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The capsid has an icosahedral symmetry (T=16) composed of 162 capsomers. These 

capsomers itself are build up from a subset of structural proteins including the major capsid 

protein (MCP), minor capsid protein (mCP), minor capsid binding protein (mC-BP), smallest 

capsid protein (SCP) as well as parts of the DNA packaging machinery with portal protein 

(pUL104) and large terminase subunit (pUL56). (91) 

Capsid assembly has been studied in -Herpesvirinae in in vitro cell free assembly assays of 

HSV-1 capsids (164). Many HSV-1 capsid proteins share structural and functional homology 

to HCMV capsid proteins and cryo-electron microscopic analysis of both viruses suggests 

similar, but not identical, capsid structure (44, 54, 95, 234, 255, 256). 

The tegument is composed of a number of phosphor proteins. This arrangement does not seem 

to follow any obvious symmetry and is therefore called amorphous (38). So far 20 proteins 

are assigned to the tegument that facilitates important functions during viral replication (112). 

For example they facilitate morphogenesis during egress (e.g. pp150 (26, 156)), viral 

transport (pUL47, pUL48 (136, 216), immune evasion (e.g. pp65 , pIRS1/pTRS1 (41, 58) as 

well as regulation of early gene expression by transactivation (e.g. pp71, pUL69, (133, 247)). 

In comparison to other Herpesvirinae the most structurally diverse region of the HCMV virion 

seems to be the tegument which is composed of a lot of unique proteins. Although proteins 

with homologous functions localised to the tegument, only a limited number of these proteins 

show significant structural homologies (6). 

The envelope is a host derived lipid-bilayer with inserted viral glycoproteins (185) that are 

arranged in three complexes. Glycoprotein complex I (gCI) is a homodimer predominately 

composed of glycoprotein gB (37, 38). glycoprotein complex II (gCII) is arranged of 

glycoproteins gM and gN (137, 138) and glycoprotein complex III (gCIII) from gH, gL and 

gO (104, 132). These complexes are important for attachment to the host cell and fusion 

between the viral envelope and the plasma membrane for entry into the cell, as well as for the 

induction of neutralising antibodies in the host’s immune response (39). 

Among infectious virions a number of other non-infectious viral particles are build during 

HCMV infections. Though these particles are not infectious for not containing the genome 

they are important for the host’s immune response (178). Examples are dense bodies (DB) 

that are composed of enveloped tegument proteins (204) or so called non-infectious 

enveloped particles (NIEPs), empty capsids that underwent further maturation steps like 

tegumentation and envelopment (108). 

 



12 

1.1.2 The viral genome 

The HCMV genome has the largest coding capacity of all Herpesviridae with 230kb in length 

and a molecular weight of 1,5 x 108 Dalton (24, 52). It is comprised of linear double stranded 

(ds) DNA and contains two non repetitive regions that are termed unique long (UL)- and 

unique short (US)-segment, flanked by terminal (TRL, TRS) and internal repeats (IRL, IRS) 

(11). The open reading frames (ORFs) are named and numbered according to their position on 

the genome within one of those regions. 

An important motif for DNA packaging is found in the internal repeat regions, the so called a-

region that encodes the cis-acting packaging elements pac 1 and pac 2 (115, 146, 159, 163). 

These elements are an important trigger for nuclease- and binding activity of the terminase 

during packaging of DNA into preformed capsids, a crucial step in viral maturation (31, 161). 

The lab strain AD169 that is predominantly used in this study is completely sequenced and 

contains 208 ORFs (52). Through passaging mutations in comparison to wild type virus have 

accumulated in AD169 likes frame shifts in genes RL5A, RL13 and UL131A (14, 72, 252) 

and a substitution of gene UL36. Those regions are hypothesised to facilitate pathogenicity 

and cell tropisms in other HCMV strains (48, 143). 

 

1.2 From structural components to infectious particles 

The HCMV lifecycle is determined by four crucial events: (i) the entry into the host cell, (ii) 

the exploiting of the cellular machinery to produce dsDNA and protein, (iii) the assembly of 

the capsids and DNA insertion and (iv) the release of virus progeny from the cell. In the 

following those events will be discussed in more detail. Figure 2 is a schematically drawing of 

the events mapping viral replication steps to cellular compartments. 
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Figure 2: The HCMV life cycle. Processes of HCMV lifecycle are summarised starting 
with attachment and entry, followed by transport to the nucleus. Further synthesis of viral 
components is carried out as well as assembly of capsids in the nucleus prior to packaging 
of DNA into these preformed capsids. Egress starts with perinuclear budding and 
transport to the cytoplasmic cisternae where virions undergo the final envelopment. The 
last step is release of virus progeny by exocytosis. Adapted from E. Bogner (30). 

 

1.2.1 Attachment and virus entry 

The process of HCMV entering the host cell is classified into three events: (i) attachment, (ii) 

receptor binding or activation and (iii) fusion (98). 

Attachment of the virus to the surface of the host cell is the first step in viral replication. On 

the viral side the three glycoprotein complexes I-III (gC I-III) are involved. Not all interaction 

partners in this event are fully characterised to date. Still we know that firstly attachment to 

cell surface is mediated by binding of gB and gM to heparan sulphate proteoglycans (63, 

113). Complexes of gH/gL/UL128-131 are necessary for entry in epithelial cells (198). 

Further a couple of receptors were suggested as HCMV entry receptors. For instance Annexin 

II was described to bind gB and enhances HCMV binding and fusion to phospholipid-

membranes (182, 188). To the contrary, cells that do not express Annexin II are permissive 

for HCMV too (182). Another candidate was human aminopeptidase N (CD13) that was 

discussed to mediate interactions between gH and cell surface (218). Epidermal growth factor 

receptor (EGFR) as another putative HCMV receptor and integrin αvβ3 as a co-receptor were 

described by Wang et al. (242, 243). Still, it is important to note cells that do not express 

EGFR are susceptible for HCMV infection in HELF cells. Taken together, neither one of the 

entry receptors proposed so far are likely to be the HCMV entry receptor nor seem this event 

to be dependent on one receptor alone in all cell types. Therefore further investigations need 

to be carried out to elucidate the underlying mechanism of attachment. 

Still, these processes are followed by membrane fusion between envelope and host cell 

plasma membrane (62). Again glycoproteins seem to be involved but the exact events remain 

poorly understood (34, 114, 190). In the case of HSV-1 the specific mode of entry is cell-type 

dependent. Either the route via direct fusion at the plasma membrane and subsequent release 

of the capsid into the cytosol or endocytosis is used (142, 168). An equivalent scenario is 

likely for HCMV. 

Once the virus has entered the cell its nucleocapsid is transported to the nuclear pore by 

hijacking cellular motor proteins. Kinesin or dynein and dynactin transport capsids on 

microtubules from the plasma membrane to the nuclear pore (76, 80, 187, 217). At the nuclear 
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pore the DNA is released and circulised to ensure proper nuclear import of functional 

genomes (172, 193). 

 

1.2.2 Gene expression and replication 

Once the dsDNA genome has reached the nucleus gene expression will start in a cascade 

manner modulated by multiple transcription activators. Within this cascade proteins are 

characterised according to their expression kinetics in (i) immediate-early, (ii) early and (iii) 

late proteins (244). Within the first three hours of infection immediate early genes (IE1/2 

(221)) are expressed triggered by cellular RNA-Polymerase II together with viral proteins 

pp71 and pUL69 (22, 247). Expression is independent from de novo-synthesised viral 

proteins. Immediate early proteins regulate expression of so called early genes (219). 

Expressed between three and 36 hours post infection (h p.i.) early genes regulate initiation of 

viral replication and expression of the majority of viral proteins so called late proteins that 

often have structural functions (expression 36-72h p.i.) (90). Expression of late proteins starts 

with DNA-synthesis that is carried out following the rolling circle-mechanism (17, 103, 145) 

first described for genome replication in bacteriophage λ (5). DNA-synthesis is restricted to 

centralised areas in the nucleus termed replication centres (73, 74). According to the rolling 

cycle mechanism so called concatamers, linear linkage of several unique-length genomes, are 

synthesised from the circular template that will be later on processed for DNA packaging. 

 

1.2.3 Capsid assembly and DNA packaging 

During the process of capsid assembly three different forms of capsid are described: empty A-

capsids, protein containing B-capsids and DNA filled C-capsids (91, 192). 

Assembly of the capsid takes place in the proximity of viral replication centres in the nucleus 

of host cells. All components needed for assembly are transported inside the nucleus. 

For HSV-1 extensive in vitro cell free assembly assays of capsids have been performed (164) 

to identify important players in this process. For HCMV it was shown that first of all the two 

alternatively translated gene products of UL80 assembly protein precursor (pAP) and 

proteinase precursor (pPR) together with the MCP form higher order complexes in the 

cytoplasm (pAP12-MCP6) (91). Those are transported into the nucleus together with SCP (56, 

127). There they build up the pro-capsids together with mCP and mc-BP (92, 164). Thereby 

pAP and pPR form a so called scaffold to stabilise the structural viral proteins at their correct 

positions during assembly (91). At the same time the portal protein pUL104 (77, 167, 213) is 
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inserted as well. Once assembly is completed capsids are called B-capsid, containing two 

layers of protein one composed of structural components on the outside and the scaffold 

within. 

Before DNA can be packaged the capsid needs to be matured by removing the scaffold by 

proteolytic activity of pPR derived protease PR (192, 245). 

The process of DNA packaging shows homologies to that described for dsDNA 

bacteriophages belonging to the order of Caudovirales (21). As mentioned above DNA is 

synthesised as concatamers that need to be processed in unique length genomes during 

packaging. Seven viral gene products have been indentified due to the homologies between 

bacteriophages and Herpesviridae. For HCMV those are pUL104, pUL93, pUL89, pUL77, 

pUL56, pUL52 und pUL51 (52). The most important among them are the two subunits of the 

terminase pUL56 and pUL89 that specifically bind to the a-sequence of viral DNA, have an 

endonuclease activity and produce energy needed for packaging by ATP-hydrolysis (31, 32, 

105, 206, 207). The terminase translocates the DNA via the portal inside the capsids (77, 78). 

If DNA packaging is successful, the capsids containing the genome are now termed C-capsids 

while abortive packaging leads to so called DNA-free A-capsids (179). 

DNA processing and packaging, as well as the turn over from B to C-capsid is hypothesised to 

be synchronised and conserved in all Herpesviridae (125). 

 

1.2.4 Maturation and egress 

After the capsids have undergone packaging they are interacting with first tegument and 

cellular proteins of the nuclear lamina to drive egress. For example it has been described that 

viral kinase pUL97 in HCMV or pUL31 and pUL34 in α-Herpesvirinae polarise and thereby 

destabilise the nuclear lamina to allow capsids to leave the nucleus (51, 88, 122, 184, 195, 

201). This transport is described as a perinuclear budding event (186). Glycoproteins gB and 

gH (33, 155, 184) facilitate a first temporal envelopment at the inner nuclear membrane 

followed by a de-envelopment at the outer nuclear membrane (8). Further they bud into the 

cytoplasm and get transported to the cytoplasmic cisternae. Morphogenesis of the virions will 

occur on the capsids itself through tegumentation while been transported through the cytosol 

as well (202) as on the future envelopment site (151, 152). The exact underlying mechanisms 

of morphogenesis are controversially discussed in the field. Recently, it was hypothesised that 

the virus reconstructs the cell for its morphogenesis upon infection by inducing formation of a 

compartment that combines endoplasmatic reticulum (ER), Golgi and trans-Golgi network 

(TGN) in close proximity. It has been reported that many vesicles derived from the TGN, 
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secretory, and endosomal pathway (66, 71, 87, 202, 233) concentrate in a junxtanuclear 

position to form a structure termed “assembly compartment” or “assembly complex” (AC) 

(101, 202). Besides these cellular structures, tegument, envelope, and non-structural proteins 

have been found to accumulate in this AC during infection (70, 99, 101, 138, 202, 209, 227). 

Anyhow, ultrastructural analysis of HCMV infected cells revealed that final envelopment 

takes place at the cisternae of the tubular endosomes or TGN (233). There the viral particles 

acquire their final envelope by budding into membrane compartment containing both TGN 

and endosomes (47).  

The cellular processes of membrane budding which are normally part of endosome sorting are 

controlled by the cellular endosomal sorting complex required for transport (ESCRT). Recent 

data showed that ESCRT specific proteins are recruited to the AC thereby suggesting that 

ESCRT machinery is involved in final maturation steps (225) 

After completion of morphogenesis mature virions will leave the cell by exocytosis (151, 152, 

153, 154). 

 

1.3 Aim of the study 

In this study proteins are functionally characterised that are proposed to be involved in two 

important steps of virion morphogenesis. At the beginning of this study and partially still to 

date nothing is described about the function of HCMV essential protein pUL77 and pUL71, 

though being nonessential, its loss causes severe growth impairments (82, 239). Homologues 

in -Herpesvirinae are partially characterised and therefore we tried to draw conclusions from 

these homologies. 

Firstly HCMV pUL77 is analysed in comparison to its -Herpesvirinae homologue pUL25 

(52). This protein is described to have a proposed function as an assisting factor during DNA 

packaging, to generate a headfull signal to stop the packaging process or to function as a cap 

to seal the portal and hold DNA within packaged capsids (15, 118, 144, 171, 235). More 

recently, an additional function early in the viral lifecycle is discussed. HSV-1 pUL25 is 

described to trigger the release of genomic DNA at the nuclear pore during entry (175, 193) 

The 1911 bp long gene product of ORF UL77 is defined as a core gene and situated on 

position 112227 and 114137 in the HCMV genome (NC_006273.2, 81) between UL76 and 

UL78 partially overlapping with the C-Terminus of pUL76. The translated protein is 636 aa in 

length and the calculated molecular weight (MW) and isoelectric point (pI) is 73028.53 (~ 

73kDa) and 5.73, respectively. 
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In this study we hypothesise that HCMV pUL77 shares equivalent properties with its α-

Herpesvirinae homologues and plays a role in similar processes. Therefore we generate a 

specific antibody to analyse the subviral localisation of pUL77, interactions with certain viral 

proteins by ultracentrifugation and various protein-protein interactions in vitro. Furthermore, 

we analyse whether pUL77 has the capacity to bind dsDNA, a prerequisite for the proposed 

functions in DNA packaging or release, by generating a new assay that allows us to use 

defined DNA fragments for our interaction studies. 

The -Herpesvirinae homologue for pUL71 is pUL51 (52). However, HCMV pUL71 and 

HSV-1 pUL51 are not structural homologues, but both are members of the Herpesvirus U44 

superfamily, containing the conserved, but functionally unclassified, U44 domain (140). 

At the beginning of this study, only studies in animal herpesviruses and HSV-1 were 

performed (67, 96, 131). Most of them concentrated on localisation but some also connected 

the protein to processes of egress either at the stage of perinuclear budding or at a later step 

like secondary envelopment (119, 131, 169, 170). 

The 1086 bp long gene product of ORF UL71 is defined as a core gene and situated on 

position 104703 and 105788 in the HCMV genome (NC_006273.2, 81) between UL70 and 

UL72 partially overlapping with the N-terminus of the opposed UL70. The translated protein 

is 361 aa in length and the calculated MW and pI is 39885.86 (~ 40kDa) and 4.99, 

respectively. 

In this study we analyse whether the functions described for -Herpesvirinae are applicable 

for pUL71. Again we start our analysis by generating a specific antibody that will be further 

used to identify subviral localisation and the interaction with other viral and cellular proteins 

in different in vitro protein-protein interaction studies and immunofluorescence. In addition, 

analyses are performed to determine the time point of expression of pUL71 within the HCMV 

transcription cascade and the intracellular distribution of the protein. Oligomerisation of 

pUL71 is analysed by single particle EM analysis, in vitro protein-protein interaction studies 

and in the viral context using recombinant viruses. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Chemicals, consumables and equipment 

2.1.1.1 Chemicals 

All chemicals were purchased at highest purity and used according to the manufacturer 

indicated below. Buffers and media for cell culture are indicated in the appropriate section. 

 

Name Manufacturer

Acetone ((CH3)2CO) [Cat. No. 8002] JT Baker, Phillipsburg, NJ

Acrylamide stock [Cat. No. 10687] 

(acrylamide- bis solution (29:1) 30%) 
Serva Electrophoresis, Heidelberg

-Ade/-His/-Leu/-Trp DO Supplement  

[10 g Cat. No. 630428] 
Clontech, Otsu, Japan

Agar (agar-agar bacteriological) [Cat. No. 2266.3]  Carl-Roth, Karlsruhe

Agarose- electrophoresis grade [Cat. No. 15510-027] Invitrogen, Paisley, UK

Ampiciline Na-salt [Cat. No. 13399]  Serva Electrophoresis, Heidelberg

APS (ammonium peroxodisulfate) [Cat. No. 09913] Fluka, Steinheim

3-AT (3-amino-1,2,4-triazole) [Cat. No. A-8056-10G] Sigma-Aldrich, St. Louis, MO

Bis-Tris Pufferan [Cat. No. 9140.2] 

(bis-(2-hydroxyethyl)-imino-tris(hydroxymethyl)-methan) 
Carl-Roth, Karlsruhe

Boric acid (H3BO3) [Cat. No. 1.00165.5000] Merck, Darmstadt

Bromephenole blue sodium salt [Cat. No. 32768] Riedel-de Haen, Steinheim

BSA (albumin bovine fraction V) [Cat. No. 11930] Serva Electrophoresis, Heidelberg

CaCl2 (calcium chloride) [Cat. No.C-7902]  Sigma, Deisenhofen

CH3COOH (acetic acid) Rotipuran [Cat. No. 37385] Carl-Roth, Karlsruhe

Chloroform [Cat. No. 1.02431.1000] Merck, Darmstadt

cOmplete Mini, [Cat. No. 04693159001] 

EDTA-free Protease Inhibitor Mix 
Roche Diagnostics, Mannheim

Coomassie brilliant blue R250 [Cat. No. 21553] Merck, Darmstadt

DABCO(1,4-diazabicyclo[2.2.2]octan) [Cat. No. D-2522] Sigma, St.Louis, MO
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Name Manufacturer

DAPI (4',6-diamidino-2-phenylindole) [Cat. No. 6335.1] Carl-Roth, Karlsruhe

DMF (N, N Dimethylformamide) Rotipuran  
[Cat. No. T921.1] 

Carl-Roth, Karlsruhe

dNTP Mix (10mM total) [Cat. No. BIO-39044] Bioline, Luckenwalde

DTT (dithiothreitol) [Cat. No. D-9779] Sigma, St.Louis, MO

EDTA (ethylendiamine tetraacetic acid) [Cat. No. 8040.2] Carl-Roth, Karlsruhe

1,2-Epoxypropane (propylene oxide) [Cat. No. 56671] Carl-Roth, Karlsruhe

Ethanolamine [Cat. No. E-6133] Sigma, St.Louis, MO

EtOHden. (ethanol 96% +MEK 1%) [Cat. No. T171.3] Carl-Roth, Karlsruhe

EtOH (ethanol 96% EMPROVE exp.)  
[Cat. No. 1.00971.1000] 

Merck, Darmstadt

Fluoroprep [Cat. No. REF-75521] bioMerieux, Marcy l'Etoile, France 

Glucose (α-D(+) glucose monohydrate) [Cat. No. 6887.1] Carl-Roth, Karlsruhe

Glutaraldehyd 25% solution [Cat. No. 74157.1] Carl-Roth, Karlsruhe

L-Gluthadione reduced [Cat. No. 6382.2] Carl-Roth, Karlsruhe

Glycerol Rotipuran [Cat. No. 3783.1] Carl-Roth, Karlsruhe

Glycid ether 100 [Cat. No. 8619.1] Carl-Roth, Karlsruhe

Glycine [Cat. No. 3908.3] Carl-Roth, Karlsruhe

Hardener DBA [Cat. No. 8623] Carl-Roth, Karlsruhe

Hardener MNA [Cat. No. 8639] Carl-Roth, Karlsruhe

HEPES Pufferan [Cat. No. 9105.2] 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 

Carl-Roth, Karlsruhe

HCl 37% Rotipuran (hydrochloric acid) [Cat. No. 4625.2] Carl-Roth, Karlsruhe

Herring sperm DNA 10mg/ml [Cat. No. D181B] Promega, Madison, WI

IPTG (isopropyl-1-thio-ß-D-galactopyranoside)  
[Cat. No. CN08.2] 

Carl-Roth, Karlsruhe

Isopropyl alcohol (2-propanol) Rotipuran  
[Cat. No.6752.3] 

Carl-Roth, Karlsruhe

Kanamycine sulphate [Cat. No. T832.1] Carl-Roth, Karlsruhe

KCH3CO2 (potassium acetate) [Cat. No. T874.1] Carl-Roth, Karlsruhe

KCl (potassium chloride) [Cat. No. 6781.3] Carl-Roth, Karlsruhe

KH2PO4 (potassium dihydrogen phosphate)  
[Cat. No. 3904.2] 

Carl-Roth, Karlsruhe
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Name Manufacturer

Lead citrate (Lead(II) citrate tribasic trihydrate)  
[Cat. No. 15326-25G] 

Sigma, St.Louis, MO

L-Leucine [Cat. No. L8000-25G] Sigma, St.Louis, MO

-Leu/-Trp DO supplement (10g Cat No. 630417) Clontech, Otsu, Japan

LiOAc (lithium acetate dehydrate) [Cat. No. 62395] Fluka, Steinheim

β-mercaptoethanole (2-mercaptoethanole)  
[Cat. No. 4227.1] 

Carl-Roth, Karlsruhe

MES  Pufferan [Cat. No. 4256.2] 
(2-(N-morpholino)ethanesulfonic acid) 

Carl-Roth, Karlsruhe

Methocel MC [Cat. No. M-64605-100G-F] Sigma, St.Louis, MO

MgCl2 (magnesium chloride hexahydrate)  
[Cat. No. A450933] 

Merck, Darmstadt

MgSO4 (magnesium sulfate) [Cat. No. 0261.2] Carl-Roth, Karlsruhe

Milk powder- blotting grade [Cat. No. T145.3] Carl-Roth, Karlsruhe

MnCl2 (manganese(II) chloride) [Cat. No. T881.3] Carl-Roth, Karlsruhe

MOPS (3-(N-morpholino) propanesulfonic acid)  
[Cat. No. M-1254] 

Sigma, St.Louis, MO

NaCl (sodium chloride) [Cat. No. 1.06404.5000] Merck, Darmstadt

Na-desoxycholat (sodium desoxycholat)  
[Cat. No. 685304] 

Merck, Darmstadt

Na2HPO4 x 2H2O [Cat. No. K11432680] 
(di-sodium hydrogenphosphate dihydrate) 

Merck, Darmstadt

NaH2PO4 x H2O [Cat. No. A983346807] 
(sodium dihydrogenphosphate monohydrate) 

Merck, Darmstadt

NaN3 (sodium azide) [Cat. No. K305.1] Carl-Roth, Karlsruhe

NaOH (sodium hydroxide) [Cat. No. P031.2] Carl-Roth, Karlsruhe

Na2SO4 (sodium sulphate) [Cat. No. 8560.3] Carl-Roth, Karlsruhe

NH4Cl (ammonium chloride) [Cat. No. P726.1] Carl-Roth, Karlsruhe

(NH4)2SO4 (ammonium sulphate) [Cat. No. 3746.1] Carl-Roth, Karlsruhe

NP-40 (nonidet P-40) non-ionic detergent  
[Cat. No. N-6507] 

Sigma, St.Louis, MO

Osmium tetroxide 4% solution [Cat. No. 8088.1] Carl-Roth, Karlsruhe

PAA (phosphonoacetic acid) [Cat. No. 195425] ICN-Biomedicals INC, Aurora, OH

PEG4000 (polyethylene glycol MW 4000)  
[Cat. No. 0156.1] 

Carl-Roth, Karlsruhe

       







63 

3.1.2 Association of pUL77 with capsids 

Extracellular virions were isolated from the supernatant of AD169-infected cells 96h p.i and 

subjected to fragmentation using detergent treatment prior to ultracentrifugation steps. The 

content of each fraction was analysed by immunostaining and Coomassie staining. 

 

Figure 6: Association of pUL77 with viral capsids. (A) Mock-infected (lane 1) and 
AD169-infected cell extracts (lane 2) as well as extracellular virions (lane 3), purified 
envelope (lane 4), tegument (lane 5) and capsid (lane 6) fractions were analysed by 
immunostaining using pAbUL77 (pUL77, upper panel). To control purity of each fraction 
antibodies against gB for envelope (gB, second panel), pp28 for tegument (pp28, third 
panel) or MCP for capsid fraction (MCP, lower panel) were reacted as well. (B) To 
control protein content, samples used for immunoblot in Fig. A were subjected to 8% 
SDS-PAGE prior to Coomassie staining. The asterisks (*) indicates degradation products. 
Molecular weight markers (M) are indicated on the left side, putative different weight 
forms of pUL77 are indicated by arrows. 

 

To analyse the association of pUL77 to the virions specific antibodies against pUL77 

(pAbUL77) and marker proteins to test the purity of each fraction (mAbgB for gB, mAbpp28 

for pp28, and mAbMCP for MCP) were used. The immunostaining revealed positively for 

pUL77 in infected cells (Figure 6. A, upper panel, lane 2), extracellular virions (Figure 6. A, 

upper panel, lane 3) and capsid fraction (Figure 6. A, upper panel, lane 6). We detected 

monomeric forms of the protein in all three fractions, but oligomeric forms only in the 

extracellular virions and the capsid fraction that was purified from it. All fractions seem to be 

free of contaminations, containing only the described protein content, tested by staining 

against markers gB for envelope (Figure 6. A, second panel (gB)), pp28 for tegument (Figure 

6. A, third panel (pp28)) and MCP for capsid (Figure 6. A, lower panel (MCP)) fraction. 

Figure 6. B shows the overall protein content of each fraction. 
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tight to the sequence that it cannot be removed by elution with 200-2000mM NaCl (Figure 10, 

upper panel, lane 4-8 (200-2000mM NaCl)) alone. Only after an additional boiling step 

(Figure 10, upper panel, lane 9 (resin)) pUL56 is completely removed from the beads. In the 

case of MCP, that is known not to bind dsDNA, we detect no specific bands in the elution or 

resin fractions (Figure 10, lower panel, lanes 3-9). In addition, experiments using bead 

material alone does not show interactions with the proteins applied (data not shown, cf. 149). 

 

Figure 11: HCMV pUL77 binds to defined dsDNA. (A) The binding reaction was carried 
out by incubation of dsDNA oligonucleotide 36-mer bio-pac containing pac1 motif (lanes 
1-9) with avidin-agarose resin followed by addition of in vitro translated [35S]-labelled 
pUL77. Washing and elution steps were carried out as described previously. Briefly, 
column was subjected a serious washing step (lane 3), to elution with increasing NaCl 
concentrations (lanes 4-8, (200-2000mM NaCl)) and an additional boiling step (lane 9 
(resin)). (B) The binding reaction was carried out by incubation of dsDNA 
oligonucleotides 250-mer bio-250 (upper panel, lanes 1-9), 500-mer bio-500 (medium 
panel, lanes 1-9), 1000-mer bio-1000 (lower panel, lanes 1-9), respectively. Washing and 
elution steps were carried out as described in A. Samples were analysed by 8% SDS-
PAGE and autoradiography. Molecular weight markers (M) are shown on the left; the 
positions of the proteins are indicated on the right. 

 

Since it is possible to detect specific interactions between proteins and rather short dsDNA 

fragments (36-mer bio-pac) on bead material, this method was used in further experiments. 

Because the pac-sequences are the only motifs on the HCMV genome described so far to 

facilitate specific interactions to viral proteins involved in packaging, we were testing whether 

pac-sequences might mediate binding of pUL77 to dsDNA. In contrast to pUL56 (Figure 10, 

upper panel) we did not find any specific binding for pUL77 to bio-pac (Figure 11. A). 

Therefore we hypothesise that not a specific motif but the DNA itself being a negatively 
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charged species facilitates the interaction. The amount of charge provided from the 36-mer is 

not sufficient to facilitate an interaction. 

Hence, we constructed longer DNA-species resulting in higher negative charge and applied 

them to this assay. Figure 11. B shows that only after applying an oligonucleotide of 500bp or 

longer a specific binding similar to pUL56/bio-pac could be detected. In other words, a 

specific band for pUL77 is detected in the resin fraction of bio-500 (Figure 11. B, middle 

panel, lane 9) and bio-1000 (Figure 11. B, lower panel, lane 9). 

To draw further conclusions from these findings a quantification of the results is necessary. 

Therefore a factor needs to be defined that reflects the relative strength of the interaction 

between protein and DNA. In our study we defined the band intensity detected by Bioimager 

in resin (Figure 9, Figure 10 and Figure 11, lane 9) relative to the input (Figure 9, Figure 10 

and Figure 11, lane 1) as binding efficiency (BE). This number has nothing to do with global 

binding constants measured by physicochemical methods like stop-flow or Biacore but serves 

to help us setting the results of this assay in ratio. In other words, the quantification allows us 

to analyse differences in the binding between different proteins and DNA species tested in this 

assay. The results of this quantification are summarised in Table 1. 

Table 1: Quantification of DNA-binding. Using the binding efficiency (BE) defined by the formula 
on the left hand side DNA-binding reactions were quantified. BE is defined 10 for binding 
between pUL56 and bio-pac1. BE < 1 is defined as no binding. Values were obtained in three 
independent experiments and standard deviations are calculated. 

protein oligonucleotide 
binding efficiency 
(BE) 

pUL56 bio-pac1 10±0.53 

MCP bio-pac1 0.2±0.40 

pUL77 bio-pac1 0.2±0.03 

pUL77 bio-250 0.5±0.45 

pUL77 bio-500 2.2±0.41 

pUL77 bio-1000 4.9±0.72 
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IIT   ...Intensity of 100% in vitro translate 

pUL77 
genom. DNA 
(Sigma) 

8.6±1.67 

 

We defined the interaction between pUL56 and pac1 as BE=10, for the interaction is known 

from literature to be specific, long-lived and strong enough to allow the terminase to perform 

its specific cut to separate one unique length genome from the other (31). In contrast to that 

all interaction BE<1 were defined as not specific, e.g. for the interaction between MCP and 

pac1, pUL77 and pac1 as well as pUL77 and bio-250. In comparison to pUL56 and pac1, BE 
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3.2.2 Association of pUL71 with tegument fraction 

Extracellular virions were isolated from the supernatant of AD169-infected cells 96h p.i and 

subjected to fragmentation using detergent treatment prior to multiple ultracentrifugation 

steps. The content of each fraction was analysed by immunostaining and Coomassie staining. 

 

Figure 13: Association of pUL71 with the tegument. (A) Mock-infected (mock, lane 1) 
and AD169-infected cell extracts (Inf., lane 2) as well as extracellular virions (lane 3), 
purified envelope (lane 4), tegument (lane 5) and capsid (lane 6) fractions were analysed 
by immunostaining using pAbUL71 (pUL71, upper panel) and antibodies mAbgB for 
envelope (gB, second panel), mAbpp28 for tegument (pp28, third panel) or mAbMCP for 
capsid fraction (MCP, lower panel). (B) As a control for protein content, samples used for 
the immunoblot in A were subjected to 8% SDS-PAGE prior to Coomassie staining. 
Molecular weight markers (M) are indicated on the left side, the proteins are indicated by 
arrows. 

 

To analyse the association of pUL71 to the virions the specific antibody pAbUL71 (Figure 13. 

A, upper panel (pUL71)) and marker proteins for each fraction were used similar to 3.1.2, e.g. 

antibodies mAbgB for envelope (Figure 13. A, second panel (gB)), mAbpp28 for tegument 

(Figure 13. A., third panel (pp28)) or mAbMCP for capsid fraction (Figure 13. A, lower panel 

(MCP)). 

Immunostaining shows pUL71 to be found in AD169-infected cells (Figure 13. A, upper 

panel, lane 2 (pUL71)) as well as in extracellular virions (Figure 13. A, upper panel, lane 3 

(pUL71)). After fractionating of extracellular virions, pUL71 is exclusively detected in the 

tegument fraction (Figure 13. A, upper panel, lane 5 (pUL71)). It was tested by staining 

against specific markers whether all fractions containing the proposed protein content. All 

marker proteins were detected in infected cells (Figure 13. A, all panels, lane 2) and 
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extracellular virions (Figure 13. A, all panels, lane 3) and gB exclusively in envelope (Figure 

13. A, second panel, lane 4 (gB)), pp28 exclusively in tegument (Figure 13. A, third panel, 

lane 5 (pp28)) and MCP exclusively in capsid fraction (Figure 13. A, lower panel, lane 6 

(MCP)). Taken together, this experiment shows that pUL71 is a structural protein associated 

to the tegument fraction of extracellular virions. 

 

3.2.3 Expression of pUL71 within the viral life cycle 

For a further functional characterisation of the protein it is important to know its temporal and 

spatial expression pattern. An expression kinetic study was performed analysing samples at 

specific time points throughout the infection. The samples were subjected to 

immunofluorescence and immunostaining. To assay growth the expression of several marker 

proteins for specific time points in the viral life cycle was tested in parallel. IE1, the major 

immediate early protein is expressed as one of the first proteins, pUL44 a member of the DNA 

polymerase machinery and MCP the major capsid protein expressed at a late stage in infection 

were chosen as markers. These proteins represent immediate-early, early-late and late 

expression kinetics. 

In the control section of Fig A (Figure 14. A, controls) the expression pattern of marker 

proteins are shown. IE1 (Figure 14. A, controls, lane IE1) is expressed from the earliest time 

point, 6h p.i., tested onwards throughout the whole experiment in the nucleus of AD169-

infected cells. Expression of pUL44 (Figure 14. A, controls, lane pUL44) starts in a few cells 

at 24h p.i but more pronounced from 48h p.i onwards in distinct replication centre like areas 

in the nucleus, whereas expression of MCP (Figure 14. A, controls, lane MCP) starts at 72h 

p.i in similar patterns.  

From 96h p.i. extracellular virions (91) can be detected in the supernatant therefore the 

replication cycle is thought to be completed. Experiment was continued until 168h p.i. when 

almost all cells were lysed. Expression of pUL71 (Figure 14. A, pUL71) is detected first in 

cells at 24h p.i. but generally from 48h p.i. onwards getting more pronounced over time in the 

cytosol showing a peak at 72h p.i.. The expression pattern is very distinct, forming a 

junxtanuclear round shaped complex that in some cells seems to rearrange the nucleus around 

it into a kidney-shaped form. 
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Figure 14: Expression of pUL71 within the viral life cycle. (A) HFFs were infected with 
a MOI of 2 and fixed at indicated time points (0, 6, 12, 24, 48, 72, 96, 120, 168h p.i.) for 
immunofluorescence analysis. Cells were reacted wit DAPI and specific antibodies. 
Expression kinetic was obtained for pUL71 using pAbUL71 (green, pUL71) as well as 
for IE1 using mAbIE1 (red, controls lane IE1), pUL44 using mAbUL44 (red, controls 
lane pUL44) and MCP using mAbMCP (red, controls lane MCP). (B) HFFs were 
infected with a MOI of 2 and cells were harvested at indicated time points (0, 6, 12, 24, 
48, 72, 96, 120h p.i.), separated by 8% SDS-PAGE and analysed by immunostaining. 
Immunoblots were reacted with pUL71  (upper panel, pUL71), mAbIE1 (2nd panel IE1), 
mAbUL44 (third, panel pUL44), mAbMCP (fourth, panel MCP) and pAbβ-actin (lowest 
panel β-actin). (C) Influence of inhibitor substance PAA on pUL71 expression was 
analysed by immunofluorescence in MOI 2 infected HFFs at 72h p.i.. Cells were grown 
in the absence (upper panel) and presence (lower panel) of PAA. Protein expression was 
analysed using pAbUL71 (green, lane pUL71) mAbIE1 (red, lane IE1), mAbUL44 (red, 
lane pUL44) and mAbMCP (red, lane MCP). (D) The effect of PAA on pUL71 was 
further analysed using immunostaining. HFFs were infected with a MOI of 2 grown in 
the absence (lane1) and presence (lane2) of PAA, harvested 72h p.i., separated by 8% 
SDS-PAGE and analysed with pAbUL71. Arrows on the right side indicate the position of 
pUL71. Molecular weight markers (M) are shown on the left. 

 

For immunostaining a similar expression kinetic as in immunofluorescence studies is detected 

for all proteins tested, e.g. pUL71 (Figure 14. B, upper panel (pUL71)) IE1 (Figure 14. B, 

second panel (IE1)), pUL44 (Figure 14. B, third panel (pUL44)) and MCP (Figure 14. B, 

lower panel (MCP)). Expression of pUL71 (Figure 14. B, upper panel (pUL71)) is detected 

from 48h p.i. onwards increasing over time.  

To further determine the time of pUL71 expression within the programmed cascade of HCMV 

translation, a chemical compound phosphonoacetic acid (PAA) was applied that inhibits the 

expression of proteins dependent upon expression of the viral polymerase gene (UL54) (220). 

The expression of pUL71 (Figure 14. C, lane pUL71), IE1 (Figure 14. C, lane IE1), pUL44 

(Figure 14. C, pUL44) and MCP (Figure 14. C, MCP) at 72h p.i. was analysed in the absences 

(Figure 14. C, upper panel) and presence (Figure 14. C, lower panel) of PAA. Addition of 

PAA resulted in inhibition of expression of pUL71, pUL44 and MCP. Since pUL71 is 

expressed from 48 h p.i onwards but dependent on expression of viral DNA polymerase it is 

supposed to have an early late expression kinetic. These findings were further verified by 

immunostaining. Again pUL71 expression at 72h p.i. was analysed in the absence (Figure 14. 

D, lane 1) and presence (Figure 14. D, lane 2) of pUL71. In line with the previous 

observation, pUL71 was only detected in the absence of the inhibitor. Taken together, pUL71 

is expressed with an early-late kinetic in a distinct junxtanuclear expression pattern in the 

cytosol. 
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3.2.4 pUL71 and the assembly complex (AC) 

As shown in the previous immunofluorescence study (e.g. Figure 14. A, pUL71, 72h p.i.) 

pUL71 shows a very specific cytosolic expression pattern. Similar patterns are described in 

literature for pp28 (203, 209) and other proteins (202) involved in egress of viral particles as 

well as for cellular components of the endoplasmatic reticulum (ER) and Golgi apparatus 

(Golgi) (47, 70, 71, 101) in HCMV infected cells. To analyse if pUL71 is arranged or even 

directly interacting with these structures termed assembly complex (AC) (70) confocal 

immunofluorescence microscopy will be used. 

HFFs were mock-infected or AD169-infected and fixed 72h p.i prior to antibody staining 

against cellular (GM130, p230) and viral markers for AC (pp28). The localisation of the Golgi 

was analysed using mAbGM130 to stain for marker protein GM130 and of the trans-Golgi 

network (TGN) using mAbp230 for p230. In Figure 15. A, C these structures were analysed in 

mock-infected cells, whereas in Figure 15. B, D the reorganisation of those structures upon 

viral infection is shown. Fig. E and F shows the localisation of pp28- a large tegument 

protein- both in mock-infected or AD169-infected cellss using mAbpp28. All markers of the 

AC are stained in red; pUL71 is always stained in green. On the micrograph B we detect a 

similar distribution but not a spatial co-localisation between Golgi-markers and pUL71, the 

same is seen for the TGN-marker (Figure 15. D) and pp28 (Figure 15. F). Although some 

proteins spatially co-localise the overall distribution pattern shows no hint on a direct 

interaction. Taken together, we conclude that the junxtanuclear localisation of pUL71 is 

similar in shape and localisation to the AC. Still no direct interaction between pUL71 and the 

AC was observed with the three markers tested in this study. 
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Figure 15: Spatial localisation to the assembly complex (AC). HFFs were mock-infected 
or AD169-infected at a MOI of 2, fixed 72h p.i. and subjected to immunofluorescence. 
(A) Expression pattern of Golgi-marker GM130 in mock-infected cells. Nuclei were 
stained with DAPI and marker protein with mAbGM130. Micrograph represented as grey 
scale. (B) Expression pattern of GM130 in AD169-infected cells. Nuclei are stained with 
DAPI (blue), mAbGM130 (red GM130) and pAbUL71 (green pUL71). Micrograph 
represents merge image. Spatial co-localisation is indicated by yellow fluorescence. (C) 
Expression pattern of TGN-marker p230 in mock-infected cells. Nuclei were stained with 
DAPI and marker protein with mAbp230. Micrograph represented as grey scale. (D) 
Expression pattern of p230 in AD169-infected cells. Nuclei are stained with DAPI (blue), 
mAbp230 (red p230) and pAbUL71 (green pUL71). Micrograph represents merge image. 
Spatial co-localisation is indicated by yellow fluorescence. (E) Negative control of viral 
marker pp28 in mock-infected cells. Nuclei were stained with DAPI and marker protein 
with mAbpp28. Micrograph represented as grey scale. (F) Expression pattern of pp28 in 
AD169-infected cells. Nuclei are stained with DAPI (blue), mAbpp28 (red pp280) and 
pAbUL71 (green pUL71). Micrograph represents merge image. Spatial co-localisation is 
indicated by yellow fluorescence. 

 

3.2.5 Screening pUL71 against a cellular library 

To test whether pUL71 might bind to cellular factors that play a role in egress of HCMV 

virions, a Yeast-two-hybrid (Y2H) screen against a cellular library was performed. Used as a 

bait pGBUL71 was transfected into Y187 strain and mated with the cellular library (MEF: 
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Mouse Embryonic Fibroblasts in pACT2, Clontech) that was transfected into AH109 

previously. The mated colonies were applied to selective plates and analysed for growth and 

β- galactosidase activity. Unfortunately all clones selected in this screen turned out to be false 

positive after repeating the selectivity assays. A similar experiment was carried out in the 

group of Dr. Jens von Einem that resulted in not detecting any interaction partners of pUL71 

as well (Dr. Jens von Einem, personal communication). 

Therefore we conclude that, (i) either there are no interactions between pUL71 and cellular 

proteins occurring, which is rather unlikely taking the confocal images into consideration; or 

(ii) more likely, that the method is not applicable to detect those interactions. This could be 

either because of using a mouse library instead of a human derived one or the detection limit 

of the method is not sensitive enough to detect viral-host interactions of pUL71. 

 

3.2.6 Screening pUL71 against a viral library 

Since no interaction partners of pUL71 were found in the previous Y2H screen against the 

cellular library, an in-house library containing several viral proteins was constructed. This 

library was used in further screens. 

Table 2: Screening for viral interaction partners- Summary of results of Y2H screen 
against the in –house library. Briefly, pUL71 as bait or prey was screened against pUL56, 
pUL89, pUL77, MCP, pUL104 and empty vector controls in appropriate form (bait/prey). 
As a read-out either using β-Gal filter activity (β-Gal) or selective growth (-His, -Ade) 
was analysed. Positive readout is represented by +, negative by -. 

bait prey β-Gal -His -Ade 

pUL56 pUL71 - - - 

pUL89 pUL71 - + - 

pUL77 pUL71 + + - 

MCP pUL71 - + + 

pUL104 pUL71 + - + 

Vector pUL71 - - - 

pUL71 pUL56 - - - 

pUL71 pUL89 - + + 

pUL71 pUL77 - + - 

pUL71 MCP - + - 

pUL71 pUL104 - - + 

pUL71 Vector - - - 
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The interaction potential of pUL71 was also tested against different viral libraries by other 

groups. Phillips et al and To et al. performed two independent Y2H screens against different 

subsets of viral proteins (181, 232). However, Phillips et al. was not successful identifying 

interactions of pUL71 with a subset of capsid or tegument proteins because of difficulties 

with reactivation (181). In contrast, To et al. identified interactions between pUL71 and 

pUL26, a transcription factor, and pUL51, DNA packaging protein. Furthermore, the 

interaction between pUL71 and pUL89 was verified. In addition also the self-interaction of 

pUL71 was detected by Y2H (232). This finding is further hinting towards our hypothesis that 

pUL71 has a potential for oligomerisation. Interaction between pUL71, which localises in the 

cytoplasm, (3.2.3) and pUL89, pUL26 and pUL51, which are exclusively localised in the 

nucleus, are considered to have no biological relevance. Unfortunately Y2H screens prepare 

an artificial system that allows proteins to be expressed in Yeast nuclei independent of their 

natural distribution, folding, or abundance. This leads to high numbers of detected false 

positive interactions, observed unlikely to associate in vivo (246). Therefore all results need to 

be further verified by methods better reflecting in vivo conditions. 

The interactions that were considered to likely occur in vivo were analysed in co-

immunoprecipitations in infected cells. Y2H establishes a method of analysing direct 

interactions, without other viral proteins involved, apart from the ones transfected. Hence, we 

performed co-immunoprecipitations in infected cells under conditions in the viral context. 

Thus, verifying interactions between pUL71 and pUL104, MCP and pUL77. These proteins 

are components of the capsid and partially involved in DNA packaging. Since there were no 

interactions detected between pUL71 and pUL56 and because of pUL71’s cytosolic 

distribution we can exclude any influence of pUL71 in processes connected to DNA 

packaging that occur in the nucleus. Therefore it is more likely that pUL71 as a tegument 

protein is connected to the capsids at an early stage of morphogenesis. This observation might 

also be in line with the rather early expression in HCMV life-cycle (48h p.i.). The protein is 

present when egress starts 24h later at 72h p.i.. 

The oligomerisation tendency of pUL71 was discussed earlier by analysing the bands detected 

in NATIVE-PAGE. There we detected a band of higher molecular weight that could occur due 

to interactions with the virions or because of oligomerisation of the protein. In addition, the 

Y2H screen described by To et al. (232) provided evidence that pUL71 has a self-interacting 

and therefore oligomerisation potential. To further investigate that finding baculovirus 

expressed recombinant protein rpUL71-Bac was purified by a combination of anionic 

exchange chromatography and gel filtration prior to EM analysis of negative stained single 

particles. 
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Derived from a gel filtration fraction representing the monomeric form, the purified protein 

has the tendency to self-assemble. We detected several particles calculated to represent 

monomeric as well as higher molecular weight forms of the protein derived from this fraction. 

These result implicated that the recombinantly expressed rpUL71-Bac has the ability to form 

higher ordered structures without additional viral proteins involved. 

To verify those findings, more closely situated to in vivo conditions, studies under 

denaturating or non denaturating SDS-PAGE conditions were performed in infected cells. 

Thereby we detect that presence of pUL71 oligomeric forms is dependent upon non 

denaturating SDS-PAGE a finding that goes in line with observations for pp28 

oligomerisation (209). Since oligomerisation tendency of pUL71 was indicated by several 

independent methods analysing the protein alone as well as in the viral context, results can be 

considered to be applicable in vivo. 

To further analyse the oligomerisation potential of pUL71 first in silico analysis was 

performed. Scanning of a subset of frequent motif databases predicted a leucine zipper motif 

situated between aa 34-55 of the protein. Leucine zipper motifs are composed of at least four 

heptads of amino acids with hydrophobic ones at position 1 and 4 forming a hydrophobic 

core. (130, 173, 174). This motif was predominately described in DNA binding proteins but in 

more recent publication it is generally accepted as a protein-protein interaction domain (19, 

45, 94, 121, 141, 189, 237). 

Further investigations of the physico-chemical properties (89) revealed that we are not 

analysing a classical leucine-zipper motif rather a large hydrophobic face (L55, L37, L48, 

L41, L34, P52, F45) spanning over this area, termed leucine zipper like motif in this study. 

Still we hypothesise that this domain has potential to mediate hydrophobic interactions 

resulting in oligomerisation of pUL71. Such leucine zipper-like motifs are not conserved 

throughout UL71 homologues in the Herpesvirinae. In silico analysis of HSV-1 UL51 

predicted no such domain; still a large hydrophobic domain was predicted in the N-terminal 

part of the protein (p. 138). Further analysis in HSV-1 need to be preformed before any 

conclusions could be drawn from this in silico prediction. In both proteins we detect 

hydrophobic cores at comparable positions. However, continuative investigations need to be 

carried out to elucidate whether this is due to coincidence or a conserved region in all U44 

proteins. 

In silico analysis of the HCMV proteome predicted in the following proteins- pUL14, pUL48, 

pUL50, pUL51, pUL104, pUS17 and pUS29 – to contain similar leucine zipper motifs. In -

Herpesvirinae the only characterised predicted leucine motif zipper is the one in portal protein 
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of HSV-1 pUL6 the homologue of HCMV pUL104. This motif was described not to be 

involved in dimerisation of the protein and hypothesised to stabilise DNA during packaging 

(139) and more recently to facilitate binding to terminase subunits of HSV-1 (250). Those 

findings show that such a leucine zipper or other hydrophobic cores such as the leucine 

zipper-like motif of HCMV pUL71 mediate many functions. The function is not restricted to 

facilitate oligomerisation although in most cases such an interaction is a prerequisite for the 

actual function of the protein. Since the presence of such a motif is not a guarantee on having 

identified the oligomerisation domain of the protein, additional studies were performed to 

elucidate its function in pUL71. Therefore a series of in silico and in vitro experiments were 

performed. Coiled-coil motif analysis predicted that an alteration of the motif by single 

nucleotide exchanges (71_L1, 71_L2, 71_L3) or deletion (71_ ΔLZ) will result in a loss of the 

coiled-coil domain between aa 27-51. Since we are hypothesising that the leucine zipper-like 

motif is the oligomerisation domain of pUL71, a loss of the coiled-coil structure in this region 

would result in a corresponding loss in interacting ability of those mutants. Furthermore, 

biomolecular fluorescence complementation (BiFC) assays (116) and co-

immunoprecipitations were used to verify these predictions in vitro. Both assays indicated that 

alterations in the leucine zipper-like motif results in a loss of interaction between two pUL71 

proteins. Previously, Hu et al. analysed interactions between cellular bZip transcription factors 

in living cells using BiFC (102). Therefore we choose this method to help us solve our 

question concerning characterisation of leucine zipper- like motif in pUL71. BiFC data was 

quantified analysing relative YFP signal of at least >47 cells per experiment, to ensure 

producing statistical relevant data. The decrease in YFP signals of about 60% for mutated 

forms (71_L1, 71_L2, 71_L3 and 71_ ΔLZ) in comparison to 71_wt is comparable to 

experiments carried out applying 71_wt to the vector alone. The finding indicates that even 

exchange of 2 L to A at crucial position 1 of the heptads results in loss of interaction ability. 

The YFP signal will not be completely abolished due to several reasons: (i) the laser might 

cause cross-excitation of YC or YN though they should not emit light on their own resulting 

in background fluorescence or (ii) BiFC visualises not direct binding but spatial proximity 

therefore all tagged proteins that localise in close proximity will cause background 

fluorescence. 

For example all forms of pUL71 still co-localise because their localisation signal to AC (aa 1-

16, Dr. Jens von Einem, personal communication) was not altered in the constructs. Anyhow 

even empty vectors that express YC alone cause comparable background fluorescence. This 

could be due to the close proximity between protein factory of ER and pUL71 localisation. 

Because a 60% decrease in light intensity can be seen as significant enough no further 
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experiments with pUL71 lacking the cytosolic localisation domain (aa 1-16) were performed. 

However, vector experiments revealed that even proteins that have no co-localisation with 

pUL71 in proximity of Golgi/ER are causing comparable background signals. 

To verify those results with a method that detects physical binding co-immunoprecipitation 

experiments were carried out analysing none YFP-tagged as well as YFP-tagged constructs. 

These two subsets of experiments were performed, first to verify the BiFC results and further 

to ensure that the tags used in BiFC do not physically interfere with the binding domains. 

Both subsets of experiments gave comparable results. Still expression of none YFP-tagged 

proteins was more sufficient in 293Ts resulting in qualitatively better immunostainings. The 

oligomerisation of pUL71 was analysed as well by To et al. in their Y2H screen followed by 

verification in immunoprecipitations (232). In contrast to our experiments To et al. could not 

verify their results by co-precipitation using the Y2H constructs in U373 cells. This is likely 

because sufficient protein amounts might not be produced in this system using vectors 

constructed for expression in another species. Preliminary experiments in our lab using U373 

instead of 293Ts together with pcDNA3.1 constructs failed as well to detect interactions 

between pUL71 and capsid proteins because of insufficient protein expression levels (this 

study, data not shown). Taken together data of in vitro assays implicate physical interactions, 

which are a prerequisite for oligomerisation, are only present between two wild type pUL71. 

If alterations in this motif like an exchange of two hydrophobic amino acids (L1) or more 

invasive ones (L2, L3, ΔLZ) are caused, this function is lost. Thus, confirming the leucine 

zipper-like motif to facilitate direct protein-protein interaction. 

To analyse whether this loss of oligomerisation caused by alterations in the leucine zipper-like 

motif has any influence on viral maturation, similar mutations were induced into recombinant 

HCMV. Those mutations resulted in the deletion mutant 71_ΔLZ-BAC and in the single 

nucleotide exchange mutant 71_L1-BAC. Growth kinetic experiments were performed relative 

to wild type virus 71_wt-BAC. The recombinant viruses were constructed in cooperation with 

Dr. Jens von Einem. Revertant viruses were constructed and tested for all mutations induced 

but could not be implied in our experiments due to our cooperation requirements. Therefore 

all characterisation experiments of recombinant viruses were performed in parallel in our and 

in the lab of Dr. Jens von Einem. 

We characterised our viruses for growth, cell-to-cell spread, intracellular distribution of 

pUL71 in comparison to other tegument proteins and ultrastructural investigations by electron 

microscopy. 
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Growth kinetics were performed for the three viruses 71_wt-BAC, 71_ΔLZ-BAC and 71_L1-

BAC for 168h (7 days) at MOI 1.5. Additional experiments were performed using 71_wt-BAC, 

71_ΔLZ-BAC and 71_L1-BAC together with both revertants at high MOI (5) and low MOI 

(0.1) analysing shedded virus in the supernatant as well as cell associated virus (Dr Jens von 

Einem, personal communication). In all experiments growth impairments from 48-72h p.i. 

were observed indicated by reduced viral titres of about 2 to 3 log phases. Furthermore, we 

detected up to 80% reduced plaque size in 71_ΔLZ-BAC and 71_L1-BAC in comparison to 

wild-type. This observation indicates an impaired cell-to-cell spread activity. 

In line with our results, the phenotype of a HCMV mutant carrying a transposon insertion in 

UL71 is characterized by a small plaque phenotype and impaired viral growth (251). In 

addition, a HSV-1 UL51-null mutant is described with impaired viral growth reflected by 

reduced plaque sizes and a nearly 100-fold reduction in virus yield compared to wild-type 

virus (202). A similar phenotype was detected recently analysing HCMV 71-null mutants in 

strains AD169 and TB40E (205, 248). Comparing those published results from 71-null 

mutants to our phenotype caused by mutations in the leucine zipper-like motif of pUL71 we 

detect many parallels.  

Intracellular observations using immunofluorescence revealed that mutations in the leucine 

zipper like motif of pUL71 in 71_ΔLZ-BAC and 71_L1-BAC cause a reorganisation of other 

tegument proteins in infected cells compared to wild-type. While localisation of pUL71 does 

not seem to be altered, tegument protein pp150, used as markers for maturing virions, 

assembles on vesicular structures. This phenotype is comparable to phenotype described for 

viruses deficient for the whole UL71 open reading frame (HCMV 71-null mutants) 

constructed on an AD169 (248) or TB40E (71_stop-BAC, 205) backbone. Schauflinger et al. 

described those vesicles as multivesicular bodies and further identified them by ultrastructural 

analysis using EM (205). 

In line with literature we performed ultrastructural investigations by EM. Accordingly, HFFs 

were infected with one of the three viruses 71_wt-BAC, 71_ΔLZ-BAC or 71_L1-BAC. 

Cytoplasmic viral particles were quantified resulting in an accumulation of virions in a stage 

prior or during secondary envelopment. This effect is highly significant. We detect 3 to 6 folds 

more mature enveloped virions in 71_wt-BAC than in the mutant viruses 71_ΔLZ-BAC or 

71_L1-BAC. Therefore, we hypothesise, that alterations in the leucine zipper-like motif lead 

to viruses with less efficient secondary envelopment of HCMV particles. A similar growth 

defect has been reported for a UL51-deficient PrV (119). Large numbers of intracellular 

capsids in the cytoplasm lacking the envelope or at various stages of envelopment were found, 
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suggesting that envelopmental processes were affected in absence of PrV UL51 (119). A 

UL51-deficient HSV-1 has been shown to exhibit a 100-fold growth defect and to be defective 

for nuclear egress (170). 

Schauflinger et al. (205) argued that in their UL71-null mutant pUL71 is dispensable for 

events before cytoplasmic envelopment but required for correct morphogenesis of the AC (71, 

202, 203) and its associated vesicular system (248). A comparable phenotype is likely for our 

mutants because of similar results occurring for both in all experiments performed. Still we do 

not detect the multivesicular bodies in which the capsids accumulate described by 

Schauflinger et al. (205). Formation of these structures is maybe cell-type dependent. 

Schauflinger et al. (205) used HFFs for all described experiments but ultrastructural analysis 

was performed in MRC-5 (Human diploid fibroblasts) (59). In contrast we always used HFFs 

in all our experiments. Therefore it is possible that in MRC-5 it is more likely that those 

multivesicular bodies establish. The same is true for detection of the AC in ultrastructural 

analysis. We could never detect such accumulations in HFFs were they are highly abundant in 

MRC-5 (Dr. Jens von Einem, personal communication). 

None the less, an accumulation was found of capsids lacking the envelope or at various stages 

of envelopment in all those experiments. In experiments performed by Schauflinger et al. 

(205) this effect was easily detected upon sight, whereas in our experiments after statistical 

quantification. 

Therefore we conclude that the function of pUL71 in the viral context is dependent upon a 

non altered leucine zipper-like motif. Since we verified that leucine zipper-like motif causes 

oligomerisation in in vitro studies, we conclude that protein function is dependent upon 

oligomerisation of pUL71. In other words if the protein cannot oligomerise it cannot facilitate 

processes involved in secondary envelopment. Involvement in secondary envelopment brings 

the proteins into close contact with membranes composed from lipids. Since it is published 

that leucine zipper motifs facilitate protein-protein (141, 189), protein-DNA (19, 45, 94, 121, 

237) as well as protein-lipid interactions (240) through hydrophobic interactions, it would be 

interesting to elucidate whether pUL71 has the ability to bind lipid-bilayers by its 

hydrophobic core produced by the leucine zipper-like motif dependent oligomers. Taking this 

thought into consideration it would be interesting to investigate whether the function of 

pUL71 is to stabilise the process of envelopment by binding both the virions (by binding 

capsid proteins pUL77, pUL104 and MCP) and cellular membrane structures in its oligomeric 

form. 
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Anhang 

Abbreviations 

Abbreviations for chemical compounds are found in the chemical list (2.1.1.1).  

35S Sulphur radioactive isotope 

aa amino acids 

AC Assembly compartment or assembly complex 

AIDS Acquired immune deficiency syndrome 

ATP Adenosine triphosphate 

BAC Bacterial artificial chromosome  

bp Base pair 

BE Binding efficiency  

BiFC Bi-molecular fluorescence complementation  

BSA Bovine serum albumin 

cAMP Cyclic adenosine monophosphate 

CCD Charged coupled device  

cf. lat. conferre, compare 

cGMP cyclic guanosine monophosphate 

cm2 Square centimetre  

DB Dense body 

DNA Deoxyribonucleic acid 

dNTP Deoxyribonucleotide 

ds double strand 

EBV Epstein-Barr-Virus (Herpesvirus) 

ECL Enhanced chemiluminescence 

E. coli  Escherichia coli 

e.g. lat. exampli gratia, for example 

EGFR Epidermal growth factor receptor 

EM Electron microscope 

ER Endoplasmatic reticulum (cellular) 

ESCRT Endosomal sorting complex required for transport (cellular ) 

FCS Fetal calf serum 

g g-force (centrifugation)  
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g Gramm (10-3 kg) 

GST Glutathione S-transferase 

h hour 

HCMV Human cytomegalovirus 

HEK Human Embryonic Kidney cells 

HELF human embryonic lung fibroblast cells 

HFF Human foreskin fibroblast cells 

HHV-6 human herpes virus type 6 (Herpesvirus) 

HHV-7 human herpes virus type 7 (Herpesvirus) 

HHV-8 human herpes virus type 8 (Herpesvirus) 

HSV-1 herpes simplex virus type 1 (Herpesvirus) 

HSV-2 herpes simplex virus type 2 (Herpesvirus) 

IBiFC BiFC intensity  

ICTV international committee on virus taxonomy 

IgG Immunoglobulin G  

IF Immunofluorescence  

ImCherry mCherry (red) intensity  

IP Immunoprecipitation  

IRL Internal repeat long; region in Herpesvirus genome 

IRS Internal repeat short; region in Herpesvirus genome 

IYFP YFP intensity  

kb Kilo bases (1000 bases) 

kDa Kilo Dalton (1Da~ 1/ NA gram) 

kg Kilo gram 

L litre 

M Mole  

mA Miliampere, unit of electric current 

mCi Milicurie, unit of radioactivity 

mg Miligram (10-3 g) 

µg Micro gram (10-6 g) 

ml Mililitre (10-3 L) 

µl Micro litre (10-6 L) 

MOI Multiplicity of infection  
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mol Mole, mass entity of NA (Avogadro’s number ((6.02214179 ±3x 10-7) x 1023
 

mol-1) pieces 

MW Molecular weight 

NC Nitrocellulose membrane 

NIEP Non-infectious enveloped viral particle 

ng  Nanogram (10-9 g) 

nm Nanometre (10-9 m) 

OD600 Optical density 600 at nm 

ORF Open reading frame 

OVA Ovalbumine  

o/n Over night (16h) 

PAGE Poliacrylamide gel electrophoresis  

pAP Assembly protein precursor (encoded by HCMV UL80) 

PCR Polymerase chain reaction  

pH negative decimal logarithm of hydrogen ion activity in solution 

pI Isoelectric point 

p.i. Post infection  

PrV Pseudorabies virus (-Herpesvirinae in swine) 

RT Room temperature (~20°C) 

T Triangulation Number (T-Number) T = h2 + k2 + hk (h, k non-neg. integers) 

TEM transmission electron microscopy 

TGN Trans Golgi network (cellular) 

TRL Terminal repeat long; region in Herpesvirus genome 

TRS Terminal repeat short; region in Herpesvirus genome 

UL Unique long segment; region in Herpesvirus genome 

US Unique short segment; region in Herpesvirus genome 

V Volt, unit of electronic force 

VZV varizella zoster virus (Herpesvirus) 

WB Western blot (= immunostaining) 

WM Whatmann blotting paper 

Y2H Yeast two hybrid  

YC C-terminal part of YFP (used for BiFC) 

YFP Yellow fluorescent protein; Fluorophore in BiFC (=citrin)  
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YN N-terminal part of YFP (used for BiFC) 

‘ minute 

°C degree Celsius 

 

Herpes gene products and proteins (239) 

gB Glycoprotein B, encoded by HCMV UL55 

gCI Glycoprotein complex I 

gCII Glycoprotein complex II 

gCIII Glycoprotein complex III 

gH Glycoprotein H, encodes by HCMV UL75 

gL Glycoprotein L, encodes by HCMV UL115 

gM Glycoprotein M, encodes by HCMV UL100 

gN Glycoprotein N, encodes by HCMV UL73 

gO Glycoprotein O, encodes by HCMV UL74 

IE1/2 Immediate early gene 1/2, IE1 encodes by HCMV UL123 
IE2 encodes by HCMV UL122 

mC-BP minor capsid binding protein, encodes by HCMV UL46 

mCP minor capsid protein, encodes by HCMV UL85 

MCP major capsid protein, encodes by HCMV UL86 

pAP Assembly protein precursor (encoded by HCMV UL80) 

pp28 “Phosphor protein 28”; HCMV tegument protein, encoded by UL99  

pp65 “Phosphor protein 65”; HCMV tegument protein, encoded by UL83 

pp71 “Phosphor protein 71”; HCMV tegument protein, encoded by UL82 

pp150 “Phosphor protein 150”; HCMV tegument protein, encoded by UL32 

pPR Proteinase precursor (encoded by HCMV UL80) 

pTRS1 HCMV short terminal repeat gene product 1; Transcription-replication 

U44 Class of Herpesvirus proteins 

pUL14 HCMV type 1 membrane protein, encoded by UL14 

pUL31 -Herpesvirinae protein that facilitates nuclear egress 

pUL34 -Herpesvirinae protein that facilitates nuclear egress 

pUL44 HCMV polymerase co-factor, encoded by UL44 

pUL47 HCMV tegument protein, encoded by UL47 
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pUL48 HCMV large tegument protein, encoded by UL48 

pUL50 HCMV type 2 membrane protein, encoded by UL50 

pUL51 HCMV DNA packaging protein, encoded by UL51 

pUL52 HCMV DNA packaging protein, encoded by UL52 

pUL56 HCMV large terminase subunit, encoded by UL56 

pUL57 HCMV single strand binding protein, encoded by UL57 

pUL69 HCMV RNA-binding protein, encoded by UL69 

pUL71 HCMV tegument protein, encoded by UL71 (this study) 

pUL76 HCMV nuclear protein, encoded by UL76 

pUL77 HCMV capsid associated protein, encoded by UL77 (this study) 

pUL88 HCMV Tegument protein, encoded by UL88 

pUL89 HCMV short terminase subunit, encoded by UL89 

pUL93 HCMV capsid associated protein, encoded by UL93 

pUL97 HCMV viral kinase, encoded by UL97 

pUL104 HCMV portal protein, encoded by UL104 

pUS14 HCMV type 3 membrane protein, encoded by US14 

pUS17 HCMV type 3 membrane protein, encoded by US17 

pUS20 HCMV type 3 membrane protein, encoded by US20 

pUS29 HCMV putative membrane protein, encoded by US29 

RL5A HCMV envelope glycoprotein, encoded by RL5A 

RL13 HCMV membrane protein, encoded by RL13 

SCP small capsid protein, encodes by HCMV UL48A 

UL6 encodes HSV-1 portal protein (=HCMV UL104) 

UL15 encodes HSV-1 terminase subunit (=HCMV UL89) 

UL17 encodes HSV-1 tegument protein (=HCMV UL93) 

UL25 encodes HSV-1 capsid associated protein (=HCMV UL77) 

UL28 encodes HSV-1 terminase subunit (=HCMV UL56) 

UL32 encodes HSV-1 packaging protein (=HCMV UL52) 

UL33 encodes HSV-1 packaging protein (=HCMV UL52) 

UL36 encodes HCMV tegument protein pUL36 

UL70 encodes HCMV helicase-primase primase subunit pUL70 

UL71 encodes HCMV tegument protein pUL71 

UL72 encodes HCMV deoxyuridine triphosphatase pUL72 
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UL76 encodes HCMV nuclear protein pUL76 

UL77 encodes HCMV capsid-associated protein pUL77 

UL78 encodes HCMV envelope protein pUL78 

UL80 encodes HCMV scaffold proteins pAP, pPR 

UL131A encodes HCMV envelope protein pUL131A 

 

Amino acids 

A (Ala) Alanine 

D (Asp) Aspartic acid 

E (Glu) Glutamic acid 

F (Phe) Phenylalanine 

H (His) Histidine 

I (Ile) Isoleucine 

K (Lys) Lysine 

L (Leu) Leucine 

N (Asn) Asparagine 

P (Pro) Proline 

Q (Gln) Glutamine 

R (Arg) Arginine 

T (Thr) Threonine 

W (Trp) Trypophane 
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In silico analysis HSV-1 UL51 in comparison to HCMV UL71 

Psi-pred HHHHHHHHHH HHHCCCCCCC CCCCCCCCCC HHHHHHHHHH HHHCCCCCCC CHHHHHHCCC 

HCMV   1 mqlaqrlcel lmcrrkaapv adyvllqpse dvelrelqaf ldenfkqlei tpadlrtfsr 

HSV-1  1 masllgaicg wgarpeeqye miraavppse aeprlqeala vvnallpapi tlddalgsld 

Psi-pred CHHHHHHHHC CCCCCHHHHH HHHHCCCCCC CHHHHHHHHH HHHHHCCCC CCHHHHHHCHH 

 

Psi-pred CCHHHHHHHH HHHHHHHHHH HHHHHHHHHH HCCCCCCCCC HHHHHHHHHH HHHHHHHHHH 

HCMV  61 dtdvvnhllk llplyrqcqs kcaflkgyls egclphtrpa aeveckksqr ilealdilil 

HSV-1 61 dtrrlvkara lartyhacmv nlerlarhhp gfeaptidga vaahqdkmrr ladtcmatil 

Psi-pred HHHHHHHHHH HHHHHHHHHH HHHHHHHCCC CCCCCCCHHH HHHHHHHHHH HHHHHHHHHH 

 

Psi-pred  HHHHHCCCCC CHHHHHHHHH HHHCCCHHHH HHHHHHHHHC CCCHHHHHHH HHCCCCCCCC 

HCMV  121 klvvgefams eadslemlld kfstdqaslv evqrvmglvd mdceksayml eagaaatvap 

HSV-1 121 qmymsvgaad ksadvlvsqa irsmaesdvv medvaiaera lglsafgvag gtrsggigvt 

Psi-pred  HHHHHCCCCC CCHHHHHHHH HHHHHHHHHH HHHHHHHHHH HCCCCCCCCC CCCCCCCCCC 

 

Psi-pred  CCCCCEEECC CCCCCCCCEE EEEECCCCCC CCCCCCCCCC CCCCCCCCCC CCCCCCCCCH 

HCMV  181 ptppavvqge sgvredgetv aavsafacps vsdslipeet gvtrpmmslah intvscptv 

HSV-1 181 eapslghpht pppevtlapa arngdalpdp kpescprvsv prptasptap rpgpsraapc 

Psi-pred  CCCCCCCCCC CCCCCCCCCC CCCCCCCCCC CCCCCCCCCC CCCCCCCCCC CCCCCCCCCC 

 

Psi-pred  HHHHHHHHHC CCCCCCEEEE CCCCCCCCCC CCCCCCCCCC CCCCCCCCCCC CCCCCCCCC 

HCMV  241 mrfdqrllee gdeedevtvm spspepvqqq ppvepvqqqp qgrgshrrry kesapqetlp 

HSV-1 241 vlgq 

Psi-pred  CCCC 

 

Psi-pred  CCHHHHHHHH HHCCCCCCCC CCCCCCEEEC CCCCCCCCCC HHHHCCCCCC CCHHHHHCCC 

HCMV  301 tnhereildl mrhspdvpre avmsptmvti pppqipfvgs arelrgvkkk kptaaallss 

 

Psi-pred C 

HCMV  361 a 

 

p-coils: predicted coiled-coil motifs in orange 

Psi-pred: H...Helix, E.. strand, C..coil 

HSV-1 UL51 aa.31-52      Hydrophobic core: l45a31a38r49v42l35l46l39 (Heliquest prediction) 

HCMV UL71 aa. 34-55    Leucien zipper-like motif lrelqaf ldenfkqlei tpadl(Motif scan prediction) 

Hydrophobic aa. i..isoleucine, l..leucine in yellow 
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