in cells infected with a UL71-stop virus in the 

background of the AD169 virus strain (170).  
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A comparable AC phenotype has also been discovered in cells infected with mutant 

viruses in absence of the expression of the tegument proteins pp150 and pUL97 indicating 

also a function of these proteins during the formation of the viral AC (4, 149). However, 

further investigations are necessary to prove an involvement of pUL71 during the 

formation of the viral AC, because the observed alteration of the AC structure could also 

be explained by an accumulation of viral capsids or viral proteins at the AC of TB-71stop 

virus infected cells due to an impaired or delayed secondary envelopment and particle 

release.  

In transfected cells, pUL71 was also detected at TGN membranes indicating that its 

membrane association was independent of the viral infection. To analyze the sequence 

requirements for the TGN localization, pUL71 mutants were tagged with EGFP because 

the pUL71 antibody is directed against the pUL71 C-terminus. Preliminary studies 

revealed no difference between the localization of pUL71 and pUL71-EGFP, therefore, the 

EGFP-tagged proteins were used for identifying the pUL71 localization domain. It could 

be demonstrated that the N-terminal 34 amino acids of pUL71 are sufficient to result in 

TGN localization of fused EGFP and that the double point mutation of the cysteine 

residues at position 8 and 13 lead to a completely delocalization of pUL71. The analysis of 

the single point mutations revealed that the mutant containing the C8A mutation was still 

localized at TGN membranes and that mutated protein pUL71-EGFP C13A was only 

partially localized at TGN membranes and partially distributed inside the entire cell. These 

results suggest that the residue C13 might have a stronger effect on the localization of 

pUL71 compared to C8 but only the mutation of both cysteine residues lead to a complete 

abrogation of pUL71 TGN association.  

Furthermore, it has been shown that pUL71 is palmitoylated in transfected as well as in 

infected cells and that this palmitoylation could be abrogated by mutations of both cysteine 

residues. The post translational acylation of proteins increases the hydrophobicity 

facilitating the attachment to intracellular membranes and thus affects protein localization 

and function (35, 104, 115, 116, 144). The importance of palmitoylation for protein 

function or localization has also been shown for other viral proteins. One example is the 

HCMV glycoprotein N (gN). Mutations of the palmitoylation sites C125 and C126 of gN 

lead to an accumulation of non enveloped viral particles in the cytoplasm (86). For the 

pUL71 homolog pUL51 of HSV 1 it is known that the first 11 amino acids, containing 

a palmitoylation site at cysteine residue C9, are crucial for its localization at                    

Golgi membranes (107).  
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Besides serving as bonding sites for palmitic acids in acylated proteins, cysteine 

residues could also be involved in the formation of disulfide bonds. These disulfide bonds 

are important for stability, folding and functions of proteins (151). Therefore, it cannot be 

excluded that the mutation of the cysteine residues of pUL71 prevents the formation of 

disulfide bonds which can result in a misfolding of pUL71. This misfolding might also 

affect the TGN localization signal of pUL71 and thus could be another reason for the 

delocalization of mutated pUL71. For excluding this possibility and to confirm that the 

palmitoylation of pUL71 and not disulfide bonding is crucial for its TGN association, 

experiments with 2-bromo-palmitic acid could be performed (165). This reagent blocks 

palmitoylation of proteins by inhibiting the palmitoyltransferase activity of enzymes that 

mediate palmitoylation (56). With this method, palmitoylation of pUL71 and its effect on 

localization could be investigated without the mutation of the involved cysteine residues.  

Finally these results demonstrate that pUL71 is associated with TGN membranes 

presumably caused by palmitoylation at its N-terminus and that it is distributed throughout 

the entire AC supporting a function of pUL71 during the secondary envelopment of 

HCMV. 

.  

5.3. pUL71 interaction with the cellular ESCRT-associated protein Vps4A 
Viruses have evolved mechanisms to hijack cellular pathways to support the production 

of virus progeny. For many enveloped viruses the cellular ESCRT machinery plays an 

important role during their final envelopment steps (12, 28, 75, 89, 91, 93, 102, 110, 159). 

ESCRT proteins are recruited to the viral assembly sites by interaction with viral proteins 

containing L-domains (11, 90, 92, 103). It is known that on the one hand many HCMV 

proteins contain such L-domains (41) and on the other hand it has been shown that the 

cellular ESCRT-0 protein HRS1, the ESCRT-III protein CHMP1 and the                       

ESCRT-associated protein Vps4A are recruited to the viral AC during HCMV infection 

(29, 100, 148). However, it is still not clear whether the cellular ESCRT machinery 

supports the secondary envelopment during HCMV infection. In this thesis, it has been 

observed that Vps4A is recruited to the viral AC by an interaction with the HCMV 

tegument protein pUL71. The interaction requires a short 6 amino acid motif at the           

C-terminus of pUL71 which has no sequence similarity to known L-domains. Therefore, 

this work represents to our knowledge a novel way of recruiting a protein of the cellular 

ESCRT machinery to the viral assembly site.  
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It could be recently shown in our lab that the Vps4A recruitment to the viral AC is 

a general feature of HCMV virus infection and not restricted to the TB40-BAC virus 

strain. Recruitment of Vps4A to the viral AC was also observed in cells infected with the 

virus strains TB40E, TB40F, VHL-E, AD169 and Towne (37). In these experiments as 

well as for the investigation of the Vps4A recruitment in infected cells by 

immunofluorescence analysis during this work, Vps4A-Flag was transiently 

overexpressed. This method has been chosen because it is assumed that HCMV infection 

induces the formation of Fc-receptors (FcR) in fibroblasts (62, 76). These Fc-binding 

proteins interact with the immunoglobulin G (IgG) antibodies used for 

immunofluorescence stainings leading to unspecific background signals in HCMV infected 

fibroblasts. This observations and the low expression level of endogenous Vps4 led to 

difficulties in the specific detection of Vps4 signals with the used polyclonal Vps4 

antibody in HCMV infected cells. To overcome this problem, fibroblasts were 

electroporated with plasmids expressing inducible Vps4A-Flag and infected with the 

different viruses.  

Although it could be shown that the recruitment of Vps4A to the viral AC seems to be 

a general feature of all HCMV strains, the function of this recruitment is unclear. One 

hypothesis is that the formation of MVBs is downregulated in HCMV infected cells by 

withdrawing Vps4A from the system. MVBs are part of a cellular protein recycling and 

degradation pathway (61). For the protein degradation the cellular ESCRT machinery plays 

an important role, especially during the formation of the ILV at the MVB membranes. The 

ESCRT-associated protein Vps4 is the only identified ATPase involved in this pathway 

and is crucial for the disassembly and recycling of the ESCRT complexes after the 

formation of the ILVs at the MVB membranes and thus for maintaining the MVB pathway 

(6, 61, 167, 169). Assuming that also viral proteins are degraded by this pathway, the 

inhibition of MVB formation could be crucial to ensure efficient viral replication. This 

hypothesis is supported by ultrastructural analysis of wild-type and TB-71stop virus 

infected cells (128, 129, 130). During wild-type virus infection only few and small sized 

MVBs were detectable while in TB-71stop virus infected cells the morphology of MVBs 

was altered as shown by a higher number of MVBs and an enlargement of their size. These 

differences might be explained by the fact that in wild-type virus infected cells Vps4A was 

recruited to the viral AC by pUL71 resulting in less amounts of Vps4A in the cytoplasm. 

This might induce an inhibition of the MVB pathway.  
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In TB-71stop virus infected cells, Vps4A was not recruited to the viral AC and therefore 

was still available for the MVB pathway which might result in an increase of MVB 

production triggered by accumulation of viral proteins in the cytoplasm. These arguments 

could be strengthened by the findings that the release of viral particles was increased in 

HCMV infected cells after siRNA knockdown of Vps4A/B compared to the control cells 

(41).  

Another hypothesis is that the cellular ESCRT machinery is involved in the secondary 

envelopment processes of HCMV. This hypothesis is supported by the ultrastructural 

similarity between the envelopment processes of viral particles at cellular membranes and 

the formation of the ILVs at MVB membranes. If this hypothesis is true also other ESCRT 

proteins should be recruited to the viral AC. Until now, it is known that beside Vps4A also 

the ESCRT-0 protein HRS1 and the ESCRT-III protein CHMP1 are detectable at this 

compartment (29, 100). The failure of detecting other cellular ESCRT proteins at the viral 

AC could be explained by the fact that the recruitment of the ESCRT proteins to cellular 

membranes is transient directly followed by a recycling step mediated by Vps4. The 

temporal and reversible recruitment could be one explanation that in immunofluorescence 

analysis other ESCRT proteins especially ESCRT-III proteins could not be specifically 

detected at the viral AC. Consequently, immunofluorescence analysis might not be the 

right tool to prove a temporal recruitment of ESCRT proteins to the viral AC.  

In the case of HCMV infection it seems that the recruitment of Vps4A to the viral AC 

by the interaction with pUL71 is either not reversible or even stronger compared to that of 

the cellular proteins. This assumption was proven on the one hand with SPR experiments 

indicating that the binding capacity between the Vps4A MIT domain and the C-Terminus 

of pUL71 was 4-fold increased in comparison to that of the Vps4A MIT domain with the 

C-terminus of the ESCRT-III protein CHMP6 (Patricia Renesto, unpublished data). On the 

other hand immunofluorescence analysis in cells, expressing pUL71 and Vps4-Flag as well 

as ESCRT-III proteins CHMP4-dsRED or CHMP6-YFP revealed that Vps4-Flag was 

recruited by pUL71 to the pUL71 localization site and not to the localization site of the 

ESCRT-III proteins (data not shown). An experimental problem was that tagging of the 

ESCRT-III proteins led to accumulations of these proteins in the cytoplasm, presumably an 

indication that the C-terminal tag impairs protein function and induces the dominant 

negative forms of these proteins.  
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But nevertheless, in cells expressing Vps4-Flag and the tagged ESCRT-III proteins the 

recruitment of Vps4A-Flag to the ESCRT-III localization site was still detectable, only the 

additional expression of pUL71 led to a shift of the Vps4-Flag signal to the pUL71 

localization site. In conclusion, these findings suggest that the interaction between Vps4A 

and pUL71 is stronger compared to that of Vps4A and the ESCRT-III proteins.  

By performing SPR experiment with the interaction partners pUL71 and Vps4A, an 

involvement of other proteins could be excluded verifying that the proteins interact directly 

with each other. Due to problems during expression und purification of full-length proteins 

only the C-terminus of pUL71 (amino acids 283-361) and the N-terminal MIT domain of 

Vps4A (amino acids 2-85) were used for the SPR experiments. By mutational analysis 

followed by immunofluorescence and CoIP analysis, it has been demonstrated, that the                  

C-terminal “PDVPRE” motif of pUL71 (amino acids 315-320) is responsible for the 

interaction with Vps4A. Sequence analysis of this motif revealed a striking similarity with 

the MIM2 domain (“LPxVP”) of ESCRT-III proteins (Fig.55). The C-terminal MIM 

motifs of ESCRT-III proteins are responsible for the recruitment of Vps4 via interaction 

with the N-terminal Vps4 MIT domain. The MIM domains are distinguished in the MIM1 

domains functional in the CHMP1, CHMP2 and CHMP3 proteins and the MIM2 domain 

in the CHMP4 and CHMP6 proteins (67, 147). 
  

 
 

Fig. 55 Vps4A interaction motif of pUL71 and MIM2 domain of ESCRT-III proteins  

The Vps4A interaction motif “PDVPRE” of pUL71 resembles the Vps4 interaction motif MIM2 

“LPxVP” of the ESCRT-III proteins CHMP4A/B/C and CHMP6.  

 

The homolog function between the “PDVPRE” motif of pUL71 and the MIM2 domain 

of ESCRT-III proteins concerning the recruitment of Vps4A was further proven in this 

thesis by the mutation of key residues within the pUL71 motif. It is known that the valine 

residue within the MIM2 motifs of ESCRT-III proteins is essential for the interaction with 

Vps4. While in SPR experiments with the CHMP6 V173D mutant the binding to Vps4 was 

completely blocked (67), our experiments with the pUL71 317D mutant revealed only 

a strong reduction of the binding capacity to Vps4A.  
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A reduced binding capacity to Vps4A was also obtained for another point mutant 

pUL71 P315/317A and the deletion mutant pUL71 del315-326. But nevertheless, this 

reduction was strong enough to prevent the recruitment of Vps4A by the pUL71 mutants in 

the immunofluorescence experiments as well as the coprecipitation of the pUL71 mutants 

by Vps4A-Flag in the CoIP studies.  

Besides the interaction with Vps4, another general feature of ESCRT-III proteins is 

their helical structure. The majority of ESCRT-III proteins consists of 3 basic helices at the 

N-terminus and 3 acidic helices at the C-terminus (138). Sequence analysis of pUL71 

revealed a similar secondary structure with 7 helices (Jpred 3: 

http://www.compbio.dundee.ac.uk/www-jpred/). So the findings that pUL71 exhibits 

characteristics which resembles typical features of ESCRT-III proteins, like the helical 

secondary structure and the sequence homology of the Vps4A interacting domain suggest 

that pUL71 mimics the function of viral ESCRT-III proteins during HCMV infection to 

support virus particle release.  

The Vps4A interaction motif of pUL71 appears to be conserved among the                   

β-herpesviruses but not in α- and γ-herpesviruses. While Vps4A-Flag could coprecipitate 

pUL71-HA of HHV 6 and M71-HA of MCMV, pUL51-HA of HSV and BRSF1-HA of 

EBV were not coprecipitated by Vps4A-Flag. In the case of M71 of MCMV the interaction 

domain could be narrowed down to a “PDHLPGE” motif in between the amino acids     

250-260 at the C-terminus of M71. However, for these experiments the human Vps4A and 

not the murine homolog was used. But the CoIP experiments revealed that murine M71 

was able to be coprecipitated human Vps4A-Flag. However, it was not possible to show 

the recruitment of Vps4A-Flag by pUL71 of HHV6 or M71 of MCMV in 

immunofluorescence analysis. An explanation could be that the interaction between 

Vps4A-Flag and pUL71-HA of HHV 6 or M71 of MCMV is also a transient and reversible 

interaction like it is the case for Vps4/ESCRT protein interaction and thus are not 

detectable by immunofluorescence analysis.  

Beside the interaction domain of pUL71, also the sequence requirements of Vps4A 

were investigated. For the interaction with cellular proteins the N-terminal MIT domain of 

Vps4 is crucial. In this work it could be shown that the MIT domain of Vps4A seems to be 

also necessary for an interaction with viral pUL71. However, the mutation of the 

Vps4A MIT domain led to contradictory results. The deletion mutant Vps4A-Flag delMIT 

was not recruited by pUL71 in immunofluorescence analysis but in CoIP experiments 

pUL71 was able to be coprecipitated by the deletion mutant.  
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It is known that the Vps4 homolog in yeast possesses an additional interaction site for 

cellular proteins e.g. for the ESCRT-associated protein Vta1 (134, 159, 171). This 

interaction site or another domain of Vps4A might be also used for a weaker and reversible 

interaction with pUL71 when the MIT domain is deleted.  

In accordance to the knowledge that in the cellular background the V13D mutation 

within the Vps4A MIT domain led to a complete inhibition of the interaction with ESCRT-

III proteins with MIM2 domains, whereas the L64D mutation prevents the binding to the 

MIM1 domain of ESCRT-III proteins (67, 147), these Vps4A point mutants also affected 

the interaction with pUL71. The Vps4A-Flag L64D mutant containing the mutated MIM1 

binding site was partially distributed inside the entire cell and partially recruited by pUL71 

in immunofluorescence analysis. This partial recruitment was also confirmed by a weaker 

coprecipitation of pUL71 by this mutant in CoIP experiments. The Vps4A-Flag V13A 

mutant containing the mutated MIM2 binding site was neither recruited by pUL71 nor able 

to coprecipitate pUL71. All these results indicate that the Vps4A MIT domain is 

responsible for the interaction with pUL71 and that the Vps4 interaction domain of pUL71 

resembles the MIM2 domain of ESCRT-III proteins rather than the MIM1 domain.  

In the SPR experiments the binding capacity of the Vps4A-Flag V13A mutant to 

pUL71aa283-361 was only 3-fold reduced in comparison to the non-mutated Vps4AMIT, 

whereas Vps4AMIT L64D mutation exhibited a binding capacity completely comparable 

to non-mutated Vps4AMIT. It seems that the key residues inhibiting the binding of Vps4A 

to the cellular ESCRT-III proteins are not sufficient to prevent the binding to pUL71 in 

SPR experiments. So it might be necessary to investigate whether additional point 

mutations within the Vps4A MIT domain are sufficient for preventing the binding to 

pUL71. Taken all these observations together it seems that the MIT domain is involved in 

the interaction with pUL71. But it cannot be completely excluded that there might be 

another possible domain within the Vps4A sequence which affects the interaction with 

pUL71.    

In summary, these results reveal a unique interaction between a viral protein and the 

cellular ESCRT-associated protein Vps4A, indicating that the cellular ESCRT machinery 

might play an important role during HCMV envelopment. Furthermore the similarities in 

the helical secondary structure of ESCRT-III proteins and pUL71 as well as the fact that 

the Vps4 interacting motif of pUL71 resembles the MIM2-motif of ESCRT-III proteins 

lead to the hypothesis of viral mimicry of cellular ESCRT-III protein function during 

HCMV infection. 
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5.4. pUL71 interaction with the viral tegument protein pUL103 
Not much is known about the mechanisms underlying HCMV secondary envelopment 

in the cytoplasm of infected cells. It is conceivable that protein-protein interactions play an 

important role during these processes. Proteins, which apparently function during late steps 

of HCMV morphogenesis and egress, are the tegument proteins pUL71 and pUL103 

(1, 130, 170). In this work a first hint for an interaction between pUL71 and pUL103 was 

revealed by coexpression experiments with pUL71 mutants and pUL103-Flag in 

transfected cells. Beside the colocalization of pUL71 and pUL103 at the TGN membranes, 

the delocalized mutant pUL71 C8/13A led also to a delocalization of pUL103-Flag, 

indicating that there might be an interaction with pUL71, which is stronger than the TGN 

localization signal of pUL103. Following CoIP and BiFC experiments verified the 

interaction between these proteins. Especially, BiFC experiments indicated that the 

interaction of pUL103 with the delocalized mutants pUL71 C8/13A and pUL71aa12-361 

seemed to be stronger than the interaction with wild-type pUL71.  

In this thesis, the interaction between pUL71 and pUL103 has been demonstrated in 

transfection experiments. An interaction of these proteins during HCMV infection is not 

proven yet, but due to the similar localization of both proteins at the viral AC, an 

interaction of these proteins is also assumed during HCMV infection. pUL103-Flag was 

associated with TGN membranes at the viral AC shown by co-stainings with the TGN 

marker γ-Adaptin in this thesis and by membrane fractionation experiments (Ilaria 

Cappadona, unpublished data). Due to the fact that pUL103 does not possess 

a transmembrane domain, it could be suggested that like pUL71, pUL103 might possess an 

internal palmitoylation site, but sequence analysis by using the CSS-Palm software 

(http://csspalm.biocuckoo.org/) predicted only a very weak probability for a palmitoylation 

site at cysteine residue C151. The currently performed mutational analysis of the pUL103 

sequence should clarify on that. The observed TGN localization of pUL103 at the viral AC 

is consistent with the data obtained by using a pUL103-myc expressing cell line infected 

with a Δ53-750UL103 deletion mutant virus in the background of the Towne strain (1). In 

conclusion, the similar distribution of pUL71 and pUL103 throughout the entire AC and 

the association with membranes important for HCMV envelopment confirm the hypothesis 

that these proteins might have comparable functions in HCMV envelopment processes.  
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Before starting this work, our first assumption was that pUL71 and pUL103 may 

function in a sequential way. In this case it was expected that the double stop mutant virus 

TB-71/103stop exhibits an enhanced growth defect compared to the respective single stop 

mutant viruses. But the findings that the growth defect of the TB71/103stop mutant virus 

in multi step kinetics as well as the defect in cell-to-cell spread were similar and not 

notably pronounced compared to the single stop mutant viruses TB-71stop and TB-103stop 

suggested that both proteins fulfill related functions during HCMV morphogenesis. 

Together with the interaction of pUL71 and pUL103 and their similar localization at TGN 

membranes during HCMV infection, these results led to a new hypothesis that both 

proteins function in a protein complex important for HCMV envelopment. The importance 

of the formation of functional complexes during HCMV infection could be already shown 

by a complex consisting of the glycoproteins gM and gN which is crucial for HCMV 

envelopment (85). The assumption that pUL71 and pUL103 are part of a functional 

complex required for HCMV envelopment processes raises the question whether only the 

expression of pUL71 and pUL103 is sufficient or whether the interaction between both 

proteins is crucial for the function of such a complex. Further experiments, such as the 

identification of the interaction requirements, have to be performed to clarify on that. 

Another interesting question is whether the function of this viral envelopment complex is 

homologous to the function of the ESCRT-III complexes during the envelopment 

processes of several viruses, especially retroviruses, at cellular membranes (12, 28, 75, 89, 

91, 93, 102, 110, 158). This hypothesis of a functional similarity between these complexes 

is supported by the discovered homology between pUL71 and ESCRT-III proteins 

concerning the secondary helical structure and the comparable Vps4 interaction motif. For 

HCMV infection two different approaches concerning the formation of the envelopment 

complex are possible. On one hand it could be suggested that to facilitate efficient HCMV 

envelopment the cellular ESCRT-III complex is recruited to the AC via interactions with 

viral proteins and that the function of some cellular proteins are substituted or supported by 

viral proteins. On the other hand it could be assumed that an independent viral 

envelopment complex is formed during HCMV infection. To verify that such an 

envelopment complex facilitates HCMV envelopment and to clarify whether its origin is 

viral or cellular, it should be further investigated which other viral or cellular proteins are 

involved. Finally, the elucidation of the function of these individual proteins might help to 

understand the mechanism of the HCMV envelopment processes and might offer a new 

target for antiviral therapy.    
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5.5. Functional domains of pUL71 
Two functional domains of pUL71 could be identified and further characterized during 

this thesis (Fig. 56). It has been demonstrated that the first 34 amino acids at the               

N-terminus of pUL71 are sufficient to cause TGN localization of fused EGFP. Within 

these amino acids two cysteine residues C8 and C13 have been identified which are crucial 

for pUL71 localization at the TGN membranes in transfected cells. Metabolic labeling 

experiments indicated that these cysteine residues are palmitoylated and that their mutation 

prevents TGN localization.  

Furthermore, the cellular ESCRT-associated protein Vps4A as well as the viral 

tegument protein pUL103 was identified as interaction partners of pUL71. It could be 

demonstrated that the interaction between pUL71 and Vps4A is a direct interaction 

independent of the expression of other viral and cellular proteins. The “PDVPRE” motif of 

pUL71 required for the interaction with Vps4A is located at the pUL71 C-terminus and 

comprises the amino acids 315 to 320. For pUL103 it could be shown that the delocalized 

pUL71 mutant containing the amino acids 12-361 was still able to interact with pUL103 

indicating that the N-terminus of pUL71 is not required for an interaction with pUL103.  
 

 

 
 

Fig. 56 Functional domains of pUL71  

Two cysteine residues at position C8 and C13 at the N-terminus of pUL71 are responsible for its 

localization at TGN membranes. Palmitoylation of these cysteine residues could be the intrinsic signal 

of pUL71 for its association with TGN membranes. The C-terminal “PDVPRE” motif of pUL71 is 

required for its direct interaction with the ESCRT-associated protein Vps4A.  
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6. Summary 
The generation of infectious virus particles in the cytoplasm of HCMV infected cells is 

a very complex and only a partially understood process. To determine the detailed 

mechanistic processes essential for efficient HCMV morphogenesis, it is crucial to identify 

and investigate the function of involved viral and cellular proteins. In addition, this 

knowledge might be subsequently used to develop new therapeutic strategies against 

HCMV infection. In this work, the function of the HCMV tegument protein pUL71 was 

investigated during viral infection and functional domains and interacting proteins were 

identified. 

By ultrastructural analysis, it has been demonstrated that pUL71 is required for efficient 

secondary envelopment. In this work, the importance of pUL71 for the generation of 

infectious virus progeny was shown by impaired virus release both in single and multi step 

kinetics of the UL71 stop mutant virus TB-71stop compared to the HCMV wild-type virus. 

In addition, a small plaque phenotype as the result of a defect in the cell-to-cell spread was 

also observed in TB-71stop virus infected cells. These findings together with the low 

incorporation of pUL71 into the HCMV virion suggest that pUL71 is not a crucial 

structural component of the viral particle but might fulfill a function during the 

mechanistic processes of HCMV secondary envelopment.  

The role of pUL71 in the process of secondary envelopment was further supported by 

its association with TGN membranes at the viral AC. Beside endosomal membranes, TGN 

membranes are currently in discussion to serve as the HCMV envelopment site. At the 

viral AC, pUL71 as well as the TGN marker γ-Adaptin was distributed throughout the 

entire compartment, while the other HCMV tegument proteins pp28 and pp150 and 

glycoprotein gB were mainly associated with viral particles in a ring-shaped structure 

around the center of the AC. In consistence with the hypothesis that the viral envelopment 

at cellular membranes is mediated by the interaction of capsid associated proteins with 

membrane associated tegument proteins, the localization analysis of pUL71 revealed that 

pUL71 might be one of the latter proteins supporting the membrane curvature or scission 

processes during the formation of infectious viral particles. Furthermore, in the absence of 

pUL71, the AC exhibited an altered morphology with vesicular structures in the periphery 

of the AC suggesting that pUL71 might also be involved in the formation of the AC during 

HCMV infection.  
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For the association with TGN membranes, the N-terminal part of pUL71, especially the 

first 34 amino acids are required. Within these amino acids, two cysteine residues C8 and 

C13 have been discovered which serve as palmitoylation sites. Palmitoylation is a post 

translational protein modification which improves the membrane association of 

palmitoylated proteins. The mutation of the both cysteine residues abrogated the 

palmitoylation of pUL71 as well as its TGN localization indicating that the TGN 

association of pUL71 is caused by palmitoylation.   

In this work, it could be demonstrated that pUL71 is responsible for the recruitment of 

the cellular ESCRT-associated protein Vps4A to the viral AC. This recruitment is 

mediated by a direct interaction between pUL71 and Vps4A and requires no other viral or 

cellular proteins. To our knowledge, this direct interaction between a viral protein and the 

ESCRT-associated protein Vps4A is unique among viruses and indicates that the ESCRT 

machinery might play a role during the HCMV replication cycle. Furthermore, it has been 

shown that the recruitment of Vps4A seems to be a conserved feature of the                       

β-herpesviruses HCMV, MCMV and HHV6 whereas the homologs of α- and                     

γ-herpesviruses showed no interaction. The Vps4A interaction domain of HCMV pUL71 

was identified at the pUL71 C-terminus (amino acids 315-320). Sequence and mutational 

analysis of this region revealed striking similarities to the MIM2 domain of ESCRT-III 

proteins which are the cellular interaction partners of Vps4A. These sequence similarities 

of the pUL71 interaction domain with the MIM2 domain of ESCRT-III proteins and the 

importance of pUL71 during the HCMV envelopment processes leads to the hypothesis 

that pUL71 might mimic the function of ESCRT-III proteins during HCMV infection to 

support viral release. 

Another newly discovered viral interaction partner of pUL71 is the tegument protein 

pUL103, which is also involved in late steps of HCMV morphogenesis. The hypothesis 

that pUL71 and pUL103 might form a functional complex facilitating HCMV secondary 

envelopment could be supported by the similar localization and the interaction of the 

proteins as well as by a similar growth defect in multi step kinetics and in cell-to-cell 

spread of the double stop mutant virus and the respective stop mutant viruses compared to 

the HCMV wild-type virus.  

In conclusion, this thesis demonstrates the importance of pUL71 during HCMV 

secondary envelopment and further characterizes the interactions of pUL71 with the 

cellular ESCRT-associated protein Vps4A and the viral tegument protein pUL103.     
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