
 
 

Structure based functional analyses of 
pseudorabies virus glycoprotein H 

 

 

 

I n a u g u r a l d i s s e r t a t i o n  

zur  

Erlangung des akademischen Grades 

Doctor rerum naturalium (Dr. rer. nat.) 

an der Mathematisch-Naturwissenschaftlichen Fakultät 

der Ernst-Moritz-Arndt Universität Greifswald 

 

vorgelegt von 

Sebastian Wulf Böhm 

geboren am 06.03.1986 

in Esslingen am Neckar 

 

 

 

Greifswald der 26.06.2015 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan:   Prof. Dr. Klaus Fesser 

 

1. Gutachter:  Prof. Dr. Dr. h.c. Thomas C. Mettenleiter 

2. Gutachter:  Prof. Dr. Joachim Kühn (Universitätsklinikum Münster) 

 

Tag der Promotion:  29.10.2015 



 
 

Diese Arbeit wurde unter der wissenschaftlichen Betreuung von Dr. Walter Fuchs 

und Prof. Dr. Dr. h.c. Thomas C. Mettenleiter am Institut für molekulare Virologie und 

Zellbiologie des Friedrich-Loeffler-Instituts, Bundesforschungsinstitut für 

Tiergesundheit auf der Insel Riems vom März 2012 bis zum Mai 2015 angefertigt.  



 
 

Directory 

 

I Introduction         1 

  Principle of membrane fusion     1 

  Membrane fusion in eukaryotes     5 

  Virus-induced membrane fusion     9 

II Summarising description and discussion of the results   17 

 

III Reference list         23 

 

IV Paper1         32 

 

V Paper2         47 

 

VI  Paper3         64 

 

VII Summary of the doctoral thesis      105 

 

VIII Zusammenfassung        107 

 

IX Appendix         109 

 

 



1 
 

Liposome 

Micelle 

Lipid  bilayer 

a) 

b) 

c) 

d) 

Figure 1: Phospholipids 
In a) a typical Posholipid is shown in 
molecular structure and schematically 
with 1) the polar head and 2) the two 
hydrophobic tails. They can form  b) 
Liposomes, c) Micelle or d) lipid 
bilayers, dependent on abundance and 
environment. Adapted from (Wikipedia) 

I. Introduction 
 

Principle of membrane fusion 
 

Biological membranes consist of amphiphilic phospholipids, which contain  a 
hydrophilic head and two hydrophobic carbon tails (Figure 1a). The biophysical 
properties of these lipids determine their shape in an aqueous environment.  They 
appear as micelles, liposomes or lipid bilayers (Figure 1 b-d) depending on their amount 

and the surrounding habitat. In all cases the hydrophilic 
head is directed to the aqueous environment and the 

carbon tails form a hydrophobic, water free space. Since 
lipid bilayers show tremendous hydration repulsion 

when the distance between the membranes falls below 2 nm, 
molecular contact of two membranes needs at least partial 
removal of water from the contact zone (Rand and Parsegian 

1989). To minimize the energy requirement, 
membrane fusion events can be initiated at small 
local points of contact (Hui, Stewart et al. 1981). 
Point contacts can be triggered by thermal 

fluctuation leading to an 0.5 nm membrane contact 
(Rothman 1994). At these membrane contact zones, 
the increased hydration repulsion together with the 
monolayer tension, can lead to local rupture of 
contact monolayers and formation of small adjacent 

hydrophobic patches, a process which is 
facilitated by various factors (Ohki 1982, Helm, 
Israelachvili et al. 1992). Merge of the 
hydrophobic patches results in a hemifusion stalk, 
in which the outer leaflets of the opposed bilayers 

are connected, while the inner leaflets remain separate (Chernomordik and Kozlov 
2008). Hemifusion is described as lipid mixing without content mixing, or as lipid mixing 
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of the contacting (outer) leaflets but not inner leaflets of the two bilayers, and has been 
confirmed by electrophysiological experiments (Chernomordik, Melikyan et al. 1987, 
Chanturiya, Chernomordik et al. 1997). Hemifusion leads to a transient structure which 
either dissociates again, or leads to formation of a fusion pore (Chanturiya, 
Chernomordik et al. 1997, Lentz, Malinin et al. 2000). If the membranes dissociate again, 
the outer leaflets show lipid mixing, whereas the inner leaflets and the contents do not. 
Fusion pore formation can either occur immediately after the hemifusion stage, or 
hemifusion proceeds and forms a hemifusion diaphragm ending up in a fusion pore. 
These fusion pores involve both lipid layers (inner and outer leaflets) and establishe a 
connection between the contents surrounded by the initially separated bilayers (Figure 
2). This process has been studied in electrophysiological approaches and in fluorescence 
investigations, which detected mixing of the bilayer content and/or of lipids of the inner 
leaflet. These experiments demonstrated, that the edges of the fusion pore are covered 
by the hydrophilic heads of the lipids (Chernomordik, Melikyan et al. 1987) and that the 
fusion pores can close again (Chanturiya, Chernomordik et al. 1997).  

 

It has been shown, that fluid objects with elastic walls do not fuse if pushed together 
with force, or are in contact overlong times, whereas liquid	  films	  and	  “soup	  bubbles”	  

fuse spontaneously, driven by surface tension (Zimmerberg and Chernomordik 1999). 
The propensity of lipid bilayers to hemifuse and fuse is depend on lipid composition 
(Chernomordik and Kozlov 2003). Biological membranes contain different lipids with 
different properties, which can can promote or inhibit fusion. Lipids can be grouped into 

Figure 2: Fusion pathway 
After the pre-fusion contact (i), a punctual protrusion lowers the hydration repulsion energy and brings  the 
proximal leaflets into direct contact (ii). A hemifusion stalk with proximal leaflets fused and distal leaflets separated 
is formed (iii). Subsequent stalk expansion results  in a hemifusion diaphragm (iv). The fusion pore is formed either 
directly from the stalk or by hemifusion diaphragm expansion (v). Adapted from (Chernomordik and Kozlov 2008) 
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Figure 3 Lipid species 
Different lipids spontaneously form 
monolayers with distinct  shapes. 
Lysophosphatidylcholine (LPC), as 
well as  phosphatidyl-ethanolamine 
(PE) and diacyl-glycerol (DAG) 
form conversely bended 
monolayers,. Almost flat 
monolayers are formed by 
phosphatidyl-choline (PC). Adapted 
from (Chernomordik and Kozlov 
2008) 

three classes on the basis of their properties of forming lipid layers (Figure 3). The first 
class, including lysophosphatidylcholine (LPC) and polyphosphoinositides, forms 
positively bended monolayers, in which the polar heads point to the surface bulge 
(Figure 3) and enhance membrane fusion. In contrast, unsaturated lipids like 

phosphatidylethanolamine (PE) 
and diacylglyerol (DAG) tend to 
form depressions in a monolayer, 
bulging in the direction of the 
hydrocarbon chains, which is 
designated as negative 
spontaneous curvature (Figure 3). 

Lipids like phosphatidylcholine (PC) have a 
cylindrical shape and form almost flat monolayers, which inhibit fusion  (Figure 3) 
(Chernomordik and Kozlov 2008). Usually membrane curvature assisting lipids enhance 
the possibility of membrane fusion by lowering energetic barriers that have to be 
overcome. Experiments with the fusion protein hemagglutinin (HA) of influenza virus 
demonstrated that the pH-dependent fusion can be stopped after formation of the 
hemifusion stalk by addition of  inhibitory lipids. Membrane fusion continued after 

composition was changed again by addition of promoting lipids (Chernomordik, Leikina 
et al. 1995, Chernomordik 1996) (Figure 4). Thus,  lipid curvature determines the 

Fig. 4 Relevance of inhibiting and promoting lipids 
To mimic  viral fusion, cells expressing the viral fusion protein HA were bound to 
target cells. Normally,low pH leads to a conformational change of HA and membrane 
fusion. In the presence of membrane lipids which inhibit fusion, low pH still leads to 
conformational change of HA, but  no fusion occurs. However, fusion can be restored  
by changing membrane composition, either by removing the inhibiting lipids or by 
addingpromoting lipids.. (Zimmerberg and Chernomordik 1999) 
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Figure 5: Clearance mechanism 
Biological membranes contain a lot of proteins, which represent an enormous energetic barrier. 
After tethering by the surface proteins (1), the membranes have to be cleared in the contacting 
areas (2) to enable the fusion initionation (3), the following hemifusion (4),fusion pore opening (5), 
and  the full collapse (6) after fusion pore expansion. (Martens and McMahon 2008) 

barrier to hemifusion and fusion pore formation, and a swelling induced membrane 
tension can drive fusion pore enlargement (Zimmerberg and Chernomordik 1999). 
Independent of presence or absence of inducing viral or cellular proteins, the lipid 
energetic barrier determines the basic reaction of membrane fusions. In biological 
membranes a lot of membrane proteins are covering the lipid bilayer, which represents 
an enormous energetic barrier that has to be lowered by protein clearance before the 
lipid bilayers can be brought into close proximity (Martens and McMahon 2008)(Figure 
5). Small vesicles have a lower energetic barrier to overcome, because of the size 
dependent increase in surface tension (Chernomordik and Kozlov 2008, Martens and 
McMahon 2008).  

The process of lipid fusion has been physically described in different approaches 
(Kozlov and Markin 1983, Kozlov, Leikin et al. 1989, Siegel 1993, Kuzmin, Zimmerberg 
et al. 2001, Kozlovsky, Chernomordik et al. 2002, Kozlovsky and Kozlov 2002, Malinin, 
Frederik et al. 2002, Markin and Albanesi 2002, Kozlovsky, Efrat et al. 2004) (May 2002, 

Katsov, Muller et al. 2004, Katsov, Muller et al. 2006). These physical and mathematical 
descriptions of the fusion process confirmed the hemifusion theory as the energetically 
most favourable mechanism. These models describe (I) that the membranes have a 
tendency to fuse, because the state of fused membranes is energetically favourable 
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compared to the initial state of two separate membranes; (II) the sequential alterations 
of fusing membranes; (III) the energetic efforts of every step of the fusion process; (IV) 
that intermediate structures do not represent energy barriers that limit the fusion and 
its feasibility.  

 

Membrane fusion in eukaryotes 
In all eukaryotic organisms fusion events between plasma- and organelle membranes 
are indispensable for life (Figure 6). In-vitro assays in eukaryotes revealed, that the 
fusion process is stopped by N-ethylmaleimid (NEM), which blocks a peripheral 
membrane protein, named NSF (N-ehylmaleimid sensitive factor)(Block, Glick et al. 
1988). This membrane protein needs a soluble NSF attachment protein (SNAP) to bind 
to the Golgi apparatus (Malhotra, Orci et al. 1988, Wilson, Wilcox et al. 1989, Clary and 
Rothman 1990, Clary, Griff et al. 1990, Rice and Brunger 1999). Affinity chromatography 
of brain detergent extracts on a matrix coated with NSF and SNAP yielded a complex of 
syntaxin, synaptobrevin and SNAP-25 (not to be confounded with the previously 
mentioned SNAP)(Trimble, Cowan et al. 1988, Oyler, Higgins et al. 1989, Südhof, 
Baumert et al. 1989, Bennett, Calakos et al. 1992, Inoue, Obata et al. 1992, Söllner, 
Whiteheart et al. 1993). In earlier studies, the latter proteins had already been described 
to be crucial in synaptic transmission. Due to their specific interactions  with NSF and 
SNAP these proteins were named SNAREs (soluble NEM-sensitive factor attachment 
protein receptors) (Söllner, Whiteheart et al. 1993). They are members of a highly 
conserved gene family directly or indirectly connected with vesicle transport (Novick, 
Field et al. 1980) (Dascher, Ossig et al. 1991, Shim, Newman et al. 1991, Hardwick and 
Pelham 1992). SNAREs are targets of botulinum and tetanus toxin (Schiavo, Benfenati et 
al. 1992, Blasi, Chapman et al. 1993, Blasi, Chapman et al. 1993, Schiavo, Rossetto et al. 
1993, Schiavo, Shone et al. 1993), which specifically block synaptic vesicle fusion by 
inactivation of synaptobrevin through an endopeptidase activity. The synaptic SNAREs 
have ubiquitously expressed homologs which are suggested to be the universal fusion 
proteins (Söllner, Whiteheart et al. 1993). A hypothesis postulates two main classes of 
SNAREs: the vesicle associated vSNAREs and the target membrane integrated tSNAREs, 
which exhibit specific pairing. Only a dozen of SNARE combinations out of hundreds of 
possibilities are fusogenic, which enables cell type and compartment specific transport 
processes (McNew, Parlati et al. 2000, Parlati, McNew et al. 2000, Parlati, Varlamov et al. 
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Figure 6 The broad spectrum of membrane-fusion events 
Membrane fusion in the secretory pathway and in the endosomal and lysosomal systems depends on SNAREs, 
which are assisted by tethering and regulatory factors. During Ca2+-dependent exocytosis the SNAREs are 
assisted by synaptotagmins, and in endosome fusion they are assisted by the Rab5 effector EEA1. SNAREs and 
tethering/regulatory factors are replaced by viral fusion proteins in enveloped viruses and by immunoglobulin (Ig)-
domain-containing proteins in many cell–cell fusion events. The actin cytoskeleton has also been implicated in 
membrane fusion and in particular in cell–cell fusion, where it might stabilize the microvilli. Furthermore, multiple-
C2-domain (MC2D) proteins such as tricalbin in yeast and myoferlin in mammals have been proposed to function 
during plasma-membrane repair during leaky cell–cell fusion. Yeast vacuole fusion requires SNAREs and the 
tethering factor HOPS (homotypic fusion and vacuole protein sorting). Mitochondrial fusion is mediated by the 
large GTPases mitofusin and OPA1 of the dynamin superfamily. Mgm1 and Fzo1 are the yeast orthologues of 
OPA1 and mitofusin, respectively. Plasma-membrane repair is initiated by the influx of Ca2+ into the cytoplasm 
and is mediated by the rapid and local fusion of small vesicles with each other and with the plasma membrane. 
The MC2D protein dysferlin has been shown to be required for this fusion. The involvement of SNAREs in plasma-
membrane repair has not been explicitly shown. ER, endoplasmic  reticulum. (Martens and McMahon 2008) 

2002). 
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Figure 7 Trans- and cis-SNARE complexes 
(A) Shows the zippering model for a SNARE-catalyzed fusion event. The three α-helices of the target 
membrane (t-SNARES) interact with the fourth localized on the vesicle (v-SNARE). The assembly process 
causes an inward force (F) which enables fusion. (B) After assembly and fusion, the α-helices form a low 
energy cis-SNARE complex. (Südhof and Rothman 2009) 
Normally the target membrane contains three different tSNARES, whereas the vesicle 
membrane contains a unique vSNARE, which together enable fusion (Parlati, McNew et 
al. 2000). The interacting t- and vSNAREs form a remarkably stable four-helix bundle 
(Hayashi, McMahon et al. 1994, Sutton, Fasshauer et al. 1998) which is called	  “trans-
SNARE	  complex”	  (SNAREpin)(Figure 7a). This mechanical process of zippering catalyses 
fusion of the opposed membranes. The resulting complex of the four SNARE proteins 
after fusion pare formation is	  called	  “cis-SNARE	  complex” (Figure 7b).  
This process has been demonstrated in vitro in the presence of high concentrations of 
SNARE proteins, whereas in vivo an additional SM (Sec1/Munc18 like protein) protein is 
required  (Südhof and Rothman 2009). One such protein is Munc18-1, which was 
isolated bound to synaptic t-SNARES (Hata, Slaughter et al. 1993). SM proteins possess a 
arch-shaped	  “clasp”	  structure	  (Misura, Scheller et al. 2000) and interact with SNAREs in 
different ways (Fig. 8). Munc18-1 was first shown to bind to the subunit syntaxin-1 of 
individual t-SNAREs disabling the formation of complexes (Fig. 8A), and was therefore 
thought to be a negative regulator (Dulubova, Sugita et al. 1999, Misura, Scheller et al. 
2000). However, in fact SM proteins are required for fusion (Novick, Field et al. 1980), 
since deletion of Munc18-1 resulted in a blockage of exocytosis (Verhage, Maia et al. 
2000) which was even more serious than after deletion of synaptobrevin (VAMP) 
(Schoch, Deák et al. 2001).  
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Figure 9: Complexin and Synaptotagmin 
Complexin is shown bound to a  complex of t-SNAREs. The 
calcium sensor synaptotagmin contains an membrane proximal 
(C2A) and a membrane distal (C2B) domain. Bound clacium ions 
are shown as orange dots. (Südhof and Rothman 2009) 

Another important regulator of synaptic fusion is complexin (Figure 9). This regulator 
prevents random fusion events, which would otherwise occur driven by spontaneous 
SNARE interaction. Complexin keeps the SNAREs in an active state, and the release is 
regulated by the attached vesicular Ca2+-sensor synaptotagmin (Figure 9)(Perin, Fried et 
al. 1990, Reim, Mansour et al. 2001, Giraudo, Eng et al. 2006, Tang, Maximov et al. 2006) 
containing two protein kinase 
C-like C2 domains (Fernandez-
Chacon, Königstorfer et al. 
2001, Pang, Shin et al. 2006). 
When the nerve signal 
triggered Ca2+ entry arrives at 
the synapse, synaptotagmin 
acts like a switch, causing the 
release of the SNARE complex 
from complexin, which leads to 
synaptic fusion in less than a 
millisecond (Sabatini and 
Regehr 1998). Complexin and 
synaptotagmin are the two best 
investigated grappling proteins 
(Rizo and Rosenmund 2008) 
and account not only the 

Figure 8 SM Protein 
(A)  In  the  “closed”  conformation  of  syntacin-1, the SM protein Munc18-1 clamps the four-helix bundle. This 
closed structure has only been found with syntaxins involved in exocytosis. (B) A t-SNARE in complex with 
its correspondent SM-protein is believed to be the active form and able to recognize the cognate v-
SNAREs to form the (C) trans SNARE complexes which results in fusion. (Südhof and Rothman 2009) 
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release of neurotransmitters from synapses, but also for a highly regulated and rapid 
secretion of hormones like insulin at the pancreas. 
 
 

Virus-induced  membrane fusion 
 

 All enveloped viruses need membrane fusion to enter their host cells. The basic 
principle of virus-induced fusion does not differ from the SNARE-mediated cellular 
processes.It also includes lipid rearrangements (hemifusion) induced by the 
conformational change of oligomeric viral membrane proteins interacting with both 
lipid bilayers (Figure 10). Some enveloped viruses utilize fusion not only during entry 
into primary host cells and infection of adjacent cells by mature virions, but also induce 
fusion of infected and adjacent non-infected cells. Up to now, virus induced-membrane 
fusion has only been studied in depth in few species, including influenza-, rhabdo-, and 
herpesviruses  (Kielian and Rey 2006) (Jahn and Südhof 1999, Eckert and Kim 2001, 
Harrison 2008, Sapir, Avinoam et al. 2008). The huge number of different target 
organisms and cell types require a high diversity of viral fusion proteins, which are 
grouped into three different classes (Figure 10 A-C). In general entry of enveloped 
viruses starts with binding of an envelope glycoprotein to a specific host-cell receptor. In 
several cases the receptor-binding protein is not the core fusogenic protein, which then 
has to be activated by various triggering signals,to enable fusion of the viral envelope 
with either the plasma membrane or endosomal membranes of the cell.  
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Most of the known fusogenic proteins are organised in homo- or hetero-oligimeric 
complexes including one, e.g. Influenza virus (White 1992, Earp, Delos et al. 2005) or up 
to four, e.g. herpesviruses (Spear and Longnecker 2003, Subramanian and Geraghty 
2007), different glycoproteins for attachment and fusion. In order to prevent unspecific 
membrane binding of the fusogens, the interacting hydrophobic domain is buried inside 
the structure, inhibited by accessory proteins or covering subunits. A releasing signal 
leads to conformational changes forming the fusogenic form, which can be triggered pH-
independently by interaction with cellular receptors (e.g. human immunodeficiency 

Figure 10: Comparison eukaryotic/viral fusion machinery 
Fusogens are shown integrated into the membrane after oligomerisation, sorting, trafficking and 
binding to host receptors (not shown): α  helices,  light  and  dark  blue  cylinders;;  transmembrane  
domains, dark green;;  fusion  peptides  or  loops,  orange;;  β  sheets,  light  green  ellipses.  (A)  Class  I  viral  
fusogens  (such  as  in  HIV)  contain  two  α  helices  and  an  amphiphilic  fusion  peptide  buried  inside  the  
protein in the prefusion state. Upon activation, the trimers undergo a conformational change leading 
to the formation of rigid coiled-coil structures with exposed fusion peptides at their N termini. 
Insertion of fusion peptides into the host membrane, concomitant with protein fold back into six-helix 
bundles, leads to membrane tightening, hemifusion, and pore formation (Kielian and Rey, 2006). 
(B) In Class II viral fusogens (for example, in Dengue viruses), hydrophobic fusion loops emanate 
from  a  structure  containing  β  sheets.  After  fusogen  activation  and  a  shift  from  heterodimers  to  
homotrimers (not shown), the fusion loops are exposed and inserted into the opposing membrane. 
Folding back occurs presumably by interaction between different domains of the protein that drive 
membrane fusion (Kielian and Rey, 2006). 
(C) Class III fusogens (such as in Rabies and VSV viruses) combine characteristics of Class I and II 
including short and discontinuous hydrophobic fusion loops that stem from a structure containing  β  
sheets,  and  α  helices  that  potentially  form  six-helix bundles to merge the membranes together. In 
contrast to class I and II fusogens, activation does not require fusion domain exposure (Heldwein 
et al., 2006 and Weissenhorn et al., 2007). 
(D) SNARE-dependent intracellular fusion. Three different t-SNAREs,  each  with  a  single  α  helix  
domain,  are  bundled  to  form  the  target  complex.  This  complex  binds  a  single  α  helix  of  v-SNARE 
that emanates from the vesicle membrane. Transition between loose and tight t- SNARE-v-SNARE 
complexes is mediated by SNARE zippering and tethering of the membranes, leading to their fusion 
(Jahn and Scheller, 2006). Adapted from (Sapir, Avinoam et al. 2008) 

http://www.sciencedirect.com/science/article/pii/S1534580707004856
http://www.sciencedirect.com/science/article/pii/S1534580707004856
http://www.sciencedirect.com/science/article/pii/S1534580707004856
http://www.sciencedirect.com/science/article/pii/S1534580707004856
http://www.sciencedirect.com/science/article/pii/S1534580707004856
http://www.sciencedirect.com/science/article/pii/S1534580707004856
http://www.sciencedirect.com/science/article/pii/S1534580707004856
http://www.sciencedirect.com/science/article/pii/S1534580707004856
http://www.sciencedirect.com/science/article/pii/S1534580707004856
http://www.sciencedirect.com/science/article/pii/S1534580707004856
http://www.sciencedirect.com/science/article/pii/S1534580707004856
http://www.sciencedirect.com/science/article/pii/S1534580707004856
http://www.sciencedirect.com/science/article/pii/S1534580707004856
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viruses, HIV), or driven by pH changes as in endosomes (e.g. influenza virus) (Earp, 
Delos et al. 2005). There are also other pathways utilizing combinations of both 
mechanisms e.g. in Ebola and SARS-coronavirus (Chandran, Sullivan et al. 2005, 
Simmons, Gosalia et al. 2005). 
After induction of the activated form, which is characterised by exposure of fusogenic 
peptides interacting with the host cell membrane, subsequent refolding into hairpin 
structures forces the lipid bilayers together (Figure 10). These pre- and post- fusion 
structures were used to divide the fusion proteins into three classes (Kielian and Rey 
2006, Weissenhorn, Hinz et al. 2007). The first class of fusion proteins has to be 
activated by proteolytic cleavage resulting in two covalently linked subunits, and 
includes the haemagglutinin (HA) of orthomyxoviruses ( e.g. influenza virus), the fusion 
(F) proteins of paramyxoviruses (e.g. measles virus), the envelope (ENV) proteins of  
retroviruses and the fusion proteins of corona- and filoviruses. Influenza A virus HA and 
HIV ENV are arranged as homotrimers.It is assumed that several HA trimers are 
required for successful fusion (Danieli, Pelletier et al. 1996, Kanaseki, Kawasaki et al. 
1997, Markovic, Leikina et al. 2001), whereas a single ENV complex seems to be able to 
fuse membranes (Yang, Kurteva et al. 2005). Characteristics of class I fusion proteins are 
also the conserved fusion peptides which are hidden in the pre-fusion structure, but 
after conformational changes and formation of long	  α-helical coiled-coil domains are 
assumed to be integrated in the host membrane (Figure 10). After refolding, hairpin-
shaped six-helix bundles are formed forcing the two opposite membranes into close 
proximity. 
The class II fusion proteins lack sequence homology but have structural similarities in 
pre- and post-fusion formation. Their fusion peptides are located preferably inside, and 
not at the end, of a-sheet containing region, which form a  hairpin in the post-fusion 
structure of the trimerized proteins (Figure 10 B) (Gibbons, Erk et al. 2003, Gibbons, 
Vaney et al. 2004). 
Rhabdoviral and herpesviral fusion proteins possess properties of both previous classes 
and where therefore assigned to a separate class (III) of fusion proteins (Kielian and Rey 
2006, Roche, Bressanelli et al. 2006, Roche, Rey et al. 2007, Weissenhorn, Hinz et al. 
2007). They	  bear	  α-helical structures like the class I proteins, possibly forming a six 
helix bundle folding back the protein	  structure	  and	  also	  β-sheets containing a 
hydrophobic region like class II fusogens. Deviating from the other classes, the fusion 
peptides are quite short and can consist of only a few amino acid residues , whereas 
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similar to class I and II, they act in oligomeric complexes (Gaudin, Raux et al. 1996, 
Roche, Rey et al. 2007). 
Fusion proteins are mainly found in enveloped viruses, but also nonenveloped viruses 
like reoviruses possess non-structural fusogens, which are exposed at the plasma 
membrane to induce cell-cell fusion for efficient virus propagation. These fusion-
associated small transmembrane (FAST) proteins differ from classical fusion proteins in 
length and structure. FAST proteins have sizes of only 150 to 300 aa and possess approx. 
40 amino acid residues with mild hydrophobic properties within the ectodomains 
(Shmulevitz and Duncan 2000, Shmulevitz, Corcoran et al. 2004, Cheng, Plemper et al. 
2005). Their small size of only ~1.5 nm prevents any direct interaction with the 
opposite contacting membrane at a distance of about 10-20 nm (Shmulevitz and Duncan 
2000). Presumably, these proteins modulate the function of cellular fusogens, but the 
precise mechanism remains to be elucidated.  
 
Herpesvirus-induced membrane fusion 

The present thesis is focused on the fusion machinery of the alphaherpesvirus Suid 

herpesvirus 1 (also known as pseudorabies virus [PrV]). As previously mentioned, the 
herpesviral fusion machinery consists of several essential envelope glycoproteins, which 
in PrV and most other alphaherpesviruses are named gB, gD, gH and gL. In many 
alphaherpesviruses the first step of host cell infection is the attachment of the 
nonessential glycoprotein C to heparan sulfate [HS] moieties of cell surface 
proteoglycans (Spear 1993, Shukla and Spear 2001, Spillmann 2001). Whereas this 
adhesion step seems to be rather important for herpes simplex virus type 1 (HSV-1), gC 
deletion has only little effect on propagation of PrV and Bovine herpesvirus 1 (BoHV-1) in 
cell culture (Klupp, Karger et al. 1997). The subsequent attachment of glycoprotein gD is 
much closer and, unlike gC binding, not reversible. gD homologues bind to a variety of 
receptors, including HVEM (herpes virus entry mediator), which is a member of the 
TNF-receptor family (Montgomery, Warner et al. 1996), as well as nectin-1 (Geraghty, 
Krummenacher et al. 1998) and nectin-2 (Warner, Geraghty et al. 1998) which belong to 
the immunglobuline superfamily.  Besides being an important viral adhesion molecule 
gD is also assumed to transfer a signal to the heterodimeric gH/gL complex (Figure 11) 
(Spear and Longnecker 2003, Eisenberg, Atanasiu et al. 2012). This signal is thought to 
provoke conformational changes of the heterodimer, which subsequently activates the 
main fusogen gB. This protein inserts its fusion loops into the host cell membrane 
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forcing viral and host lipid bilayers together by refolding processes  (Figure 11 
Alphaherpes virus entry 3-5) (Eisenberg, Atanasiu et al. 2012). However, the individual 
functions and interactions of the different proteins during fusion remain to be 
investigated in detail. 
 

  

Figure 11. Alphaherpes virus entry. The entry process begins with the binding of gD to specific receptors 

(nectin-1 is shown), to gain entry into target cells (step 1). Receptor binding triggers displacement of the C-

terminus of gD to expose a previously hidden region of gD, which we propose to interact with gH/gL (step 2). 

This interaction results in a conformational change in gH/gL that enables it to up-regulate gB into a fusogenic 

state. This three-step process may involve the interaction of gB with a cell surface protein, the insertion of gB 

fusion loops into the opposing lipid membrane (step 3) and an interaction between the ectodomains of gB and 

gH/gL (step 4). This converts gB from a pre- to a post-fusion state, resulting in fusion of the viral envelope with 

cell membranes and delivery of the nucleocapsid into the target cell (step 5). All essential proteins shown 

were drawn based on published structures with the corresponding domains. Where pre-activation structures 

were not available, the proteins are shown in gray. (Eisenberg, Atanasiu et al. 2012) 
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In particular, the role of gH protein and its function during fusion is still incompletely 
understood. Crystal structures of gH of PrV (Backovic, DuBois et al. 2010), HSV-2 
(Chowdary, Cairns et al. 2010) and Epstein Barr virus (EBV) gH (Matsuura, Kirschner et 
al. 2010) have been resolved. Comparison revealed marked structural homologies 

Figure 12: Domain organization of  PrV gH and comparison to HSV-2 and EBV homologues. (A–
C) Individual domains II, III, and IV of the crystalized PrV gH core fragment (gH

C
) respectively, 

with the N and C termini labeled. In domain II, the conserved structural elements, fence and SLB, 
are highlighted in blue and cyan, respectively; domain III is colored orange and domain IV in red 
with the flap highlighted in blue. Cystein pairs forming  four disulfides,  and the free Cys

573
 are 

shown as yellow sticks. The N-linked glycans attached to Asn
162

 and Asn
627

are indicated. (D) 
Side-by-side comparison of HSV-2 gH/gL (Chowdary et al. 2010) ), PrV gH

C
 (Backovic et al. 

2010), and EBV gH/gL (Matsuura, Kirschner et al 2010). The proteins were aligned based  on the 
position of the SLB (cyan) and are displayed in the same orientation. Colors and numbering of 
domains II-IV are in A–C.. The N-terminal gH domains and gL of HSV-2 and EBV, which were not 
resolved for PrV, are shown in magenta and pale gray, respectively. Regions that do not have a 
superposable counterpart in the different structures are colored in dark gray (in particular, the 
connection between domains II and III, which has different interfaces in the three structures). The 
locations of the integrin binding sites RGD

176–178
 in HSV-2 gH and KGD

188–190
 in EBV gH are 

indicated by red asterisks. (Backovic, DuBois et al. 2010) 
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whereas amino acid sequence is less conserved (Backovic, DuBois et al. 2010) (Figure 
12). The structures led to division of the proteins into three or four distinct domains. 
The crystalized core fragment of PrV gH lacked the least conserved domain I, which has 
been shown to be associated with gL for HSV-2 and EBV (Chowdary, Cairns et al. 2010, 
Matsuura, Kirschner et al. 2010). Domain II itself has been subdivided into a “fence”	  
region, which is characterized by a sheet of five	  antiparallel	  β-strands and a “syntaxin-
like-bundle”	  (SLB) of three -helices (Figure 12A). Whereas the fence is thought to 
separate gL from the subsequent domains, the SLB with its antiparallel	  α-helical bundle 
packed tightly against the fence region, shows similarities to structures in the previously 
mentioned eukaryotic fusion proteins (syntaxin-1A) (Backovic, DuBois et al. 2010). gH 
domain III is formed by consecutively arranged α-helical bundles (Figure 12B), 
comprising a strictly conserved disulfide bond (in PrV between C439 and C404), and, in 
alphaherpesviruses, a long mobile loop	  connecting	  the	  last	  two	  of	  the	  eight	  α-helices 
within this structure. A similar, shorter loop is present in the gH homologues of β-
herpesviruses but is missing in γ-herpesviruses (Backovic, DuBois et al. 2010).  
Domain IV exhibits the most conserved structure in gH, and forms a	  β-sandwich 
containing two opposed four-stranded	  β-sheets in an hitherto unknown topological 
arrangement (Figure gH comparison C). A patch of hydrophobic amino acid residues is 
located in the membrane proximal part of the gH ectodomain, and covered by a flap 
region containing hydrophilic residues. The flap is clamped by two conserved disulfide 
bridges, and structural changes leading to unmasking of the hydrophobic patch are 
considered to be required for membrane fusion (Backovic, DuBois et al. 2010). The 
functional relevance of gH domain IV has been repeatedly shown by targeted 
mutagenesis (Fuchs, Backovic et al. 2012) (Galdiero, Whiteley et al. 1997, Galdiero, 
Falanga et al. 2007, Vleck, Oliver et al. 2011).  
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Objective 

 

Analysis of the crystal structures of several gH homologues including of a core fragment 
of PrV gH revealed four conserved domains, and provided indications on possibly 
important structural elements and amino acid sequences. The real functional relevance 
of these structures can now be tested by targeted mutagenesis  

The first studies focus on gH domain II, which is of major interest because of marked 
structural similarities to the α-helical bundle of eukaryotic fusion proteins like syntaxin-
1A. Besides the “syntaxin-like-bundle”	  (SLB) the second gH domain also includes the 
conserved fence region, consisting of five	  antiparallel	  β-strands, which are closely 
annexed to the SLB. Since in membrane fusion models (see above) flexibility	  of	  α-helical 
structures is needed for conformational changes, we attempted to immobilize the SLB 
helices in PrV gH by artificial disulfide bonds. To achieve this, cysteine pairs were 
introduced at structurally proximal positions (distance between 3.19 and 4.36 Å) by 
site-directed mutagenesis of the cloned gH gene. Furthermore, the three -helices of the 
SLB were disrupted by targeted proline insertions. 

The crystal-based structure of HSV-2 gH has been subdivided into three domains 
(Chowdary, Cairns et al. 2010). Whereas the fence was considered as a part of domain I, 
domain II combines the	  three	  α-helices	  of	  the	  SLB	  with	  the	  eight	  consecutive	  α-helices, 
which form domain III in the PrV-gH based structure (Backovic, DuBois et al. 2010). To 
investigate the functional connections of these domains or domain parts we also 
introduced artificial disulfide bonds between the fence and the SLB, or the SLB and 
proximate -helices. Furthermore, based on the four domain structure, chimeric gH 
molecules were constructed, which were composed of domains from PrV and HSV-1 gH, 
wich is closely related to the crystalized HSV-2 gH. 

Functional characterization of the generated gH mutants by in vitro fusion assays, as 
well as by cis- or trans-complementation studies using gH-deleted PrV or HSV-1, should 
help to elucidate the functions of the individual gH domains during fusion, their 
functional conservation or divergence, as well as their inter- or independent mode of 
operation. 
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II. Summarising description and discussion of the results 
 

Crystal-based analyses permit a deep insight into protein structures. This information 
can be used for identification of putative functional domains exhibiting structural 
homologies, and subsequent targeted mutations for a precise functional characterization 
of the designated domains. This work is based on the crystal structure of a core 
fragment of PrV gH, and investigates the functions of individual gH domains during the 
membrane fusion events required for alphaherpesvirus entry and spread. 

 

(1)  Structure-Based Functional Analyses of Domains II and III 

of Pseudorabies Virus Glycoprotein H  

To investigate the role of SLB and fence in gH domain II, and of domain III during fusion, 
cysteine pairs within and between these structural elements were artificially introduced 
by site-directed mutagenesis. Two adequately located cysteines can form a disulfide 
bridge, which represents a strong covalent connection between the affected structural 
elements. As a prerequisite the distance between the cysteines had to be between 3.19 
and 4.36 Å in the original structure, which is then locked by the additional link. To 
exclude  that alteration of the amino acid sequence at the chosen positons affects gH 
function independent of disulfide bond formation, corresponding single cysteine and 
serine cysteine double mutations were also introduced and investigated. To determine 
the relevance of the highly conserved helical structure of the SLB, it was disrupted by 
targeted proline insertions.  

 

Whereas most introduced cysteine mutations had no or at best minor effects on gH 
function, all proline insertions blocked  maturation (tested by western blots) as well as 
transport to the cell surface (demonstrated by immunofluorescence investigations), and 
led to a complete loss of  fusion activity in the presence of gB, gD, and gL(shown by 
transient in-vitro fusion assays). Two double mutations bearing additional disulfide 
bonds also had serious effects. The first double mutant (A284C-S291C) linking the 
second	  and	  third	  α-helix of the SLB, showed normal protein maturation in western blots, 
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and transport to the plasma membrane was not affected. Nevertheless the fusion activity 
was strikingly decreased, but could partially be restored after reduction of the disulfide 
bonds by a short treatment with Dithiothreitol (DTT). A recombinant virus bearing this 
mutation showed smaller plaque sizes and a much slower penetration in tissue culture, 
but infectious virus titers were not significantly affected. A second gH double mutant 
(H251C-L432C ) in which the	  first	  α-helix of the SLB and  domain III were clamped, was 
affected in a different manner. Protein maturation and transport of the double mutant, 
and of one of the corresponding single mutants (H251C), were inhibited. Nonetheless, 
fusion activity of the single mutants was not affected whereas the double mutant 
showed a severe reduction in fusion, which was partially restored after DTT treatment. 
In the viral context  the single mutants did not show any defects, in contrast to the 
doubly mutated virus, which showed strong reduction of the plaque size and 
penetration efficiency. A third double mutation entailing a disulfide bridge between the 
first and second SLB helices (A250C-A276C) was completely inconspicuous in all in vitro 
experiments and in the recombinant virus, except for delayed penetration kinetics. 

Our results demonstrate the relevance of the SLB for maturation and subsequent virion 
incorporation, as well as for gH function during membrane fusion. The integrity of the 
three helices is indispensable for gH maturation, as shown by the proline mutants, and 
flexibility of this structure is required for efficient function as indicated  by the 
deleterious effects of artificial disulfide bonds, linking the residues 250 to 276 and 284 
to 291. Not only the internal flexibility, but also flexibility between SLB and domain III is 
necessary as demonstrated by the mutant linking aa 251 to 432. In contrast, structural 
connection of SLB and fence (V174C-A270C) showed only minor effects. However, it has 
to be considered that formation of the artificial disulfide bridges could not be proven 
when no phenotypic effects were detectable. 
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(2) The Replication Defect of Pseudorabies Virus Induced by a Targeted	  α-Helix 

distortion in the Syntaxin-Like Bundle of Glycoprotein H (V275P) is Partly 

Corrected by an Adjacent Compensatory Mutation (V271A) 
 
The proline mutation V275P within the SLB of PrV gH generated during the previous 
study induced severe defects in all functional analyses. Propagation of pPrV 
recombinants containing this or other proline mutations in cell culture was difficult 
because of frequent spontaneous phenotypic reversions, which were mostly caused by 
reversion or mutation of the inserted prolines to other amino acids. However, in one 
virus rescuant the proline mutation V275P was retained and an additional, spontaneous,  
mutation altered an upstream valine at gH position 271 to alanine. The chemical 
properties of valine and alanine are quite similar, but alanine possesses a shorter side 
chain. According to protein structure predictions this might enable a tighter packing of 
the affected -helix of the SLB to the fence region. To demonstrate that this second site 
mutation really restored gH function, and to exclude that undetected mutations in other 
PrV genes were responsible for the observed phenotype, the doubly mutated gH gene 
was cloned into an expression vector for in vitro studies, and subsequently reinserted 
into the PrV genome cloned as a  BAC (bacterial artificial chromosome) by mutagenesis 
in E. coli, like previously done for generation of the single mutant.  
.Western blot and immunofluorescence analyses of plasmid-transfected cells showed 
that maturation and transport of gH V271A-V275P to the cell surface was still inhibited 
to a similar extent as previously observed with the single mutant gH V275P. 
Furthermore, in vitro fusion activity was not significantly restored by the second site 
mutation.  
However, characterisation of the isogenic virus recombinants showed 200 fold 
increased plaque sizes in the presence of gH V271A-V275P , compared to gH V275P. 
Virus titers of the double mutant exhibited a 10.000-fold enhancement, reaching wild 
type-like levels. In western blot analyses of purified virions gH V275P was not 
detectable, whereas gH V271A-V275P was incorporated although at much lower 
amounts than wild-type gH, which correlated with moderately delayed penetration 
kinetics of the double mutant.  
Thus, the study demonstrated that structural requirements on gH for in vitro assays and 
virus replication are different, and that minor amounts of mature gH are sufficient for a 
productive virus replication.  
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(3) Functional characterization of glycoprotein H chimeras composed of 

conserved domains of the pseudorabies virus and herpes simplex virus type 1 

homologs 

Based on its crystal structure, the core PrV gH was subdivided into three  domains (II to 
IV), and the unresolved N-terminal part of the protein was designated as domain I. 
Different subsets of these four domains were substituted by the corresponding parts of 
HSV-1 gH utilizing fusion PCR or artificially introduced unique restriction sites. The 
chimeric genes were cloned into an eukaryotic expression vector, and used for 
transfection of mammalian cells. Immunofluorescence and western blot analyses with 
monospecific antisera revealed that all six designed gH chimeras (PI-III/HIV, PI-II/HIII-
IV, PI/HII-IV, HI/PII-IV, HI-II/PIII-IV and HI-III/PIV) were abundantly expressed and 
showed roughly the expected molecular masses. However, only wild-type PrV gH and PI-
III/HIV exhibited significant maturation and cell surface exposition when expressed 
alone, and coxepression of PrV gL led to more efficient  maturation. Unlike PrV gH, wild-
type  HSV-1 gH was fully processed and translocated to the plasma membrane only in 
the presence of HSV-1 gL. However, neither HSV-1 nor PrV gL enabled detectable 
maturation and surface accumulation of any of the gH chimeras, except PI-III/HIV gH. 
Subsequent in vitro fusion assays showed that this chimera exhibited an activity of about 
50% of wild-type PrV gH, when coexpressed with the PrV glycoproteins gL, gB and gD, 
whereas it was not active together with the HSV glycoproteins. This indicated that 
species-specific protein interactions are confined to gH domains I to III, and that the best 
conserved domain IV possesses more general functions which permitted its 
unidirectional functional substitution between PrV and HSV-1. However, the reciprocal 
gH chimera HI-III/PIV was completely non-functional. An assumed function of gH is 
signal transduction to the core fusion protein gB, and, therefore, all chimeric and wild-
type gHs were tested in fusion assays together with either PrV or HSV-1 gB. In previous 
experiments it has been demonstrated that cells expressing PrV gB can complement gB-
deleted HSV-1, but not vice versa. In line with this, the present studies showed that PrV 
gB retained an in vitro fusion activity of nearly 60% when PrV gD, gH and gL were 
substituted by the homologous HSV-1 protein set, whereas in an reciprocal approach 
HSV-1 gB exhibited only minor activity in combination with PrV gD, gH and gL. Thus, PrV 
gB seems to be accessible for signal transduction by HSV-1 gH, whereas HSV-1 gB is not 
efficiently activated by PrV gH. Surprisingly however, coexpression of HSV-1 gB, PrV gD 
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and gL, and chimeric PI-III/HIV gH, induced more and larger syncytia (150%) than the 
PrV glycoproteins. Although the complete HSV-1 set was even more fusogenic (> 200%), 
the obtained results indicate, that gH domain IV might be directly involved in signal 
transduction to gB, which is likely to be more efficient between autologous than 
between heterologous protein parts. However, the gH chimera HI-III/PIV remained non-
functional also in the presence of PrV gB. 
Since previous structural and functional analyses indicated an interaction of gL with gH 
domain I, the generated gH variants were used to analyse the species-specificity of this 
interaction. The current experiments confirmed earlier results demonstrating that the 
PrV fusion machinery exhibits basic activity even in the absence of any gL, and, as 
expected, this activity was also retained when HSV-1 gL replaced PrV gL. Interestingly, 
gL-independent function of the PrV proteins was abolished after substitution of wild-
type gH by the chimera HI/PII-IV gH. However, together with HSV-1 but not PrV gL, and 
PrV gB and gD, this chimera supported limited cell fusion, scoring to 20% of that 
achieved with the authentic PrV set. Thus, substitution of only domain I of PrV gH by the 
homologous part of HSV-1 gH entailed strictly gL-dependent function, like described for 
the HSV-1 fusion machinery. Furthermore, this result demonstrates that gH domain I is 
apparently sufficient for a species-specific gH/gL interaction. The present studies also 
confirmed that gD is essential for membrane fusion in the HSV-1, but not in the PrV 
system. Nevertheless, significantly enhanced fusion efficiencies in the presence PrV gD 
indicated that it possesses a similar function in viral entry like HSV-1 gD not only for 
specific receptor (e.g. nectin 1) binding, but also for activation of the core fusion proteins 
gH/(gL) and gB. Remarkably, the gH chimera PI-III/HIV, unlike wild-type PrV gH, 
supported fusion only in the presence of PrV gD, which indicates that specific properties 
of PrV gH domain IV might be required for gD-independent function.  
To test gH function in the viral context cell lines stably expressing the fusogenic chimera 
PI-III/HIV gH or HI/PII-IV gH, and control cell lines expressing parental PrVor HSV-1 gH 
were prepared and infected with gH-negative PrV and HSV-1 mutants. As expected, only 
homologous trans-complementationof PrV-∆gH	  and  HSV-1∆gH by the corresponding 
wild-type proteins was observed. Whereas none of the mutants replicated productively 
on HI/PII-IV gH-expressing cells, PrV-gH formed small plaques and produced almost 
wild-type like infectious virus titers on cells expressing PI-III/HIV gH. Thus, the 
structurally best conserved gH domain IV also possesses highly conserved functional 
properties, possibly in gB activation, with permit unidirectional substitution between 
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PrV and HSV-1. In contrast, the N-terminal gH domains obviously exhibit highly species-
specific protein interactions, e.g. with gL, and possibly also intramolecular domain 
interactions, which preclude function of chimeric constructs. 
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ABSTRACT
Enveloped viruses utilize membrane fusion for entry into, and release from, host cells. For entry, members of the Herpesviridae
require at least three envelope glycoproteins: the homotrimeric gB and a heterodimer of gH and gL. The crystal structures of
three gH homologues, including pseudorabies virus (PrV) gH, revealed four conserved domains. Domain II contains a planar
!-sheet (“fence”) and a syntaxin-like bundle of three "-helices (SLB), similar to those found in eukaryotic fusion proteins, po-
tentially executing an important role in gH function. To test this hypothesis, we introduced targeted mutations into the PrV gH
gene, which either disrupt the helices of the SLB by introduction of proline residues or covalently join them by artificial intramo-
lecular disulfide bonds between themselves, to the adjacent fence region, or to domain III. Disruption of either of the three "-he-
lices of the SLB (A250P, V275P, V298P) severely affected gH function in in vitro fusion assays and replication of corresponding
PrV mutants. Considerable defects in fusion activity of gH, as well as in penetration kinetics and cell-to-cell spread of PrV mu-
tants, were also observed after disulfide linkage of two "-helices within the SLB (A284C-S291C) or between SLB and domain III
(H251C-L432C), as well as by insertions of additional cysteine pairs linking fence, SLB, and domain III. In vitro fusion activity of
mutated gH could be partly restored by reduction of the artificial disulfide bonds. Our results indicate that the structure and
flexibility of the SLB are relevant for the function of PrV gH in membrane fusion.

IMPORTANCE
Mutational analysis based on crystal structures of proteins is a powerful tool to understand protein function. Here, we continued
our study of pseudorabies virus gH, a part of the core fusion machinery of herpesviruses. We previously showed that the “flap”
region in domain IV of PrV gH is important for its function. We now demonstrate that mutations within domain II that inter-
fere with integrity or flexibility of a syntaxin-like three-helix bundle also significantly impair gH function during fusion. These
studies provide important insights into the structural requirements of gH for function in fusion.

Membrane fusion, a crucial process in pro- and eukaryotic
organisms, occurs, e.g., during cell division, autophagy, en-

docytosis, and exocytosis. Fusion events are also indispensable for
enveloped viruses and are required for entry into host cells, egress,
cell-to-cell spread, and syncytium formation. During entry, viral
fusion proteins mediate the merger of the viral envelope with the
plasma membrane or with endosomes of the target cell. In con-
trast to many other viruses (e.g., orthomyxo- or rhabdoviruses),
which need only one protein for attachment and entry, herpesvi-
ruses require several envelope proteins for the subsequent steps of
attachment and penetration. Three of these proteins, designated
glycoprotein B (gB), gH, and gL, are conserved and considered
essential for this process. Additional, less conserved herpesvirus
glycoproteins are required for the first steps of attachment to spe-
cific host cell receptors (reviewed in references 1, 2, and 3).

Most herpesviruses initially bind to heparan sulfate chains of
cell surface proteoglycans. In alphaherpesviruses like pseudora-
bies virus (PrV, Suid herpesvirus 1), or herpes simplex viruses 1
and 2 (HSV-1/2, Human herpesvirus 1/2), this step is mediated
mainly by glycoprotein C (gC). gC is not essential for replication
but improves the efficiency of virus entry (4, 5). In a subsequent
step, glycoprotein D (gD) binds to specific cellular receptors like
nectin-1 and nectin-2 (6). HSV-1 gD was further shown to trigger
membrane fusion, presumably by interacting with gB and gH (7).
Although gD is usually essential for virus replication, replication-
competent gD deletion mutants of PrV and Bovine herpesvirus 1

(BoHV-1) that possess compensatory mutations in gB and gH
could be isolated in vitro (8, 9). Moreover, gD is absent in the
alphaherpesvirus varicella-zoster virus (VZV; Human herpesvirus
3) and in the other herpesvirus subfamilies.

In contrast, gB is the most conserved envelope glycoprotein of
herpesviruses. HSV-1 gB interacts with heparan sulfate and other
cellular receptors and may possess an important accessory func-
tion during attachment to specific cell types (1). However, the
main role of gB is during membrane fusion. Crystal structures of
the HSV-1 and Epstein-Barr virus (EBV, Human herpesvirus 4) gB
homologues revealed homotrimers with strong similarities to fu-
sion proteins of other virus families, in particular to vesicular sto-
matitis virus G protein (10, 11). Conserved “fusion loops” within
gB homologues are essential for fusion activity by interacting with
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the host cell plasma membrane (10, 12). This interaction might
induce a conformational change of gB that leads to formation of
the fusion pore (1).

Another essential component of the herpesvirus fusion ma-
chinery is the heterodimer formed by glycoproteins gH and gL.
Although it has long been known that gH/gL is required for her-
pesvirus penetration (13, 14), the detailed functions of the two
proteins are still unknown. In most cases, the type I integral mem-
brane protein gH has to interact with gL, which lacks a membrane
anchor, for correct processing and virion incorporation of both
proteins (15, 16). However, the PrV, Murid herpesvirus 4 (MuHV-
4), and Bovine herpesvirus 4 (BoHV-4) gH homologues are inte-
grated into virions also in the absence of gL (17–19). Moreover,
after serial passage, gL-deleted PrV mutants regained infectivity
due to compensatory mutations within the gH gene (20). The
gH/gL homologues of HSV-1 and EBV interact with cellular re-
ceptors like integrins, which might be relevant for attachment
and/or fusion (21, 22). In a recent study, HSV-1 gB-expressing
cells were exposed to soluble forms of gD and gH/gL, resulting in
a low fusion activity (23). This indicated that gH/gL, as well as gD,
may be required only for activation of the fusogenic properties of
gB. However, in similar studies, soluble EBV gH/gL was not suf-
ficient to induce gB-mediated fusion, but the complex had to be
membrane anchored to support fusion (24). Besides their role
during virus entry, the gH/gL and gB homologues of HSV-1 may
also participate in nuclear egress of nascent virions (25), which,
however, does not apply for the PrV homologues (26).

The recently determined crystal structures of soluble gH/gL
heterodimers of HSV-2 (27) and EBV (28) and of a core fragment
of PrV gH in complex with a monoclonal antibody (29) revealed
no homologies to any known viral fusion protein. Furthermore,
the structural analyses demonstrated that a previously identified
lipid-interacting and fusogenic peptide sequence (30, 31) is not
exposed at the surface of gH. However, despite limited sequence
homology, the analyses showed markedly similar domain struc-
tures of the three gH homologues. The N-terminal domain I of
HSV-2 and that of EBV gH exhibit the lowest homology but are
both tightly bound to gL (27, 28). The construct used for crystal-
lization of the core fragment of PrV gH did not include domain I
(29) (Fig. 1A). The structurally more conserved domain II of all
three gH homologues contains a sheet of antiparallel !-chains
(fence), which separates the gL binding domain I from the down-
stream gH domains. Furthermore, gH domain II contains a highly
conserved bundle of three "-helices, as well as an integrin-binding
site identified in HSV-2 and EBV gH (27–29). Since the arrange-
ment of the three "-helices exhibits structural similarities to the
N-terminal domain of syntaxin 1A, they were designated “syn-
taxin-like-bundle” (SLB) (29) (Fig. 1A). Syntaxins belong to the
family of eukaryotic SNARE proteins, which are involved in vesi-
cle fusion processes and, for that purpose, have to undergo con-
formational changes (32). This structural similarity attracted our
attention to possible conformational changes of the SLB during
gH-mediated membrane fusion. Domain III of gH is less con-
served but consists of eight consecutive "-helices in all analyzed
proteins (Fig. 1A). The membrane-proximal domain IV repre-
sents the most highly conserved part of gH, implicating an impor-
tant role for gH function. Domain IV consists of two four-
stranded !-sheets, which are connected by an elongated basic
polypeptide chain designated the “flap” (29) (Fig. 1A). It has been
speculated that receptor binding of gH might induce a conforma-

tional change leading to movement of the flap. This would un-
cover a patch of hydrophobic amino acid residues, which then
might interact with the viral envelope and alter membrane curva-
ture to enable fusion (29). This hypothesis has been supported by
targeted point mutations within domain IV of PrV gH, leading,
e.g., to the loss of conserved disulfide bonds required for position-
ing of the flap or to introduction of artificial disulfide bonds,
which should prevent flap movement (33). In contrast, studies on
VZV gH indicated that structural stability rather than flexibility of
domain IV might be relevant for function (34).

In the present study, structure-based mutational analyses were
performed in domain II of PrV gH to elucidate its relevance for gH
function. By site-directed mutagenesis of the cloned gH gene, spa-
tially adjacent amino acids were changed into cysteines to allow
disulfide bond formation, which should immobilize the three
"-helices and prevent conformational changes within the SLB, or
between fence, SLB, and domain III during the fusion process. To
exclude that the observed phenotypic effects were caused by alter-
ation of the amino acid sequence per se, the corresponding single-
cysteine mutations and double mutations including one cysteine
and one serine were also analyzed. Furthermore, proline residues
were introduced to disrupt any of the three "-helices of the SLB.
Expression plasmids containing the mutated gH genes were tested
in combination with plasmids encoding gB, gD, and gL by in vitro
fusion assays in cotransfected rabbit kidney cells. The influence of
the disulfide-reducing agent dithiothreitol (DTT) on the fuso-
genic activity of gH mutants containing artificial cysteine pairs
was also investigated. Furthermore, the altered gH genes were in-

FIG 1 Structure of the PrV gH core fragment and design of the cysteine and
proline mutants. (A) The structure of the crystallized core PrV gH is shown.
Fence, SLB, and flap are highlighted in yellow, blue, and green, respectively.
Domains are marked with roman numbers. Locations of the N and C termini
are indicated. The SLB is magnified to illustrate the locations of engineered
cysteine pairs and disulfide bonds, colored in yellow (B to D) in a selection of
mutants showing interesting phenotypes in this study. (E) The positions of
SLB residues mutated to proline are shown in red. The PrV gH core fragment
structure is described in reference 29 and is available in the PDB under acces-
sion number 2XQY.
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serted into the PrV genome by mutagenesis of an infectious bac-
terial artificial chromosome (BAC) in Escherichia coli. The repli-
cation properties of the obtained virus mutants, including growth
and penetration kinetics, as well as cell-to-cell spread, were ana-
lyzed.

MATERIALS AND METHODS
Viruses and cells. All virus mutants described here were derived from the
infectious BAC clone pPrV-!gGG (Fig. 2A) (33), which had been ob-
tained by insertion of a mini-F plasmid vector, and an expression cassette
for enhanced green fluorescent protein (EGFP) at the nonessential gG
gene locus of PrV strain Kaplan (PrV-Ka) (35). Viruses were propagated
in RK13 cells or in the gH- and gL-expressing cell line RK13-gH/gL (26).
Cells were grown at 37°C in minimum essential medium (MEM) supple-
mented with 10% fetal bovine serum (FBS) (Life Technologies).

Mutagenesis of the cloned PrV gH gene. For subsequent insertion
into the cloned PrV genome, expression plasmid pcDNA-gH (36) con-
taining the gH gene (UL22) of PrV-Ka had to be modified. To this end, the
genomic 311-bp BamHI fragment 16 of PrV-Ka containing the 3=-end of
the gH gene was cloned into pUC19 (New England BioLabs). A kanamy-
cin resistance (here referred to as KanR) gene was amplified by PCR (Pfx
DNA polymerase; Life Technologies) from pACYC177 (New England
BioLabs) using primers KanR-F and KanR-R (Table 1). After digestion
with EcoRI and BamHI, the PCR product was inserted into a unique
BsmFI site downstream of the polyadenylation signal (A") of the gH
mRNA, resulting in plasmids pUC-B16KA and pUC-B16KB (Fig. 2B).
After double digestion of pcDNA-gH with HindIII and EcoRI followed by
religation, a fragment of the resulting plasmid, pcDNA-gHEH (Fig. 2B),
was removed by digestion with BamHI and BclI and replaced by the
BamHI insert of pUC-B16KA, resulting in pcDNA-gHK. To obtain the
final expression plasmid pcDNA-gHKDE (Fig. 2B), an artificial DrdI site
was introduced (Quick-Change II XL site-directed mutagenesis kit; Agi-
lent Technologies) using primers PGHK-DRDF and PGHK-DRDR (Ta-
ble 1), and a unique EcoRI site was removed by digestion, Klenow treat-
ment, and religation. Klenow treatment was also applied prior to ligation
of noncompatible fragment ends in other cloning experiments.

The site-directed mutagenesis kit and complementary pairs of oligo-
nucleotide primers (Table 1) were further used to introduce point muta-
tions in pcDNA-gHKDE, leading to amino acid substitutions within gH,
and to create or delete restriction sites for convenient identification of the
desired expression plasmids. The presence of the desired alterations and
the absence of unwanted ones was verified by DNA sequencing of the
complete gH-coding regions (results not shown).

Generation of gH mutants of PrV. To facilitate the insertion of mu-
tated gH genes into the PrV genome, a new BAC-based gH deletion mu-
tant lacking a major part of UL22 (codons 51 to end) was generated. For
that purpose, a 111-bp BamHI fragment of pUC-B16KB (Fig. 2B) con-
taining PrV genome sequences from downstream of the gH gene was
inserted into BamHI and BclI doubly digested pcDNA-gHEH (Fig. 2B).
From the obtained plasmid, pcDNA-gHB16B (Fig. 2B), 1,828 bp was de-
leted by digestion with ApaI and BamHI and replaced by a 1,258-bp BstBI
fragment of pKD13 containing a KanR gene flanked by FLP recombina-
tion target (FRT) sites (37). The insert fragment of the resulting plasmid,
pcDNA-!gHABKF (Fig. 2B), was amplified by PCR with the T7 promoter
primer (New England BioLabs) and PGH-PSR (33) and used for Red-
mediated mutagenesis of pPrV-!gGG as described previously (33, 38).
The KanR gene was removed from pPrV-!gHABKF (Fig. 2C) by FLP-
mediated recombination after transformation of the bacteria with ex-
pression plasmid pCP20 (39), which enabled the reuse of kanamycin
resistance for selection of future recombinants based on pPrV-
!gHABF (Fig. 2C).

Modified PrV gH genes together with a downstream KanR gene were
isolated from agarose gels after DrdI digestion of pcDNA-gHKDE deri-
vates (Fig. 2B) and used for Red-mediated mutagenesis of pPrV-!gHABF.
The desired BAC recombinants were selected on LB agar plates, supple-

mented with chloramphenicol (30 #g/ml) and kanamycin (50 #g/ml), by
incubation at 37°C for 24 h. BAC DNA from overnight liquid cultures of
obtained colonies was obtained by alkaline lysis, phenol-chloroform ex-
traction, isopropanol precipitation, and RNase treatment and used for
transfection of RK13 or RK13-gH/gL cells (FuGene HD transfection re-
agent, Promega). Single plaque isolates of virus progenies were further
propagated and characterized by restriction analysis and Southern blot
hybridization of viral DNA (results not shown), and the presence of the
desired mutations was verified by sequencing of the PCR-amplified gH
genes.

Western blot analyses. RK13 cells were harvested 28 h after transfec-
tion using X-tremeGENE HP transfection reagent (Roche) with gH and,
where indicated, gL expression plasmids, or 20 h after infection with wild-
type or mutated PrV at a multiplicity of infection (MOI) of 5. Virions were
purified from culture supernatants by sucrose gradient centrifugation
(18). Protein samples (5 #g virion proteins or lysates of approximately 104

cells per lane) were separated by discontinuous sodium dodecyl sulfate
(SDS)–10% polyacrylamide gel electrophoresis (SDS-PAGE), transferred
to nitrocellulose membranes, and incubated with antibodies as described
previously (40). Monospecific rabbit antisera against PrV gH, gB, and
pUL34 (20, 38, 41) were used at a dilution of 1:10,000 (anti-gH) or
1:50,000 (gB and pUL34).

IF analyses. For indirect immunofluorescence (IF) analyses, RK13 cell
monolayers were transfected (X-tremeGENE HP transfection reagent;
Roche) with gH expression plasmids and fixed 26 h later with 3% para-
formaldehyde (PFA) in phosphate-buffered saline (PBS) for 30 min. Op-
tionally, the fixed cells were subsequently permeabilized by incubation
with 3% PFA containing 0.2% Triton X-100 for 15 min. After washing
with PBS, the cells were incubated with 10% FBS in PBS and with a gH-
specific rabbit antiserum (20) (1:100 in PBS with 10% FBS) for 1 h each.
Bound antibodies were detected by incubation with rabbit-specific Alexa
Fluor 488-conjugated secondary antibodies (Life Technologies) (1:1,000
in PBS) for 30 min. After each step, the cells were washed repeatedly with
PBS and analyzed by fluorescence microscopy (Eclipse Ti; Nikon).

In vitro fusion assays. RK13 cells were grown in 12-well plates and
cotransfected (X-tremeGene HP transfection reagent; Roche) with equal
amounts (200 ng each) of eukaryotic expression plasmids for C-termi-
nally truncated PrV gB (pgB-008) (42), PrV gD (gDgI-CMV) (43), PrV gL
(pRc/CMV-gL) (36), native or mutated PrV gH (pcDNA-gHKDE or de-
rivatives), and EGFP (pEGFP-N1; Clontech) to facilitate detection of syn-
cytia. In negative controls, the empty expression vector pcDNA3 (Life
Technologies) was used instead of a gH expression plasmid. After 36 h, the
cells were fixed with 3% PFA in PBS for 30 min, washed repeatedly with
PBS, and analyzed by fluorescence microscopy (Eclipse Ti; Nikon). For
each gH expression construct, the areas of 50 randomly selected syncytia
containing 3 or more nuclei in random sight fields were measured. If no or
only very few syncytia were detectable, areas of single fluorescent cells
were added. Mean areas and standard deviations were calculated, and the
statistical significance of differences was evaluated by Student’s t tests.

In vitro fusion assays under reducing conditions. RK13 cells grown
in 12-well plates were cotransfected with expression plasmids for PrV
gB-008, gD, gH, gL, and EGFP. After 18 h, the cells were incubated for 5
min at 37°C with medium containing 24 mM DTT, washed, and further
incubated in MEM supplemented with 10% FBS. After an additional 48 h,
DTT-treated and untreated control cells were fixed with 3% PFA and
analyzed as above.

Plaque assays. For determination of virus titers and plaque sizes,
RK13 or RK13-gH/gL cell monolayers in 6-well plates were infected with
serial dilutions of virus supernatants. After 2 h at 37°C, the inoculum was
replaced by semisolid MEM containing 5% FBS and 6 g/liter methylcel-
lulose, and incubation was continued for 48 h at 37°C. The areas of 30
plaques or foci of infected cells per virus mutant were measured by fluo-
rescence microscopy, and mean sizes as well as standard deviations were
calculated as percentages of the plaque areas induced by the mutant pPrV-
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FIG 2 Construction of expression plasmids and virus mutants. (A) The PrV genome contains unique (UL, US) and inverted repeat (IR, TR) sequences. BamHI
fragments and the positions of the gH and gG genes are indicated. The BAC pPrV-!gGG (33) contains an EGFP expression cassette and a mini-F plasmid at the
gG locus. (B) Enlargement of the gH gene region with generated plasmids. Viral and vector sequences are drawn as bold or thin lines, respectively, and vertical
lines indicate repetitive sequences. The ORFs encoding gH, viral thymidine kinase (TK), and kanamycin resistance (KanR), promoters (PgH, PHCMV), polyad-
enylation signals (A"), a viral replication origin (OriL), and FLP recombinase target sites (FRT), as well as relevant restriction sites are also shown. Sites
reconstituted after ligation of noncompatible fragment ends (*) and generated (in parentheses) or deleted (crossed out) by targeted mutations are labeled. (C)
The gH deletion mutants pPrV-!gHABKF and pPrV-!gHABF, as well as virus revertants expressing wild-type (pPrV-gHK) or mutated gH, were generated by
BAC mutagenesis in E. coli (see the text).
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gHK expressing wild-type gH. Student’s t test was used for estimation of
the statistical significance of differences.

Replication kinetics. Confluent monolayers of RK13 cells in 24-well
plates were infected with the PrV mutants at an MOI of 0.1 and consecu-
tively incubated on ice and at 37°C for 1 h each. Subsequently, the inoc-
ulum was removed, nonpenetrated virus was inactivated by low-pH treat-
ment (44), and fresh medium was added. Immediately thereafter, and
after 8, 12, 16, 24, 36, and 48 h at 37°C, the cells were harvested together
with the supernatants and lysed by freeze-thawing (!70°C and 37°C).
Progeny virus titers were determined by plaque assays on RK13 cells or
RK13-gH/gL cells (proline and quadruple mutants), and mean results
from three independent experiments per virus were calculated.

Penetration kinetics. Confluent monolayers of RK13 cells grown in
6-well plates were infected on ice with approximately 500 PFU of the
investigated PrV mutants per well. After 1 h, prewarmed medium was
added and incubation was continued at 37°C. Before and 5, 10, 20, or 40
min after the temperature shift, nonpenetrated virus was inactivated by
acid treatment, and cells were overlaid with semisolid medium. After 48 h
at 37°C, the plaques were counted by fluorescence microscopy and com-
pared to the numbers obtained in wells that had not been acid treated.
Mean penetration rates from three independent experiments were deter-
mined.

RESULTS
Effects of the mutations in gH domain II on protein maturation
and localization. To study the functional relevance of the SLB

during membrane fusion, each of the three SLB helices was dis-
rupted by introduction of a single proline residue at position 250,
275, or 298 (Fig. 1 and Table 2). Furthermore, one or two pairs of
amino acids in different helices of the SLB and/or in structurally
proximal regions of the fence (domain II) or of domain III were
replaced by cysteine residues to induce the formation of artificial
disulfide bonds that might inhibit structural changes of the SLB
during the fusion process (Fig. 1; Table 2). The distances of the
introduced cysteine residues were calculated to be between 3.19
and 4.46 Å. The corresponding single amino acid mutations and
serine-cysteine double mutations were used as controls. To inves-
tigate expression and processing of the analyzed gH variants,
lysates of RK13 cells transfected with gH expression plasmid
pcDNA-gHKDE (Fig. 2B) or mutagenized derivatives of it were
analyzed by Western blotting. These studies revealed wild-type-
like expression levels of all gH mutants. However, processing of
the proline mutants (A250P, V275P, V298P), of the single cysteine
mutant H251C, and of the double mutants A250C-A276C and
H251C-L432C, as well as of the quadruple mutants A284C-
S291C/A250C-A276C and V174C-A270C/H251C-L432C was ap-
parently impaired, as indicated by a low or even undetectable level
of mature, ca. 90-kDa gH (Table 2). Representative Western blots
with selected mutants are shown in Fig. 3A. Although it has been

TABLE 1 Oligonucleotide primersa

Primer use and name DNA sequence, 5=¡ 3= Nucleotide positions

Site-directed mutagenesisb

PGHV174C-F CTCGGCCTGCGCTGCGCGCTGCGCTC 61,117–61,142
PGHA270C-F CTACTTTTACCGCGCATGCGTGCGCCTCGGCGTGGC 61,401–61,436
PGHA252C-F CGGCGGCGCACTGTGCCGCCCTGGCC 61,352–61,377
PGHA419C-F GAGCTCACGCGGGCATGCCTCTCGCCGACGG 61,849–61,879
PGHH251C-F GCTGTCGGCGGCATGCGCGGCCGCCC 61,347–61,372
PGHH251S-F GCTGTCGGCGGCTAGCGCGGCCGCCC 61,347–61,372
PGHL432C-F CGAGCCCTTCAGCTGCCTCGACGTCCTCTCG 61,890–61920
PGHA250C-F GCCCAGCTGTCGGCATGCCACGCGGCCGCC 61,342–61,371
PGHA250S-F CCAGCTGTCGGCTAGCCACGCGGCCGC 61,344–61,370
PGHA276C-F CGCCTCGGCGTGTGCGCATTCGTCTTCTCCG 61,423–61,453
PGHA253C-F CGGCGCACGCGTGCGCCCTGGCCGC 61,355–61,379
PGHA269C-F CGTACTACTTTTACCGCTGCGCAGTGCGCCTCGGCG 61,397–61,432
PGHA284C-F CGTCTTCTCCGAGGCATGCCGCCGCGACCGGC 61,443–61,474
PGHA284S-F CTTCTCCGAGGCTAGCCGCCGCGACCG 61,446–61,472
PGHS291C-F GACCGGCGCGCCTGTGCACCGGCGCTCC 61,468–61,495
PGHA250P-F CAGCTGTCGGCGCCGCACGCGGCC 61,345–61,368
PGHV298P-F CGGCGCCGGCGCTCCTGAGGCCTGAGAGCGACGCGCGCC 61,481–61,519
PGHV275P-F GTGCGCCTCGGCCCGGCCGCCTTCG 61,420–61,444
PGHK-DRDF GGGAGACCCAAGCGTCTTCAAAGTTTGCCGTGCCC (pcDNA3)

PCR amplification and sequencing
PGH-PSF TTCACGTCGGAGATGGGG 60,451–60,468
PGH-PSF2 GGAAGCCCTTCGACCAG 61,715–61,731
PGH-PSR AGTTATGTCATCCAGCAGCC 62,887–62,868 (r)
PGH-PSR2 GTCGAGCAGGCTGAAGG 61,911–61,895 (r)
PGH-WH3 TGCACGAGAGCGACGACTACC 61,319–61,339
PGHK-PSF TGACGAGCGTAATGGCTGG (pACYC177)
PGHK-PSR CGCGAGCCCATTTATACCC (pACYC177)
KanR-F TCCGGATCCCGATTTATTCAACAAAGCCACG (pACYC177)
KanR-R TTCGAATTCGCCAGTGTTACAACCAATTAACC (pACYC177)
T7 TAATACGACTCACTATAGGG (pcDNA3)
SP6 CTCTAGCATTTAGGTGACACTATAG (pcDNA3)

a Artificial restriction sites used for cloning or fragment isolation are underlined. Altered nucleotides are printed in bold letters. Nucleotide positions refer to GenBank accession
number BK001744.
b Forward primer sequences are shown for site-directed mutagenesis. The corresponding reverse primers were exactly complementary.
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demonstrated that in PrV gL is not essential for maturation and
virion incorporation of gH (18), lysates of cells cotransfected with
gH and gL expression plasmids were also analyzed (Fig. 3B). The
presence of gL enhanced the processing efficiency of wild-type and
mutated gH, but the impaired mutants still exhibited decreased
amounts (H251C, A250C-A276C) or no detectable amounts
(H251C-L432C) of mature gH. These findings correlated with
reduced surface localization of the corresponding gH mutants as
observed in IF analyses of nonpermeabilized RK13 cells (Fig. 4,
upper panels; Table 2), whereas IF analyses of permeabilized cells
confirmed similar expression levels of all gH mutants in the cyto-
plasm (Fig. 4, lower panels). Coexpression with gL did not sub-
stantially enhance surface localization of wild-type or mutant gH
(not shown). However, confocal double-IF investigations re-
vealed that even the gH mutants exhibiting impaired processing
and cell surface expression were at least partly transported to the
Golgi apparatus (not shown), which is a prerequisite for incorpo-
ration into virions.

In vitro fusion activity of mutated gH. Previous studies dem-

TABLE 2 Summary of resultsa

gH mutation(s) Localization

In vitro studies In vivo studies

Processing
(WB)

Surface
expression (IF)

Expression
(IF)

Fusion
activity

Virion
incorporation

Virus
titers

Plaque
sizes Penetration

V174C Fence ! !! !!! !!! !!! !!! !!! !!!
A270C SLB ! !! !! !!! !!! !!! !!! !!!
V174C-A270C Fence-SLB ! !! !!! !! !!! !!! !!! !!!
A252C SLB ! !! !!! !!! !!! !!! !!! !!!
A419C Domain III ! !!! !!! !!! !!! !!! !!! !!!
A252C-A419C SLB-domain III ! !!! !!! !! !!! !!! !!! !!!
H251C SLB " ! !!! !! !!! !!! !!! !!!
L432C Domain III ! !!! !! !!! !!! !!! !!! !!!
H251C-L432C SLB-domain III " ! !!! ! !/" !!! ! !
H251S-L432C SLB-domain III " ! !!! !! !!! !!! !!! !!!
A250C SLB ! !! !!! !!! !!! !!! !!! !!!
A276C SLB ! !!! !! !! !!! !!! !!! !!!
A250C-A276C SLB-SLB " ! !! !! !! !!! !!! !!
A250S-A276C SLB-SLB " ! !!! !! !!! !!! !!! !!!
A253C SLB ! !!! !! !!! !!! !!! !!! !!!
A269C SLB ! !!! !!! !!!! !!! !!! !!! !!!
A253C-A269C SLB-SLB ! !!! !!! !!!! !!! !!! !!!! !!!
A284C SLB ! !!! !!! !!! !!! !!! !!! !!!
S291C SLB ! !!! !! !!! !!! !!! !!! !!!
A284C-S291C SLB-SLB ! !! !!! ! !! !!! ! !
A284S-S291C SLB-SLB ! !! !!! !! !!! !!! !!! !!!
A284C-S291C SLB-SLB " ! !!! " NT !! ! NT
A250C-A276C SLB-SLB
V174C-A270C Fence-SLB " ! !!! " NT ! ! NT
H251C-L432C SLB-domain III
V174C-A270C Fence-SLB ! !!! !! !! NT !!! !! NT
A252C-A419C SLB-domain III
A284C-S291C SLB-SLB ! !!! !! !! NT !!! !! NT
A253C-A269C SLB-SLB
A250P SLB #2 " ! !! " NT ! ! NT
V275P SLB #3 " ! !!! " NT ! ! NT
V298P SLB #4 " ! !!! " NT !! ! NT
gH-WT, pPrV-gHK ! !!! !! !!! !! !!! !!! !!!
No gH, pPrV-$gHABF " " " " " NT
a Properties and functions of the mutated gH proteins and of the corresponding PrV recombinants were roughly assessed (! to !!!!). ", impaired gH processing, no
expression, no in vitro fusion activity, or no detectable productive replication or cell-to-cell spread of virus mutants. Mutations conferring interesting phenotypes (described in the
text) are highlighted in boldface. NT, not tested.

FIG 3 Western blot analyses. Lysates of RK13 cells transfected with wild-type
(WT) or mutated gH expression plasmids (A) or cotransfected with gH and gL
expression plasmid (B) were separated by SDS-PAGE. Gels were incubated
with a gH-specific rabbit antiserum. The signals of immature (gHim) and
mature gH are labeled by arrows, and molecular masses of marker proteins are
indicated.
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onstrated that transient expression of PrV gB and gH/gL induces
the formation of syncytia in plasmid-transfected RK13 cells and
that fusion efficiency is enhanced by additional expression of gD
(36). Furthermore, it has been shown that C-terminally truncated
gB (gB-008) accumulates at the cell surface and exhibits higher in
vitro fusion activity than native gB (42). Therefore, all mutated gH
expression plasmids were tested in RK13 cells by cotransfection
with plasmids encoding wild-type gD, gL, gB-008, and EGFP for
convenient detection and evaluation of transfection efficiencies. A
plasmid encoding wild-type gH (pcDNA-pGHKDE) and the
empty expression vector pcDNA3 were used as positive and neg-
ative controls, respectively. Two days after cotransfection, the
numbers of syncytia, the numbers of nuclei (not shown), and the
areas of polykaryocytes (Fig. 5) were analyzed. Whereas none of
the gH mutants containing an artificial proline in one of the SLB
!-helices supported cell fusion, most of the single and double
cysteine or serine mutations did not impair fusion activity or did

so only slightly (Fig. 5 and Table 2). However, the double muta-
tion A250C-A276C moderately affected fusion, and the double
mutations H251C-L432C and A284C-S291C led to substantially
reduced numbers and sizes of syncytia compared to wild-type gH,
as well as to the corresponding single mutations and the serine-
cysteine double mutations (Fig. 5), suggesting that gH function
was impaired by the formation of the additional disulfide bonds.
This was supported by restoration of fusion activity when the cells
were briefly exposed to reducing conditions (Fig. 6). Although
treatment of cells with DTT slightly reduced fusion activity of
wild-type gH, it enhanced fusion activity of gH A250C-A276C, gH
H251C-L432C, and to an even greater extent, of gH A284C-S291C
but had no effect on the negative control (Fig. 6). As expected, all
of the quadruple gH mutants containing one of these cysteine
pairs also exhibited severely impaired cell fusion. However,
drastic impairment of fusion was also found for a mutant con-
taining two cysteine pairs (V174C-A270C and A252C-A419C),
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FIG 4 Intracellular localization of gH. RK13 cells were transfected with gH expression plasmids and analyzed by indirect immunofluorescence. Two days after
transfection, the cells were fixed with 3% paraformaldehyde (upper panels) and additionally permeabilized with 0.2% Triton X-100 (lower panels). Surface-
localized and intracellular gH was detected using a monospecific rabbit antiserum and Alexa Fluor 488-conjugated secondary antibodies.
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FIG 5 In vitro fusion assays. RK13 cells were cotransfected with expression plasmids for PrV gB-008, gD, gL, selected gH variants, and EGFP. After 36 h, the areas
of induced syncytia were determined by fluorescence microscopy. Mean sizes of 50 syncytia per mutant were calculated, and the percentages of mean wild-type
sizes were plotted. Standard deviations (vertical lines) and significant differences from wild-type fusion activity are indicated (*, P " 0.05; **, P " 0.01; ***, P "
0.001).
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which were rather inconspicuous when introduced separately
(Fig. 5 and Table 2). In contrast, the quadruple gH mutant
A284C-S291C/A253C-A269C showed slightly less impaired fu-
sion activity than the double mutant A284C-S291C (Fig. 5).

Effects of gH mutations on virus replication. To investigate
the influence of the mutations on virus entry into host cells, pro-
duction of infectious progeny, and direct viral cell-to-cell spread,
all mutated gH genes were introduced into the cloned PrV ge-
nome by mutagenesis in E. coli. This was facilitated by construc-
tion of the new BAC mutant pPrV-!gHABF, which lacks almost
the complete UL22 open reading frame (ORF) encoding gH (Fig.
2C), and of a novel transfer plasmid, pcDNA-gHKDE, which al-
lows reinsertion of the gH gene together with a downstream
kanamycin resistance gene for selection. As expected, the BAC
pPrV-!gHABF did not replicate in normal RK13 cells (Fig. 7), but
infectious virus progeny was obtained after transfection of RK13-
gH/gL cells (results not shown). After reinsertion of the wild-type
gH gene, plaque sizes and maximum titers of the obtained rever-
tant pPrV-gHK on RK13 cells were identical to those of the paren-
tal clone pPrV-!gGG (Fig. 7). Thus, integrity of the noncoding,
tandem-repeat-containing genome sequences between the poly-
adenylation site of UL22 and the replication origin ORIL (Fig. 2) is
obviously not critical for replication of PrV.

Replication studies of most of the PrV mutants containing cys-
teine mutations within gH revealed only minor differences to the
parental pPrV-!gGG and wild-type revertant pPrV-gHK, with
maximum final titers of 107 to 108 PFU/ml on RK13 cells (Fig. 7A).
Remarkably, this also applied to several mutants that exhibited
impaired gH processing in plasmid-transfected cells, e.g.,
pPrV-gH H251C, pPrV-gH H251C-L432C, and pPrV-gH
HA250C-A276C. Only the quadruple mutants pPrV-gH V174C-
A270C/H251C-L432C and pPrV-gH A284C-S291C/A250C-
A276C, as well as the three proline mutants pPrV-gH A250P,
pPrV-gH V275P, and pPrV-gH V298P showed significantly re-
duced virus titers (Fig. 7A) and had to be propagated on comple-

menting RK13-gH/gL cells before and after determination of rep-
lication in RK13 cells.

However, unlike the deletion mutant pPrV-!gHABF, all gH
mutants generated in this study exhibited at least limited replica-
tion competence in noncomplementing cells. On the other hand,
the proline insertions within the SLB were rather unstable and
were reproducibly eliminated or compensated by second-site mu-
tations after several passages on RK13 cells (results not shown).

Effects of gH mutations on cell-to-cell spread. The influence
of the introduced gH mutations on cell-to-cell spread of PrV in
RK13 cells was generally congruent with the effects on cell-cell
fusion and productive virus replication. In plaque assays, only
single or small foci of GFP-expressing cells were observed 2 days
after infection with any of the three proline mutants (Fig. 7B). The
quadruple cysteine mutants pPrV-gH V174C-A270C/H251C-
L432C and pPrV-gH A284C-S291C/A250C-A276C also exhibited
drastically reduced plaque sizes compared to any of the corre-
sponding single mutants (Fig. 7B). However, introduction of one
of the cysteine pairs present in either of these gH mutants
(H251C-L432C or A284C-S291C) also affected cell-to-cell spread
of PrV significantly (Fig. 7B), indicating that the intended disul-
fide bonds between these residues are responsible for impaired gH
function. This was supported by the observation that correspond-
ing serine-cysteine double mutations in PrV-gH H251S-L432C or
PrV-gH A284S-S291C did not affect plaque formation on RK13
cells, whereas plaque sizes of PrV-gH H251C-L432C or PrV-gH
A284C-S291C were reduced to 18% or 30% of wild-type levels, re-
spectively (Fig. 7B). Interestingly, the quadruple mutant pPrV-gH
A284C-S291C/A253C-A269C exhibited a slightly less pronounced
reduction, to 45% of wild-type plaque sizes, indicating that the defect
of pPrV-gH A284C-S291C might have been partly compensated by
the additionally introduced cysteine pair (Fig. 7B). Plaque formation
of these or any others of the investigated gH mutants on transcomple-
menting RK13-gH/gL cells was similar to that of wild-type PrV (not
shown).
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Effects of gH mutations on virus entry. The time course and
efficiency of virus entry were investigated by penetration studies
on RK13 cells (Fig. 8). These experiments revealed that none of the
single cysteine insertions in gH affected virus internalization
significantly, and most of the double mutants also showed
wild-type-like penetration kinetics. However, entry of double

mutants pPrV-gH A250C-A276C, pPrV-gH H251C-L432C,
and pPrV-gH A284C-S291C was significantly delayed (Fig. 8).
After 40 min, only 20% of the infectious particles of pPrV-gH
H251C-L432C and less than 10% of those of pPrV-gH A284C-
S291C were internalized (Fig. 8), and after 3 h the proportions of
acid-resistant input virus were still !50% (results not shown). In
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contrast, the double mutants PrV-gH H251S-L432C and PrV-gH
A284S-S291C exhibited wild-type-like entry kinetics (Fig. 8). Pen-
etration of the PrV recombinants containing quadruple cysteine
insertions or the single proline mutations was not analyzed since
plaque formation of most of these viruses on RK13 cells was
severely impaired (Fig. 7B).

Virion incorporation of mutated gH. To investigate the influ-
ence of the introduced mutations on gH processing and incorpo-
ration into virus particles, virions were purified from supernatants
of infected RK13 cells and analyzed by Western blotting (Fig. 9;
Table 2). Unlike in cells transfected with gH expression plasmids
(Fig. 3), only the mature, !90-kDa form of gH was detectable in
virus particles of either of the investigated gH mutants, and most
of them contained wild-type-like amounts of the protein. How-
ever, virions of pPrV-gH H251C-L432C contained considerably
less gH, and moderately reduced gH incorporation was also ob-
served for the PrV recombinants containing the double cysteine
mutation A250C-A276C (Fig. 9, upper panel; Table 2). In con-
trast, incorporation of gB was not affected (Fig. 9, middle panel).
However, as expected, the amounts of gL, which requires its com-
plex partner gH for virion localization (18), correlated with those
of gH (Fig. 9, lower panel). The purity of the virion preparations
was confirmed by the absence of the primary envelope protein
pUL34 (not shown). Reduced gH/gL incorporation into virions
matched the decreased penetration kinetics and cell-to-cell spread
of gH H251C-L432C and A250C-A276C mutants, as well as im-
paired processing after transient gH expression (Fig. 3). However,
pPrV-gH A284C-S291C, although exhibiting almost wild-type-
like processing and virion incorporation of gH/gL, showed even
more pronounced replication defects than the other double-cys-
teine mutants (Fig. 7B and 8). Because of the inefficient replica-
tion of the PrV gH mutants containing proline or quadruple cys-
teine insertions in RK13 cells (Fig. 7A), virion preparations were
not attempted.

DISCUSSION
The crystal structures of HSV-2, EBV, and PrV gH have recently
been determined and revealed similar domain architectures (27–
29). In previous work, we analyzed the role of domain IV in func-
tion of PrV gH during fusion by site-directed mutagenesis (33).
The present study focuses on domain II, containing a conserved
syntaxin-like bundle of "-helices, which was suggested to be im-
portant for the role of gH during membrane fusion (29). To test
this hypothesis, we introduced targeted mutations into the gH
gene of PrV, which should either disrupt the helices of the SLB by
engineered proline residues (Fig. 1E) or covalently join the helices
to each other, to the adjacent fence region, or to domain III by
intramolecular artificial disulfide bridges. To trigger their forma-
tion, pairs of cysteine residues were introduced at structurally
proximal positions (Fig. 1B to D). The effects of the expected
structural changes in gH or of the loss of flexibility on protein
maturation and transport and particularly on function in mem-
brane fusion were investigated using transient expression systems
as well as PrV recombinants.

Several of the introduced mutations affected the maturation
and transport of transiently expressed gH (Table 2). Proteins con-
taining either of the three proline insertions in the SLB but also
mutations including a cysteine at position 251 or a cysteine pair at
positions 250 and 276 were barely detectable at the surface of
transfected cells, and in Western blot analyses incompletely glyco-
sylated gH was predominantly or exclusively found. However, to
some extent all mutated proteins were translocated to the Golgi
apparatus as demonstrated by colocalization studies (data not
shown). As expected, reduced surface expression of mutated gH
correlated with impaired in vitro fusion activity. Several of the gH
mutations affecting processing and transport in transfected cells
also led to reduced gH/gL incorporation into virions of corre-
sponding PrV recombinants (Table 2). A remarkable exception
was the single cysteine mutation H251C, which, unlike double and
quadruple mutations including this amino acid substitution, did
not detectably reduce the amount of mature gH in purified virus
particles. Furthermore, the in vitro fusion activity of gH H251C
was much less affected than those of the corresponding double
and quadruple mutants, although the glycosylation and transport
defects of the transiently expressed proteins appeared to be simi-
lar. Similarly, the doubly mutated gH A250C-A276C was barely
detectable at the surface of cells transfected with the correspond-
ing expression plasmid but exhibited considerable fusion activity
after cotransfection with plasmids encoding gB, gD, and gL. These
discrepancies might be explained by contributions of other viral
proteins, in particular of the complex partner gL, to processing of
PrV gH in infected or cotransfected cells. Although PrV gL is not
absolutely required for maturation and virion incorporation of
gH (18), essential roles of gL during these steps have been de-
scribed for other herpesviruses like HSV-1 (15, 16, 46, 47) and
VZV (48). A beneficial effect of gL coexpression on processing of
PrV gH including mutants like gH A250C-A276C was confirmed
in the present study (Fig. 3).

gL has been shown to be closely associated with the N-terminal
part of gH (27, 28), which is separated from the SLB by a #-sheet
designated “fence” (29). Therefore, it is unlikely that conforma-
tional alterations caused, e.g., by disruption of the SLB "-helices
by proline insertions or by introduction of artificial disulfide
bonds, inhibit interaction with gL. In line with this assumption,

FIG 9 Western blot analyses of purified PrV particles. Virion proteins of
pPrV-gHK (WT) and the indicated gH mutants were separated by SDS-PAGE.
Blots were incubated with gH-, gB- or gL-specific rabbit antisera. The signals of
mature gH, full-length gB (gBa), and furin-cleaved subunits (gBb, gBc) as well
as gL are labeled by arrows, and molecular masses of marker proteins are
indicated.
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our studies revealed that although processing, cell surface local-
ization, and virion incorporation of gH were severely affected by
the double mutation H251C-L432C, particles of the correspond-
ing virus mutant still contained the expected amounts of gL. Thus,
the correct structure of the SLB per se appears to be relevant for
processing, transport, and virion incorporation of gH. Whereas
the level of maturation and, consequently, surface exposure of gH
is important, it is not the only factor responsible for the fusion
activity. This is particularly evident in the comparison between gH
H251C and H251C-L432C mutants. Both exhibit maturation de-
fects and strikingly decreased surface localization also when coex-
pressed with gL, but they demonstrate significantly different fu-
sion activities. On the other hand, the A284C-S291C mutant,
which is processed and localized normally, also exhibits strongly
reduced fusion activity (Table 2 and Fig. 5). In contrast, neither
the corresponding single mutation A284C or S291C nor the dou-
ble mutation A284S-S291C affected fusion activity of gH signifi-
cantly, indicating that the desired disulfide bond was indeed
formed.

Formation of disulfide bonds was confirmed by transient ad-
dition of reducing agents to transfected cell cultures, as has been
shown for partial restoration of function of the paramyxovirus
virus fusion protein engineered to contain an artificial disulfide
bond (49). In a similar approach, we demonstrate that in vitro
fusion activity of gH A284C-S291C, but also of gH H251C-L432C
and gH A250C-A276C, was partly restored after addition of 24
mM DTT for 5 min. Thus, the function of gH H251C-L432C was
apparently affected not only by the processing defect caused by the
artificial cysteine in the SLB (H251C) but additionally by an arti-
ficial disulfide bond between SLB and domain III (Fig. 1). The
beneficial effects of DTT treatment were somewhat surprising,
since native disulfide bonds have been shown to be relevant for
conformation and function of gH (29, 33) but also of other com-
ponents of the viral fusion complex like gB (50). Possibly, these
disulfide bonds were only partially reduced by the brief DTT treat-
ment. Furthermore, the treatment is able to affect only disulfide
bonds in proteins already located at the cell surface, which are
eventually replaced by newly synthesized proteins.

Except for A284C-S291C and H251C-L432C, the cysteine pairs
engineered in the present study had no or only moderate effects on
in vitro fusion activity of gH, and therefore, fusion assays under
reducing conditions could not be used to determine whether or
not the desired artificial disulfide bonds were formed at all. Possi-
bly, structure determination of the disulfide mutants or compar-
ative mass-spectrometric analyses of proteolytically cleaved, re-
duced, or nonreduced proteins (51, 52) would be able to answer
these questions, but suitable protocols remain to be established for
PrV gH.

The generation of infectious, recombinant PrV genomes con-
taining mutated gH genes by BAC mutagenesis in E. coli allowed
us to demonstrate that none of the single or multiple amino acid
substitutions introduced in the present study completely abol-
ished gH function in the viral context. However, the quadruple
cysteine mutations of pPrV-gH V174C-A270C/H251C-L432C
and pPrV-gH A284C-S291C/A250C-A276C, as well as either of
the three proline insertions in the SLB, inhibited cell-to-cell
spread almost completely and reduced infectious progeny virus
titers on noncomplementing cells more than 1,000-fold compared
to similar PrV recombinants expressing wild-type gH (Fig. 7). The
severity of the defects induced by disruption of the !-helices of the

SLB was emphasized by reversions of the artificial proline residues
to other amino acids or by compensatory mutations at adjacent
positions, which occurred after limited cell culture passages of the
virus recombinants. Until now, the low titers and spontaneous
reversions of the proline mutations hindered elucidation of
whether the observed phenotype was due to malfunction or inef-
ficient virion incorporation of gH.

Maximum titers of the other PrV recombinants created in this
study were similar to those of wild-type virus, and only their
plaque sizes exhibited a clear correlation with the observed in vitro
fusion activities of the corresponding gH mutants (Fig. 5 and 7B).
Thus, gH double mutations A284C-S291C and H251C-L432C led
to inefficient in vitro cell fusion as well as to inefficient cell-to-cell
spread of the virus, confirming that the two processes depend on
similar mechanisms leading to general or local fusions of adjacent
cell membranes (23, 53–55). Furthermore, the observed correla-
tion of results demonstrates that use of the C-terminally truncated
gB-008 (44) in transient fusion assays reflects the activity of full-
length gB during virus infection.

The role of gH during fusion of viral envelopes with host cell
membranes was investigated by analyses of penetration kinetics.
In these experiments, the virus recombinants containing artificial
disulfide bonds between mutated gH amino acids H251C and
L432C or A284C and S291C again exhibited the most pronounced
defects, and a less, but still considerably delayed penetration was
further observed for the PrV mutant containing gH A250C-
A276C, which had been less conspicuous in transient fusion assays
(Fig. 5 and 8). Thus, immobilization of the SLB resulted in a delay
in penetration, i.e., virus-cell fusion, without necessarily influenc-
ing cell-cell fusion. This could be due to alterations in interaction
with gD. PrV gD is required for entry but not for plaque formation
(56, 57), functionally separating the two membrane fusion events.
Impaired interactions with gD as demonstrated for HSV-1 (58)
may have a more pronounced effect on PrV penetration than on
fusion and direct viral cell-cell spread.

Like in the plaque assays, none of the single cysteine mutations
of gH affected virus penetration significantly, confirming that ar-
tificial disulfides were most likely responsible for the observed
phenotypes. As mentioned above, mutations A250C-A276C as
well H251C-L432C led to impaired processing and, consequently,
inefficient virion incorporation of gH (Table 2). Therefore, de-
layed penetration might be partly due to small amounts of gH in
the viral envelopes. However, the artificial disulfide bond between
mutated SLB residues 284 and 291 did not severely inhibit virion
localization of gH (Fig. 9 and Table 2) but caused the most pro-
nounced penetration defects detected in our present studies. Nev-
ertheless, it remains to be elucidated whether steric arrest of the
SLB affects the supposed role of gH as a gB activator (46) or,
although not inhibiting complex formation, affects functionally
relevant interactions between gH and gL (59). Remarkably, as in-
dicated by investigation of long-term penetration kinetics (results
not shown), penetration of the three PrV recombinants contain-
ing artificial disulfides within the SLB of gH or between SLB and
domain III (H251C-L432C) was delayed by several hours but not
blocked. However, this delay is apparently compensated by the
rapid replication of PrV and is not reflected in final titers even at
rather low infection, with an MOI of 0.1. In contrast, all gH pro-
line insertion mutants as well as the quadruple cysteine mutant gH
V174C-A270C/H251C-L432C show a strong impairment of viral
replication, although titers of viral progeny are noticeably higher
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than in complete absence of gH. Thus, all gH variants retain a
certain level of function. Considering also the rather moderate
effects of most mutations introduced into the more highly con-
served domain IV of PrV gH (33), it is surprising how robust gH
function is maintained even in the face of strategically introduced,
as opposed to random, mutations.

In summary, our present work demonstrates the relevance of
the syntaxin-like bundle of !-helices within domain II for matu-
ration and virion incorporation of gH, as well as directly for gH
function in membrane fusion. The efficiency of these processes
obviously depends on the integrity of the three helices, as shown
by proline insertions, and on a certain degree of flexibility between
them, as indicated by the deleterious effects of artificial disulfide
bonds linking amino acid residues 250 and 276 or 284 and 291
(Fig. 1B and C). The effects of an engineered cysteine pair at gH
positions 251 and 432 indicate that flexibility between the SLB and
the !-helical domain III is also required (Fig. 1D), whereas cova-
lent binding of the SLB to the "-sheet of the fence (V174C-A270C)
had only minor effects on gH function. However, it has still not
been proven that this disulfide bond is indeed formed, which also
applies for several phenotypically innocuous mutants containing
cysteine pairs within the SLB or between SLB and domain III
(Table 2). In future studies, we will attempt to clarify this and also
address the open question as to whether the supposed structural
changes of the SLB of gH during membrane fusion are directly
required to bring the involved cellular and viral membranes in
close proximity or for interaction with other viral or cellular pro-
teins involved in fusion. However, our data clearly demonstrate
the importance of the flexibility and structural integrity of the flap
region in domain IV (33) as well as the SLB in domain II (this
report) for gH function.
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2 
 

Summary 35 

 36 

Glycoprotein gH is essential for herpesvirus-induced membrane fusion during entry 37 

and cell-to-cell spread. Structural analyses of gH homologues revealed a conserved 38 

syntaxin-like bundle motif composed of three -helices. Previous studies showed that 39 

targeted disruption of any of these helices strongly impaired maturation, cell surface 40 

expression, and fusion activity of pseudorabies virus gH, as well as formation and 41 

spread of infectious virus. After passaging of one corresponding mutant (pPrV-gH-42 

V275P) these replication defects were widely corrected by an adjacent, spontaneous 43 

amino acid substitution (V271A). Although the doubly mutated gH was still non-44 

functional in fusion assays, its targeted reinsertion into the cloned virus genome 45 

(pPrV-gH-V275P-V271A) led to 200-fold increased plaque sizes, and 10000-fold 46 

higher virus titers, compared to pPrV-gH-V275P. Thus, our results demonstrate that 47 

structural requirements for gH function in in vitro assays and virus replication are 48 

different, and that minor amounts of mature gH in virions are sufficient for productive 49 

replication. 50 

51 



3 
 

Enveloped viruses utilize membrane fusion during entry into host cells, egress, cell-52 

to-cell spread and induction of syncytia. The core fusion machinery required for entry 53 

and spread of Herpesviridae consists of three conserved viral envelope 54 

glycoproteins: gB and the heterodimeric gH/gL complex (Eisenberg et al., 2012). 55 

Structural analyses of the gH/gL complexes from herpes simplex virus type 2 (HSV-56 

2), and Epstein-Barr virus (EBV), and of a gH core fragment of from the porcine 57 

alphaherpesvirus pseudorabies virus (PrV) revealed four structurally conserved 58 

domains (Fig. 1a) (Backovic et al., 2010; Chowdary et al., 2010; Matsuura et al., 59 

2010). Based on these results we performed targeted mutagenesis to analyse the 60 

function of domain IV (Fuchs et al., 2012), as well as of domains II and III of PrV gH 61 

(Böhm et al., 2015). Domain  II  contains  a  conserved  bundle  of  three  α-helices (Fig. 62 

1a) which resembles functionally relevant elements in eukaryotic fusion proteins of 63 

the syntaxin family (Ungermann & Langosch, 2005), and has been designated as 64 

syntaxin-like bundle (SLB) (Backovic et al., 2010). In previous studies we interrupted 65 

any of the three helices in PrV gH by insertion of proline residues, which led to an 66 

almost complete loss of function in transient in vitro fusion assays, productive 67 

replication and cell-to-cell spread (Böhm et al., 2015). Nevertheless, PrV 68 

recombinants obtained by mutagenesis of a bacterial artificial chromosome (BAC) in 69 

E. coli still exhibited residual replication competence which permitted limited 70 

propagation in non-complementing rabbit kidney (RK13) cells, and after several 71 

passages wild-type like growth was restored due to spontaneous compensatory 72 

mutations leading to substitution of the introduced prolines by the original or similar 73 

amino acid residues (results not shown). 74 

The hitherto only exception was observed after passage of pPrV-gH-V275P (Böhm et 75 

al., 2015), which contains proline instead of valine at amino acid position 275 within 76 

the  second  α-helix of the SLB (3) (Fig. 1). Whereas the original virus recombinant 77 

produced only foci of few infected RK13 cells, increasing numbers of larger plaques 78 

became visible from the third passage of pPrV-gH-V275P. The gH genes of two 79 

single plaque isolates were amplified by PCR and sequenced, revealing presence of 80 

the original mutation, and of a single additional mutation substituting valine to alanine 81 

at amino acid position 271 (Fig. 1). To verify whether this second site mutation was 82 

responsible for restoration of function, the two mutations were inserted into the 83 

eukaryotic gH expression plasmid pcDNA-PgHKDE (Böhm et al., 2015). 84 



4 
 

Our previous studies revealed that the mutation V275P, like proline insertions in the 85 

other SLB-helices, abrogates maturation of PrV gH in plasmid-transfected, transiently 86 

gH expressing RK13 cells, and that its transport to the cell surface is strongly 87 

inhibited (Böhm et al., 2015). These defects of gH-V275P were not detectably 88 

corrected by the additional mutation V271A, as shown by Western blot analyses of 89 

plasmid-transfected cell lysates (Fig. 2a) and comparative indirect 90 

immunofluorescence (IIF) tests of permeabilized and non-permeabilized cells (Fig. 91 

2b). Although in PrV gL is not required for transport of gH (Klupp et al., 1997), 92 

cotransfection of cells with gH and gL expression plasmids enhanced the proportion 93 

of the mature, fully glycosylated, approximately 95 kDa form of wild-type gH (Klupp et 94 

al., 1992) compared to cells transfected with the gH plasmid alone (Fig. 2a). In 95 

contrast, only smaller immature gH was detected in cells transfected with plasmids 96 

encoding gH-V275P or gH-V275P-V271A irrespective of presence or absence of gL 97 

(Fig. 2a). This might indicate that the mutations in gH domain II inhibit gL binding to 98 

domain I, or that misfolding prevents gH maturation. Processing of integral 99 

membrane proteins usually parallels transport from the endoplasmic reticulum to the 100 

Golgi apparatus and eventually to the cell surface. Consistently, only wild-type gH 101 

was abundantly detected at the plasma membrane by IIF analyses of non-102 

permeabilized plasmid-transfected RK13 cells, whereas gH-V275P and gH-V275P-103 

V271A were barely visible (Fig. 2b, upper panel). However, total amounts of wild-type 104 

and mutant gH were similar as shown by analysis of permeabilized cells (Fig.2b, 105 

lower panel). Co-expression of gL did not significantly improve surface localization of 106 

mutated or wild-type gH (results not shown). 107 

Earlier studies have shown that cotransfection of RK13 cells with expression 108 

plasmids for PrV glycoproteins gB, gD, gH, and gL induces cell fusion leading to 109 

formation of syncytia, and that this process was enhanced by substitution of wild-type 110 

gB by a C-terminally truncated variant (gB-008) which accumulates at the plasma 111 

membrane (Klupp et al., 2000; Nixdorf et al., 2000). In agreement with our previous 112 

results (Böhm et al., 2015), evaluation of in vitro fusion assays including gH-V275P 113 

revealed no detectable fusion activity of the mutated protein, i.e. 36 hours after 114 

cotransfection only very few and small spontaneously formed polycaryocytes were 115 

detectable, like in absence of any gH (Fig. 2c). In the presence of gH-V275P-V271A 116 

the areas of the syncytia were only slightly increased, and remained far below the 117 

sizes obtained with wild-type gH (Fig. 2c). This finding correlated with the inhibited 118 
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maturation and transport of both mutated proteins, and did not indicate a 119 

compensatory effect of the second site mutation V271A. 120 

To exclude the possibility that the improved replication of passaged pPrV-gH-V275P 121 

had been caused by compensatory mutations in other genes, the open reading frame 122 

of gH-V275P-V271A was inserted into gH-deleted  pPrV∆gH-ABF as previously done 123 

with gH-V275P and wild-type gH genes (Böhm et al., 2015). The resulting isogenic 124 

recombinants pPrV-gH-V275P-V271A, pPrV-gH-V275P, and pPrV-gHK were 125 

characterized by protein analyses and in vitro replication studies. 126 

Western blotting was performed with infected cell lysates and purified virus particles 127 

(Fig. 3a). Whereas 18 h after infection with pPrV-gHK a major portion of intracellular 128 

wild-type gH exhibited a molecular mass of 95 kDa, only an immature approx. 80 kDa 129 

form of gH-V275P was detectable, and only a minor portion of gH-V275P-V271A was 130 

fully processed (Fig. 3a, upper panel). Sucrose-gradient purified virus particles of 131 

pPrV-gH-V275P-V271A contained traces of mature gH, whereas gH was 132 

undetectable in virions of pPrV-gH-V275P, like in pPrV-gHABF particles (Fig. 3a, 133 

upper panel). Remarkably, the amount of gH-V275P-V271A in virions was 134 

considerably lower than that of wild-type gH, whereas the amounts of gB were similar 135 

(Fig. 3a middle panel). Absence of the non-structural PrV protein pUL31 (Fuchs et 136 

al., 2002) demonstrated purity of the virion preparations (Fig. 3a, lower panel). This 137 

demonstrates that the doubly mutated gH, despite inefficient processing, is 138 

transported to the probable site of final herpesvirus envelopment in the trans-Golgi 139 

network (TGN) (Mettenleiter, 2002), although still quite inefficiently. 140 

To investigate to what extent the altered structure, the impaired maturation and the 141 

inefficient virion incorporation of gH affected virus entry, penetration kinetics of pPrV-142 

V275P-V271A and pPrV-gHK were compared in RK13 cells as described (Böhm et 143 

al., 2015). After synchronized virus attachment the majority of infectious wild-type 144 

particles were internalized within 10 min at 37°C, and after 40 min more than 90% 145 

had entered the cells (Fig. 3b). In contrast, only roughly 20% and 50% of pPrV-gH-146 

V275P-V271A had penetrated after 10 and 40 min, respectively (Fig. 3b). Although 147 

this delay was significant, it was much less pronounced than what was observed after 148 

introduction of artificial disulfide bonds within the SLB, or between SLB and gH 149 

domain III (Böhm et al., 2015). Due to the severe replication defects and the genetic 150 

instability of pPrV-gH-V275P in non-complementing cells, investigation of its 151 

penetration kinetics did not provide coherent results (not shown). 152 
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To avoid these problems, phenotypically complemented PrV-gH-V275P and pPrV-153 

gHABF isolated from wild-type gH expressing RK13-gH/gL cells (Klupp et al., 2008), 154 

but non-complemented pPrV-gH-V275P-V271A and pPrV-gHK, were used to 155 

compare in vitro replication and spread on non-complementing RK13 cells (Fig. 3c-156 

e). Growth kinetic studies confirmed that gH-deleted PrV was unable to produce 157 

infectious progeny, and that maximum titers of pPrV-gH-V275P were less than 104 158 

p.f.u. ml-1 (Böhm et al., 2015). In contrast, the double mutant pPrV-gH-V275P-V271A 159 

exhibited similar replication kinetics and maximum infectious titers (nearly 108 p.f.u. 160 

ml-1) as wild-type pPrV-gHK (Fig. 3c). Thus, as observed with other gH mutants 161 

(Böhm et al., 2015), the delay in penetration of pPrV- gH-V275P-V271A did not 162 

significantly prolong the replication cycle. 163 

Cell-to-cell spread was analysed by plaque assays, and cells infected with the GFP-164 

expressing PrV mutants were identified by fluorescence microscopy (Fig. 3e). After 165 

two days only single pPrV-gHABF-infected RK13 cells were found, and small 166 

groups of positive cells were detected with pPrV-gH-V275P, corresponding to 167 

average  “plaque”  areas  of  less  than  0.1%  of  the  wild-type size (Fig. 3d). However, the 168 

compensatory mutation of pPrV-gH-V275P-V271A led to an increase in plaque areas 169 

to 20% of the wild-type size (Fig. 3d). Remarkably, unlike in wild-type plaques, all 170 

cells infected with pPrV-gH-V275P-V271A remained separated and did not form 171 

syncytia (Fig. 3e). This finding was in line with the absence of detectable cell fusion 172 

activity of gH-V275P-V271A in transient assays (Fig. 2c). 173 

Our findings demonstrate that the requirements for gH in transient in vitro fusion 174 

assays and during productive virus replication and spread are obviously different. 175 

Naturally, sufficient amounts of gB, gD, and gH/gL at the plasma membrane are 176 

required to induce cell fusion. This is emphasized by the observation that C-terminal 177 

truncation of gB enhances surface localization and fusion activity (Baghian et al., 178 

1993; Klupp et al., 2000; Nixdorf et al., 2000), as well as by the frequent correlation 179 

between surface expression and fusion activity of previously described point-mutated 180 

gH (Böhm et al., 2015; Galdiero et al., 1997). However, recent in vitro studies with 181 

HSV-1 glycoproteins indicated that only the core fusion protein gB is required in large 182 

quantities, whereas catalytic amounts of surface gD and gH/gL are sufficient for 183 

fusion (Atanasiu et al., 2013). 184 

For formation of infectious herpesvirus particles the envelope glycoproteins do not 185 

have to be translocated to the plasma membrane, but need to be present in the TGN. 186 



7 
 

Together with a catalytic function of gH in membrane fusion this could explain that 187 

several mutations which severely impair gH maturation and transport have only minor 188 

effect on virus infectivity (Böhm et al., 2015; Fuchs et al., 2012; Schröter et al., 2014). 189 

Although gH is essential for entry and cell-to-cell spread of PrV (Peeters et al., 1992), 190 

few functional gH molecules per particle might be sufficient to activate gB during virus 191 

entry, and during direct spread at cell junctions. Remarkably, the latter process does 192 

not require complete fusion between infected and uninfected cells, occurs in the 193 

absence of gD and, to some extent, gL in PrV (Klupp & Mettenleiter, 1999; Rauh & 194 

Mettenleiter, 1991), but is supported by the nonessential gE/gI complex (Johnson & 195 

Huber, 2002; Mettenleiter, 2003). 196 

It remains to be elucidated whether the compensatory mutation V271A only 197 

enhances maturation and virion incorporation of gH-V275P, or whether it also directly 198 

improves gH function during fusion. In either case partial reconstitution of the original 199 

structure of gH, in particular of the highly conserved SLB, would be a plausible 200 

explanation. Certain unconfirmed protein secondary structure predictions (Garnier et 201 

al., 1996) indicate that gH mutation V275P causes an extensive interruption of the -202 

helix, which is shortened by the additional mutation V271A. The crystal structure of 203 

wild-type PrV gH (Backovic et al., 2010) revealed that amino acids V275 and V271 204 

are located on the same side of helix 3, packing closely against the opposing beta-205 

sheet termed the fence (Fig. 1a). The hydrophobic side chains of V275 and V271 206 

form a network of van der Waals interactions with other hydrophobic side chains 207 

coming   from   the   fence  and  helices  α1  and  α2   (Fig.  1b  and  1c).  The   interruption  or  208 

distortion   of   helix   α3   by   proline   275   presumably   affects these interactions causing 209 

steric clashes and less favourable packing of the SLB against the fence. This might 210 

also impair N-glycosylation of the fence at asparagine 162, and/or binding of gL 211 

which, at least in HSV-2 and EBV (Chowdary et al., 2010; Matsuura et al., 2010), is 212 

associated with gH domain I on the opposite side of the fence. It is conceivable that 213 

substitution of valine 271 by alanine, which has a smaller side-chain, alleviates the 214 

impact of V275P mutation on packing of SLB and fence, thus improving maturation, 215 

transport and function of PrV gH. 216 
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Figure Legends 290 

 291 

Fig. 1. Location of the analyzed mutations in PrV gH. (a) The crystal structure of the 292 

gH core fragment (residues 107 to 639, PDB code 2XQY) (Backovic et al., 2010) with 293 

the locations of N- and C-termini.  Domains  II  to  IV,  “fence”  (yellow),  SLB  (pale  blue),  294 

helix  α1  (green),  and  residues  V275  (magenta)  and  V271  (dark  blue)  are  indicated.  In  295 

detailed  views  the  Cα  atoms  of  V275  (b)  and  V271  (c)  in  helix  3 are connected by 296 

dotted yellow lines with proximate (distance < 7 Å) hydrophobic side chains of 297 

residues within   the   fence  and  helices  α1  or  2 to illustrate the network of van der 298 

Waals interactions established to allow hydrophobic packing. 299 

 300 

Fig. 2: In vitro characterization of mutated gH. For Western blotting (a) and IIF tests 301 

(b) RK13 cells were (co)transfected with expression plasmids for wild-type gH, gH-302 

V275P or gH-V275P-V271A with or without a gL expression plasmid, and analysed 303 

after 48 h using a gH-specific antiserum. (a) After separation of proteins, blots were 304 

probed for presence of mature and immature gH (gHim). (b) IIF tests were performed 305 

to compare the amounts of surface-expressed gH on cells fixed with 3% 306 

paraformaldehyde (upper panel) to total amounts of gH in cells which were 307 

additionally permeabilized with 0.5% Triton X-100 (lower panel). (c) Cell fusion was 308 

analysed 36 h after cotransfection of RK13 cells with expression plasmids for PrV 309 

glycoproteins gB-008, gD, gL, wild-type or mutated gH (V275P, V275P-V271A), and 310 

GFP for visualisation. The areas of 50 fluorescing syncytia per virus were measured 311 

in three experiments. Shown are the mean relative (% of wild-type gH) sizes and 312 

standard deviations. For experimental protocols see Böhm et al., 2015.  313 

 314 

Fig. 3: Replication of PrV recombinants in RK13 cells. (a) Western blot analyses of 315 

infected (m.o.i. 2, 18 h p.i.) and uninfected cells, and of sucrose gradient-purified 316 

virions of pPrV-gHABF, -gH-V275P, -gH-V275P-V271A and -gHK (gH-wt). Blots 317 

were probed with monospecific sera against PrV proteins. Mature and immature gH 318 

(gHim), mature and immature full-length gB (gBim, gBa), furin-cleaved gB (gBb, gBc), 319 

and pUL31 are indicated. (b) For determination of penetration kinetics cell 320 

monolayers were infected on ice with approx. 500 p.f.u. per well of the indicated 321 

virus. After 0, 5, 10, 20, and 40 minutes at 37°C nonpenetrated virus was inactivated 322 

by acid treatment, and 2 days later plaque numbers were compared to those in 323 
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untreated wells. Shown are the mean results of 3 experiments and standard 324 

deviations. (c) Growth kinetics were analysed after PrV infection at an m.o.i. of 0.1. 325 

Mean progeny virus titers after indicated times were determined by plaque assays in 326 

three independent experiments. (d) The average areas of 50 plaques per virus were 327 

determined 48 h after infection. Shown are the percentages of wild-type (pPrV-gHK) 328 

sizes and standard deviations between three experiments. (e) Representative 329 

fluorescence images were recorded 24 h after infection of RK13 cells with the GFP 330 

expressing PrV recombinants. For experimental protocols see Böhm et al., 2015. 331 
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conserved domains of the pseudorabies virus and herpes simplex virus
type 1 homologs
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Relevance. Envelope glycoprotein H (gH) is essential for herpesvirus induced 25 

membrane fusion, which is required for host cell entry and viral spread. Although 26 

structurally conserved within the Herpesviridae, gH function via specific protein-27 

protein interactions is only incompletely understood. Chimeric proteins containing 28 

conserved domains of gH proteins from different herpesviruses might help to 29 

elucidate the molecular basis of gH function. The present study demonstrates that 30 

the C-terminal part of the Suid herpesvirus 1 (pseudorabies virus) gH ectodomain, 31 

which is capable of direct membrane interaction, can be functionally substituted by 32 

the corresponding domain of Human herpesvirus 1 (herpes simplex virus type 1, 33 

whereas other combinations proved to be non-functional. These findings 34 

demonstrate the functional conservation of the structurally conserved membrane-35 

proximal domain IV of gH. 36 

37 
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Abstract 38 

Membrane fusion is indispensable for entry of enveloped viruses into host cells. The 39 

core fusion machinery of the Herpesviridae consists of the conserved glycoproteins 40 

gB and gH/gL. Recently, crystal structures of gH/gL of herpes simplex virus type 2, 41 

Epstein-Barr-Virus, and of a core fragment of pseudorabies virus (PrV) gH identified 42 

four structurally conserved gH domains (1). Domain I interacts with gL, whereas the 43 

most highly conserved domain IV presumably mediates membrane interactions. To 44 

investigate functional conservation of these domains, chimeric genes encoding 45 

combinations of individual domains of PrV and herpes simplex virus type 1 (HSV-46 

1)gH were expressed in rabbit kidney cells and their processing and transport to the47 

cell surface as well as activity in fusion assays including gB, gD and gL of PrV or 48 

HSV-1 were analysed. Chimeric gH containing domain I of HSV-1 and domains II-IV 49 

of PrV exhibited limited fusion activity in the presence of PrV gB and gD and HSV-1 50 

gL, but not of PrV gL. More strikingly, chimeric gH consisting of PrV domains I-III and 51 

HSV-1 domain IV exhibited considerable fusion activity together with PrV gD and gL, 52 

and PrV or HSV-1 gB. A cell line stably expressing this chimeric gH supported 53 

replication of gH-deleted PrV. Our results confirm the specificity of domain I for gL 54 

binding, and demonstrate functional conservation of domain IV between two 55 

alphaherpesviruses from different genera, indicating  that gH domains II and III form 56 

a structural and functional unit which does not tolerate major substitutions. 57 

58 
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Introduction59 
60 

Membrane fusion is an essential process in pro- and eukaryotic organisms and 61 

occurs e.g. during cell division, autophagy, endo- and exocytosis. For entry into host 62 

cells, enveloped viruses depend on fusion of their envelopes with cellular 63 

membranes. Fusion can either occur at the plasma membrane immediately after 64 

attachment, or after endosomal uptake of the enveloped virus particles. Members of 65 

the Herpesviridae have been shown to utilize both pathways, but predominantly enter 66 

cells by direct penetration at the plasma membrane (2). In herpes simplex viruses 67 

types 1 and 2 (HSV-1, HSV-2, Human herpesvirus 1 and 2) and other members of 68 

the subfamily Alphaherpesvirinae, e.g. pseudorabies virus (PrV, Suid herpesvirus 1), 69 

four conserved viral envelope glycoproteins are relevant for entry: the core fusion 70 

machinery consisting of the homotrimeric gB and the heterodimer gH/gL, and the 71 

receptor-binding gD (2-4). Recent publications suggest that gB represents the actual 72 

fusion protein, and that gH/gL and gD are required for activation of gB via direct gB-73 

gH/gL and gH/gL-gD interactions (5-9). 74 

In many alphaherpesviruses attachment is facilitated by binding of the nonessential 75 

glycoprotein gC to heparan sulfate chains of cell surface proteoglycans (10-12). In a 76 

second step which is crucial for virus entry, gD binds to nectin-1 or other specific 77 

virus receptors, and is then suggested to activate gH/gL by an yet unknown 78 

mechanism (6, 13). However, PrV gD is dispensable for induction of membrane 79 

fusion in vitro (14), and previous studies also revealed that gD negative PrV mutants 80 

were still capable of plaque formation by direct cell-to-cell spread (15, 16). Moreover, 81 

after passage of cells infected with gD-deleted PrV, compensatory mutations were 82 

acquired in gH and gB which supported efficient gD-independent entry (17, 18). In 83 
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line with these observations, several alphaherpesviruses like varicella zoster virus 84 

(Human herpesvirus 3) completely lack gD homologues (Davison & Scott, 1986), and 85 

gD is also not conserved in other herpesvirus subfamilies. 86 

In contrast, gH and gL homologs are present in all known members of the 87 

Herpesviridae, and gH is absolutely essential for induction of membrane fusion, virus 88 

entry and cell-to-cell spread (19-21). Epstein-Barr virus (EBV, Human herpesvirus 4) 89 

(22) and HSV-1 gH have been shown to bind integrins in the host cell plasma 90 

membrane, but the general relevance of these interactions for attachment and fusion 91 

is unclear (23, 24). Whereas in HSV-1 presence of the complex partner gL is required 92 

for maturation, virion incorporation and function of gH (25), gH was found in virions of 93 

gL-deleted PrV, and the corresponding mutants also exhibited limited spread in 94 

tissue culture (26). Moreover, as with gD-negative PrV, in vitro passaging of gL-95 

deleted PrV resulted in the accumulation of compensatory mutations which enabled 96 

gL-independent entry and spread (27). Interestingly, the most efficient compensatory 97 

mutation was a translocation of the gH gene to the gD locus, resulting in expression 98 

of a chimeric protein containing major parts of the ectodomain of gD fused to an N-99 

terminally truncated gH. This chimeric gDH protein was able to substitute for gD, gH, 100 

and gL in fusion assays and virus replication (14, 27), and the corresponding gH 101 

fragment, termed core fragment gHc, was crystallized and its structure solved (1). 102 

However, targeted construction of similar gD-gH chimeras of HSV-1 did not result in 103 

fully functional proteins (28). 104 

Despite of these differences, the general conservation of the mechanism of 105 

herpesvirus entry was demonstrated by heterologous complementation studies which 106 

showed that PrV or simian alphaherpesvirus (Saimiriine herpesvirus 1, SaHV-1) gB 107 

can substitute for the HSV-1 protein (29-31), and that gB of Bovine herpesvirus 1 108 
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complements gB-deleted PrV (32). However, heterologous complementation by gD 109 

and gH/gL homologues has not been described, indicating that these proteins 110 

mediate species-specific interactions which might be relevant for host (cell) tropism.  111 

As a prerequisite for a more detailed understanding of gH/gL function the structures 112 

of the corresponding heterodimeric protein complexes of HSV-2 and EBV, as well as 113 

of a core fragment of PrV gH were determined by crystallography, and compared (1, 114 

33, 34). Despite a rather low level of amino acid sequence conservation (e.g. 27% 115 

conservation between PrV and HSV-1 gH), the structures of the three gH homologs 116 

were found to share a similar 3D architecture. Four distinct domains  were identified 117 

in EBCV gH structure (35), and the crystallized PrV gHc variant lacked the first 118 

domain due to the N-terminal truncation i.e. was composed of domains II, III, and IV 119 

(1). HSV-2 gH structure was described as containing three domains with the last , C-120 

terminal domain having the same boundaries as the corresponding domains in PrV 121 

and EBV gH. The remaining domains were grouped differently in HSV-2 and 122 

EBV/PrV gH. For clarity reasons, in this manuscript we will apply the four-domain 123 

classification and nomenclature to both PrV and HSV-1 gH ectodomains. Domain I of 124 

HSV-2 and EBV gH was shown to interact with the respective gL to form the 125 

functionally active heterodimeric complex. Domain II contains a structurally highly 126 

ordered planar ß-sheet   (‘fence’)  which   separates   the   gL-binding domain I from the 127 

rest of the molecule. A syntaxin-like bundle (SLB) of three -helices, similar to those 128 

found in eukaryotic fusion proteins, is relevant for PrV gH function since disruption or 129 

immobilization of this element impaired or abolished gH activity in fusion assays and 130 

in transcomplementation studies of gH-deleted PrV  (36, 37). Domain IV is the 131 

membrane-proximal domain, which continues into the transmembrane domain, and 132 

contains an  extended   ‘flap’  region which masks an underlying patch of hydrophobic 133 
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amino acids. Its movement could expose the hydrophobic patch for membrane 134 

interaction (38). 135 

Although these structures are conserved between the three gH homologues, it is 136 

unclear whether they are not only structurally but also functionally homologous. Thus, 137 

we attempted to investigate the functional conservation of gH domains by generation 138 

of chimeric proteins containing various parts of the PrV and HSV-1 homologs. 139 

Expression, maturation and transport of the gH chimeras in the presence or absence 140 

of gL was determined by Western blot and immunofluorescence tests of plasmid-141 

transfected cells. Function of the chimeric proteins was analysed by in vitro fusion 142 

assays including gB, gD and gL of PrV or HSV-1. Functional gH chimeras were 143 

further tested for trans-complementation of gH deleted virus mutants after 144 

establishment of stably expressing cell lines. A similar approach has recently been 145 

used to construct and analyse chimeric proteins composed of gH fragments of the 146 

closely related Simplexviruses HSV-1 and SaHV-1 (39). 147 

148 
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Material and Methods 149 

 150 

Viruses and cells. The gH-deleted, green fluorescent protein (GFP)-expressing PrV 151 

recombinant pPrV-gHABF has been described (36). A similar GFP-expressing, and 152 

gH-deleted HSV-1 mutant was prepared from the infectious plasmid clone pHSV-153 

1gJ (40) after substitution of genomic BstEII/EcoRV fragments containing gH 154 

codons 95 to 712 by a kanamycin resistance gene according to standard protocols 155 

(41). Viruses were propagated in rabbit kidney (RK13) cell lines stably expressing 156 

authentic or chimeric gH of PrV or/and HSV-1 (see below), or gH and gL of PrV (42). 157 

Cells were grown at 37°C in minimum essential medium supplemented with 10% 158 

fetal bovine serum (FBS). For plaque assays the cells were inoculated for 2 h with 159 

serial virus dilutions, and subsequently incubated under semisolid medium containing 160 

6 g/l methyl cellulose. 161 

 162 

Expression plasmids. The open reading frames encoding glycoproteins gB, gD, gH, 163 

and gL of HSV-1 strain F (kindly provided by David C. Johnson) were amplified from 164 

genomic DNA by polymerase chain reaction (PCR) using Pfx DNA polymerase (Life 165 

Technologies) and specific primers which contained  5’-terminal extensions providing 166 

unique restriction sites (Table 1). These sites were used for cloning into 167 

correspondingly digested plasmid pcDNA3 (Life Technologies), which allows 168 

expression in eukaryotic cells under control of the human cytomegalovirus 169 

immediate-early promoter. Correct insertion in pcDNA-H1FgB, -H1FgD, -H1FgH, and 170 

–H1FgL was confirmed by DNA sequencing. To enhance surface expression and 171 

fusion activity of HSV-1 gB, pcDNA-H1FgB was doubly digested with BstEII and 172 
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XbaI, treated with Klenow polymerase, and religated. From the resulting plasmid 173 

pcDNA-H1FgBBX a truncated gB lacking the C-terminal amino acids (aa) 878 to 904 174 

was expressed. 175 

For prokaryotic expression of HSV-1 gH a 2258 bp AfeI/XhoI fragment containing 176 

codons 89 to 839 of pcDNA-H1FgH was recloned into SmaI/XhoI digested pGEX-4T-177 

3 (GE Healthcare). Subsequent double-digestions of pGEX-H1FgH with NheI/XhoI 178 

and EcoRI/NruI, each followed by Klenow-treatment and religation, led to pGEX-179 

H1FgHC  containing  gH  codons  388   to  792  3’-terminally fused to the glutathione S-180 

transferase (GST) open reading frame (ORF). In a similar approach pGEX-H1FgH 181 

was shortened by subsequent double-digestions with NruI/XhoI and BamHI/BsrGI, 182 

resulting in pGEX-H1FgHN which contained gH codons 147 to 386 fused to the GST 183 

ORF. 184 

The eukaryotic expression plasmids for PrV glycoproteins gB, gD, gH, and gL used in 185 

this study have been described previously: pgB-008 (43), gDgI-CMV (44), pcDNA-gH 186 

and pRc/CMV-gL (14). 187 

 188 

Construction and expression of chimeric gH genes. A fusion PCR was used to 189 

generate gH genes containing domains I to III of PrV and IV of HSV-1, domains I to II 190 

of PrV and III to IV of HSV-1, or domain I of PrV and II to IV of HSV-1.  The  5’-terminal 191 

parts of the PrV gH ORF were amplified from pcDNA-gH (14) using the vector 192 

specific T7 primer,  and  the  desired  reverse  domain  fusion  primers  (table  2).  The  3’-193 

terminal parts of the HSV-1 gH ORF were amplified from pcDNA-H1FgH with the 194 

forward domain fusion primers and the vector specific SP6-25 primer (table 2). The 195 

PCR products were purified, and ca 10 ng each of the matching products, which 196 
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overlapped  by  ≥  15  bp,  were  mixed  and  amplified   in  a   final  PCR  using   the  T7  and  197 

SP6-25 primers. The chimeric products were doubly-digested at terminal HindIII and 198 

XhoI sites, and inserted into the correspondingly digested expression vector pcDNA3. 199 

The  two  parts  of  the  “complementary”  chimeric  gH  genes  containing  domains  I  to  III  200 

of HSV-1 and IV of PrV, domains I and II of HSV-1 and III and IV of PrV, or domain I 201 

of HSV-1 and II to IV of PrV were also amplified from pcDNA-H1FgH or pcDNA-gH, 202 

respectively. However, the used domain fusion primers contained silent mutations 203 

introducing NheI or XhoI restriction sites (table 2). Thus, the HindIII/NheI- and 204 

NheI/XhoI- or HindIII/XhoI- and XhoI-digested fragments could be inserted into 205 

HindIII/XhoI-digested pcDNA3 by three fragment ligations. All obtained expression 206 

plasmids were characterized by DNA sequencing of the complete chimeric gH ORFs. 207 

 208 

Complementing cell lines. Cell lines stably expressing PrV, HSV-1 or chimeric gH 209 

were prepared by transfection (X-tremeGENE HP reagent, Roche) of RK13 cells with 210 

the corresponding pcDNA3 expression plasmids. Two days after transfection the 211 

cells were trypsinized and various dilutions in medium supplemented with 500 µg/ml 212 

G418 were seeded into 96 well plates. Resistant clones were tested for gH 213 

expression by Western blot and indirect immunofluorescence analyses with 214 

monospecific antibodies. Homogeneously gH-expressing cell clones were further 215 

propagated. 216 

 217 

Antiserum preparation and indirect immunofluorescence (IIF) analyses. GST-218 

fusion proteins containing the N-terminal or C-terminal parts of the HSV-1 gH gene 219 

were expressed in E.coli XL1- Blue  MRF’  (Agilent  Technologies)  after transformation 220 
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with pGEX-H1FgHN or pGEX-H1FgHC, isolated and used for immunization of two 221 

rabbits as described (45). In IIF analyses the obtained antisera (-H1FgHN and -222 

H1FgHC) and a similarly prepared PrV gH-specific rabbit serum (27) were used at 223 

dilutions of 1 : 100. 224 

RK13 cells transfected with expression plasmids for native or chimeric gH (X-225 

tremeGENE HP, Roche) were fixed with 3% paraformaldehyde (PFA) in phosphate 226 

buffered saline (PBS) for 30 min at room temperature, and subsequently 227 

permeabilized for 15 min with 0.5% Triton X-100 in PBS. For detection of surface-228 

exposed gH the permeabilization step was omitted. After washing the cells were 229 

blocked with 10% FBS in PBS and incubated with the rabbit antisera diluted in 230 

blocking buffer for 1 h. Bound antibodies were detected by incubation for an 231 

additional hour with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Life 232 

Technologies) diluted 1 : 1000 in PBS. After each incubation step the cells were 233 

washed repeatedly with PBS and finally examined by fluorescence microscopy 234 

(Eclipse Ti, Nikon). 235 

 236 

Western blot analyses. Transfected RK13 cells were harvested after 48 h, and 237 

proteins were separated by discontinuous sodium dodecyl sulfate-polyacrylamide gel 238 

electrophoresis (SDS-PAGE). Transfer to nitrocellulose membranes, and subsequent 239 

incubation of the blots was done as described (46). The monospecific rabbit 240 

antiserum against PrV gH (Klupp & Mettenleiter, 1999) was used at a dilution of 1 : 241 

10,000, and the -H1FgHN and -H1FgHC sera were diluted  1 : 20,000. Binding of 242 

peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch) was 243 
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detected (SuperSignal West Pico Chemiluminescent Substrate, Thermo Scientific), 244 

and recorded (VersaDoc 4000 MP, Bio-Rad). 245 

 246 

In vitro fusion assays. Monolayers of RK13 cells grown in 12 well plates were 247 

cotransfected (X-tremeGENE HP reagent; Roche) with equal amounts (300 ng each) 248 

of eukaryotic expression plasmids for C-terminally truncated gB, gD, and gL of PrV or 249 

HSV-1, authentic or chimeric gH, and GFP (pEGFP-N1; Clontech). If single 250 

expression plasmids were omitted, the empty vector pcDNA3 (Life Technologies) 251 

was used instead. After 24h or 48h, the cells were fixed for 30 min with 3% PFA, and 252 

repeatedly washed with PBS. Formation of polykaryoctes was analysed by 253 

fluorescence microscopy (Eclipse Ti, Nikon). For each tested combination of 254 

plasmids, the areas of 50 syncytia from 5 random fields of sight were measured. If no 255 

or only very few syncytia were detectable, single cells were also measured to reach a 256 

value of 50. Mean sizes and standard deviations of three independent experiments 257 

were calculated. 258 

 259 

In vitro virus replication studies. For plaque assays, normal RK13 cells, cells 260 

expressing authentic or chimeric gH, or RK13-gH/gL cells were grown to monolayers 261 

and inoculated at low multiplicity (MOI) with phenotypically complemented gH-262 

negative and parental gH-positive PrV or HSV-1, and further incubated under semi-263 

solid medium for 2 to 3 days at 37°C. Cells infected with the GFP-expressing viruses 264 

were visualized by fluorescence microscopy (Eclipse Ti, Nikon), and mean areas of 265 

50 plaques per virus as well as standard deviations were calculated. For 266 

determination of final progeny virus titers, monolayers were infected at an MOI of 267 
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0.01, and after 2 h at 37°C nonpenetrated virus was inactivated by low pH treatment 268 

(47). Incubation was continued under normal medium. After 4 d at 37°C the cells 269 

were scraped into the medium, lysed by freeze-thawing, and total progeny virus titers 270 

were determined by plaque assays on RK13-gH/gL (42) cells. The average of three 271 

experiments and standard deviations were calculated. 272 

Sequence analysis. The Geneious software in version 8.1.3 (Biomatters) was used 273 

for analysis and comparison of DNA and protein sequences. 274 

275 
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Results 276 

 277 

Expression of gH chimeras. Based on the conserved domains identified by gH 278 

structure analyses of HSV-2 and PrV (1, 33) we constructed eukaryotic expression 279 

plasmids for chimeric proteins composed of individual domains of the homologues of 280 

PrV and HSV-1, which is closely related to HSV-2 gH (79% identical amino acids). In 281 

contrast, sequence identity between PrV and HSV-1 gH is only 27%. Figure 1 282 

schematically shows the six bipartite gH constructs generated in this study, and 283 

indicates the last and first amino acids of the PrV strain Kaplan (accession # 284 

AAA47466) (48), or HSV-1 strain F (accession # AJE60179) (49) proteins present at 285 

the transition sites. 286 

Expression and transport of the chimeric proteins was tested by Western blot and IIF 287 

analyses of transfected RK13 cells, using monospecific rabbit antisera raised against 288 

bacterial fusion proteins containing aa 88 to 632 of PrV gH (27), and 147 to 386 (-289 

HSV-1 gHN), or 388 to 792 (-HSV-1 gHC) of HSV-1 gH, respectively. In Western 290 

blot analyses each of the chimeric proteins was abundantly detected by at least one 291 

of these antisera, and protein masses were in the expected range (Fig. 2). 292 

Interestingly, the PrV-specific antiserum showed unambiguous reactions only with 293 

proteins containing domain III of PrV gH, although a large fusion protein including 294 

major parts of the ectodomain had been used for immunization. The two HSV-1-295 

specific antisera reacted as expected, i.e. the anti-gHN serum only detected chimeric 296 

proteins containing domains I and/or II, whereas the anti-gHC serum detected 297 

proteins containing domains III and/or IV of HSV-1 gH (Fig. 2). 298 

Due to the considerable differences between PrV and HSV-1 in size of the whole gH 299 

proteins as well as of individual domains (Fig. 1), the apparent molecular masses of 300 
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the detected glycoproteins were also different. Whereas the predominant form of PrV 301 

gH (686 aa, calculated mass of the primary translation product 72 kDa) migrated at 302 

approximately 80 kDa, the authentic HSV-1 protein (838 aa, 90.5 kDa) exhibited an 303 

apparent mass of 120 kDa, and the masses of most chimeric proteins were in-304 

between (Fig. 2, black arrows). Only the apparent mass of the chimeric protein 305 

containing domains I-III of PrV gH and domain IV of HSV-1 gH (PI-III/HIV gH, 685 aa, 306 

72 kDa) was reduced compared to PrV gH, although the calculated sizes were 307 

almost identical. In contrast,  the  “reciprocal”  protein  HI-III/PIV gH (839 aa, 90.5 kDa) 308 

appeared larger than the authentic HSV-1 protein. Whereas various amounts of 309 

unglycosylated gH precursors (Figure 2, asterisks) and probable degradation 310 

products were found in all transfected cell lysates, presumably mature, fully 311 

glycosylated > 90 kDa forms were only detected of the authentic PrV gH and of the 312 

PI-III/H1IV chimeric protein (Fig. 2, grey arrows). Thus, in line with previous results 313 

(26, 36, 37), presence of the complex partner gL proved to be dispensable for 314 

maturation of PrV gH. In contrast, HSV-1 gL has been reported to be required for 315 

transport and final processing of gH (50), and an additional larger form of wild-type 316 

HSV-1 gH became visible after cotransfection of cells with gH and gL expression 317 

plasmids (results not shown). However, coexpression of HSV-1 gL did not influence 318 

processing of any of the chimeric proteins. 319 

Transport of the gH variants to the plasma membrane was investigated by IIF 320 

analyses of RK13 cells fixed 24h after plasmid transfection (Fig. 3). At the surface of 321 

nonpermeabilized cells only PrV gH and PI-III/HIV gH were exposed at significant 322 

levels, whereas all other chimeras as well as HSV-1 gH were barely detectable. 323 

However, abundant expression of all gH constructs was found in permeabilized cells 324 

(Fig. 3). As in our earlier studies (36), cotransfection of cells with gH and gL 325 
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expression plasmids did not significantly enhance surface localization of any gH 326 

variant, which might have been partly due to insufficient coexpression of both 327 

proteins in the same cell (results not shown).  328 

 329 

In vitro fusion activity of chimeric gH proteins. It has been demonstrated in 330 

previous studies that transient coexpression of HSV-1 or PrV gB, gH/gL and gD 331 

induces the formation of syncytia in cell culture (14, 51). Unlike in HSV-1, PrV gD 332 

and, under certain conditions, also gL are not absolutely essential for in vitro cell 333 

fusion (14). However, in both systems deletion of C-terminal internalisation signals 334 

led to accumulation of gB at the cell surface and enhanced in vitro cell fusion activity 335 

(14) (52, 53). Therefore, C-terminally truncated forms of PrV gB (gB008 (43)) and 336 

HSV-1 gB (expressed from pcDNA-H1FgBBX) were used in this study to allow 337 

detection of even minimal in vitro fusion activity in presence of the gH chimeras. For 338 

the same reason, the fusion assays were evaluated not only after 24h (Fig. 4A), but 339 

also 48h (Fig. 4B) after cotransfection of RK13 cells with expression plasmids. 340 

Although a variety of combinations of proteins originating from the two virus species 341 

were tested, for clarity only positive results together with relevant controls are shown. 342 

In assays including gB008, gL and gD from PrV, only wild-type PrV gH and the 343 

chimeric protein PI-III/H1IV gH induced significant cell fusion (Fig. 4B), whereas 344 

HSV-1 gH, as well as all other gH chimeras proved to be non-functional. HSV-1 345 

glycoproteins induced significantly more pronounced cell fusion than the homologous 346 

PrV proteins (Fig. 4A, B), which, however, was completely abolished after 347 

substitution of HSV-1 gH by the PrV homolog, or any of the chimeras including PI-348 

III/HIV gH or the reciprocal HI-III/PIV gH. 349 
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Using PrV glycoproteins substitution of authentic gH by PI-III/HIV gH led to a 350 

reduction of syncytia size by approx. 50%, but additional substitution of PrV gB008 by 351 

HSV-1 gBBX led to an increase in size to more than 150% compared to the syncytia 352 

induced by the original PrV proteins (Fig. 4A). In contrast, after single substitution of 353 

gB only a low fusion activity (approx. 25%) was retained, indicating that HSV-1 gB 354 

can only partly compensate for PrV gB. However, obviously the functional interaction 355 

of HSV-1 gB with chimeric gH PI-III/H1IV was much improved, and almost 356 

comparable to that obtained with authentic HSV-1 gH, gL and gD, which led to more 357 

than 200% of the PrV glycoprotein-induced syncytia size (Fig. 4A). 358 

In reciprocal fusion assays including HSV-1 gD, gH and gL, PrV gB008 could also 359 

partly compensate for HSV-1 gB resulting in approx. 60% of the activity of the PrV 360 

glycoproteins (Fig. 4A). This was in line with previous results demonstrating that gB-361 

deleted HSV-1 can be propagated in cell lines expressing PrV gB, but not vice versa 362 

(29). 363 

In the HSV-1 system, substitution or omission of gL led to a complete loss of fusion 364 

activity, whereas approx. 10% of activity was retained after replacement of PrV gL by 365 

HSV-1 gL in the PrV glycoprotein set (Fig. 4B). However, in the absence of any gL, 366 

PrV gB008, gD, and gH induced more pronounced syncytia formation (Fig. 4B). 367 

Interestingly, the gH chimera HI/PII-IV together with gB008 and gD from PrV, 368 

exhibited an in vitro fusion activity of approx. 20% of the authentic PrV glycoproteins 369 

only in the presence of HSV-1 gL, but not of PrV gL (Fig. 4B). This finding indicates 370 

that this gH chimera, although mainly containing PrV sequences, is strictly dependent 371 

on gL (of HSV-1) for processing and/or function similar to wild-type HSV-1 gH. 372 

Unlike in HSV-1, gD is known to be dispensable for PrV-induced membrane fusion 373 

(14), and an in vitro fusion activity of approx. 40% of that of the complete PrV 374 
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glycoprotein set was retained when gD was omitted (Fig. 4B). Surprisingly, however, 375 

inclusion of HSV-1 gD almost abolished function of the core set of PrV fusion 376 

proteins, and neither HI/PII-IV gH, PI-III/HIV gH nor any other gH chimera supported 377 

cell fusion in the presence of HSV-1 gD (Fig. 4B).  378 

 379 

Trans-complementation of gH-deleted PrV and HSV-1. Since our in vitro fusion 380 

assays revealed that the gH chimeras HI/PII-IV and PI-III/HIV are at least partially 381 

functional, RK13-derived cell lines were prepared which stably expressed these 382 

proteins or authentic gH of PrV or HSV-1. Previous studies have shown that gH is 383 

essential for formation of infectious virus particles as well as for direct cell-to-cell 384 

spread in both PrV and HSV-1 (19-21). Therefore, it was attempted to propagate a 385 

phenotypically complemented, gH-negative PrV mutant (pPrV-∆gHABF) (36), and a 386 

corresponding HSV-1 mutant (pHSV-1∆gH)  in  the  novel  cell  lines.  Evaluation of these 387 

studies was facilitated by GFP-expression of both virus mutants. 388 

Whereas pHSV-1gH exhibited almost wild-type like virus titers and plaque sizes on 389 

cells expressing HSV-1 gH, the virus remained restricted to single infected HI/PII-IV 390 

gH- or PI-III/HIV gH-expressing cells, and no infectious progeny virus was obtained 391 

even after 4 d at 37°C (not shown). These results were not surprising, since both gH 392 

chimeras required coexpression of PrV gD for in vitro function (see above). 393 

The HSV-1 gL-dependent chimera HI/PII-IV gH also failed to complement gH-deleted 394 

PrV in trans (results not shown). However, on RK13 cells expressing PI-III/H1IV gH 395 

plaque formation of pPrV-gHABF was restored (Fig. 5A). Mean plaque areas of the 396 

gH-negative PrV mutant reached approx. 21 % of those of the parental virus pPrV-397 

gGG (38), whereas on cells expressing wild-type PrV gH (RK13-PgH) plaque areas 398 
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of pPrV-gHABF were restored to more than 50 % of the wild-type size (Fig. 5B). 399 

Maximum infectious virus titers of pPrV-gHABF on PI-III/H1IV gH expressing cells 400 

were reduced approx. 5fold compared to the same virus propagated on RK13-PgH 401 

cells, or to pPrV-gGG on cells expressing the chimeric gH (Fig. 5C). In contrast, 402 

neither productive replication nor spread of pPrV-gHABF was observed on normal 403 

RK13 cells (Fig. 5A-C), demonstrating that PI-III/H1IV gH is functional in the viral 404 

context. 405 

Remarkably, plaque sizes and titers of wild-type like pPrV-gGG were significantly 406 

larger/higher on normal RK13 cells than on cell lines expressing native or chimeric 407 

PrV-gH (Fig. 5A, C). Therefore it is conceivable, that the incomplete trans-408 

complementation of gH-deleted PrV on these cells is also partly due to interference 409 

effects of overexpressed gH.  410 

411 
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Discussion 412 

The crystal structures of the gH homologues of HSV-2, EBV and PrV revealed a 413 

highly conserved organization of the gH ectodomain into four subdomains (1, 33, 34). 414 

However, despite these structural similarities, and an essential function of gH during 415 

herpesvirus entry and spread, no functional complementation between gH homologs 416 

of different virus species has been observed up to now. This indicates highly specific 417 

interactions of gH with other viral proteins involved in membrane fusion like gL and, in 418 

many alphaherpesviruses, also gD. Remarkably, the mechanism of function of the 419 

herpesvirus core fusion protein gB seems to be more general, since functional trans-420 

complementation between the gB homologs of several alphaherpesviruses has been 421 

described (29, 30, 32), and was confirmed for the gB homologues of PrV and HSV-1 422 

in the present study. 423 

The main objective of the present study, however, was to analyse whether individual 424 

domains of gH can be exchanged between gH proteins of the alphaherpesviruses 425 

PrV (genus Varicellovirus) and HSV-1 (genus Simplexvirus). Therefore, we created 426 

six gH chimeras (Fig. 1) in which contiguous domains of PrV and HSV-1 gH were 427 

fused. Based on the previously described domain subdivision of gH (1), positionally 428 

or structurally conserved stretches within the two parental proteins were utilized to 429 

create domain junctions within the chimeric protein in order to avoid severe structural 430 

alterations which might affect protein folding and stability. Consistently, all designed 431 

gH chimeras were abundantly expressed in plasmid-transfected mammalian cells, 432 

and obviously glycosylated. 433 

However, final maturation and translocation to the cell surface was impaired in most 434 

cases. For proteins containing the N-terminal, gL-binding domain I of HSV-1 gH (33), 435 
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this can be explained by insufficient transient coexpression of gL, which is essential 436 

for maturation, transport and virion incorporation of gH in HSV-1 (50) (25). 437 

In PrV, gL was shown to be nonessential for gH maturation and translocation (26, 438 

36), but nevertheless chimeras containing only domain I or domains I and II of PrV 439 

gH were also neither finally processed nor efficiently translocated to the surface of 440 

transfected cells. Since these defects were also not corrected after coexpression of 441 

gL, they were presumably due to improper folding of the chimeric proteins. 442 

Remarkably, our previous studies revealed that introduction of artificial cysteine 443 

residues leading to the formation of disulfide bonds within a syntaxin-like bundle of -444 

helices in domain II, but also between domains II and III, severely affected maturation 445 

and function of PrV gH, indicating that flexibility and defined intramolecular 446 

interactions within and between these protein parts are critical (36). 447 

In contrast, the chimera containing PrV gH domains I to III and HSV-1 gH domain IV 448 

(PI-III/HIV gH) showed partial maturation and considerable surface exposition even in 449 

the absence of gL like wild-type PrV gH (Figs. 2, 3). Thus, the best conserved gH 450 

domain IV can be substituted between different gH homologues which indicates that 451 

it may function more independently from the rest of the molecule. 452 

In vitro fusion assays were performed to investigate function of the gH chimeras in 453 

different combinations with gL, gD and gB from PrV or HSV-1. C-terminally truncated 454 

forms of PrV and HSV-1 gB (gB008, gBBX) were used in these assays, since they 455 

have been shown to possess higher fusion activity , presumably due to an enhanced 456 

surface exposure caused by deletion of conserved internalisation signals from the 457 

cytoplasmic tail and/or altered membrane interactions  (14, 43, 52, 53). Thus, even 458 

low co-fusogenic activities of the tested gH variants should be easier to detect in 459 

these assays. However, only two out of six gH chimeras induced detectable 460 
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membrane fusion in any of the tested protein combinations: PI-III/HIV gH and HI/PII-461 

IV gH, when co-expressed with PrV and HSV-1 gL. respectively. 462 

In line with its wild-type like maturation and cell surface localization PI-III/HIV gH, 463 

together with PrV gB008, gD, and gL, induced syncytia reaching more than 50% of 464 

the size found with authentic PrV gH (Fig. 4). Surprisingly, activity of this gH chimera 465 

in fusion assays including HSV-1 gBBX and PrV gD and gL was substantially higher 466 

(> 150% of the authentic PrV glycoproteins). This might indicate that domain IV of 467 

HSV-1 gH specifically interacts with homologous gB to promote fusion, although 468 

HSV-1 gBBX also exhibited moderate fusion activity together with wild-type gH, gL, 469 

and gD of PrV. Paralleling heterologous complementation of gB-deleted HSV-1 by 470 

PrV gB (29), in vitro fusion activity was also observed when PrV gB008 was 471 

combined with HSV-1 gH, gL, and gD. However, a reciprocal gH chimera containing 472 

domains I to III from HSV-1, and domain IV from PrV proved to be non-functional with 473 

gB, gD and gL from either virus species. 474 

Interestingly, in vitro fusion activity of PI-III/HIV gH was abolished, when PrV gL or gD 475 

were omitted or when substituted by the homologous HSV-1 proteins (Fig. 4). Recent 476 

studies on gH chimeras between HSV-1 and SaHV-1 also revealed that domains I 477 

and II (corresponding to domains I to III in our nomenclature) are crucial for species-478 

specific interactions with gD and gL required for function (39). For PrV, however, our 479 

present studies confirmed earlier results demonstrating that in the presence of wild-480 

type gH, gD and gL are beneficial but not essential for membrane fusion (14). Thus, it 481 

remains to be elucidated whether the loss of function of PI-III/HIV gH in the absence 482 

of PrV gD and gL is due to additive defects, or whether domain IV of PrV gH 483 

possesses properties which enable gD- and gL-independent function. 484 
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The chimeric protein containing domain I from HSV-1 gH and domains II to IV from 485 

PrV gH (HI/PII-IV) also exhibited limited in vitro fusion activity, but only in the 486 

presence of HSV-1 gL, PrV gB008 and gD (Fig. 4). The requirement for HSV-1 gL is 487 

consistent with the structural information obtained for the EBV and HSV-2 gH/gL 488 

complexes (33, 34), in which intimate network of contacts was observed between 489 

domain I of gH and gL. Domain I is the least conserved gH domain that varies 490 

significantly in length and sequence in gH of different herpesviruses, and the 491 

resulting landscape of gH-gL interactions is unique for each gH-gL pair. As 492 

mentioned above, authentic PrV gH did not absolutely require gL for in vitro function, 493 

and substitution of PrV gL by the HSV-1 protein led to slightly lower fusion activity 494 

than observed in the absence of any gL. At present it is not clear, whether the 495 

heterologous gL actively disturbs function of the PrV fusion machinery by e.g. by 496 

aberrant gH interactions, or whether abundant coexpression of a useless protein 497 

simply leads to reduced amounts of the active components in the same cells. 498 

Interestingly, a spontaneous recombination event during passage of a gL-negative 499 

PrV mutant led to substitution of major parts of gH domain I by the gD ectodomain 500 

(Klupp & Mettenleiter, 1999), and the resulting chimeric gDH exhibited enhanced and 501 

completely gL-independent in vitro fusion activity (14). In contrast, substitution of gH 502 

domain I of PrV gH by the corresponding part of HSV-1 gH (HI/PII-IV gH) completely 503 

abolished gL-independent activity of PrV gH, and syncytia formation was restored to 504 

approx. 20% of the wild-type level only in the presence of HSV-1 gL. Thus, although 505 

domain I of PrV gH is obviously not directly involved in triggering membrane fusion, 506 

and is separated from the remaining active part of gH by the “fence” , a properly 507 

formed N-terminal domain or the heterodimeric complex seem to be indispensable for 508 

correct maturation and/or functional activation of gH. Remarkably, a reciprocal gH 509 
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chimera containing domain I from PrV and domains II-IV from HSV-1, was non-510 

functional regardless of the origin of the coexpressed gL, gB and gD. 511 

To test whether the two in vitro fusion-active gH chimeras were also functional in the 512 

viral context, stably expressing cell lines were prepared, and used for trans-513 

complementation studies with gH-deleted PrV or HSV-1 mutants. In agreement with 514 

earlier observations, cell lines expressing wild-type gH of PrV or HSV-1 did only 515 

complement the homologous, but not the heterologous virus mutants. In a cell line 516 

expressing HI/PII-IV gH neither of the gH deleted viruses exhibited any cell-to-cell 517 

spread or productive replication. This was not really surprising, since this gH chimera 518 

required presence of HSV-1 gL, and PrV gB and gD for in vitro function, which were 519 

never present together in the given settings.  520 

Despite considerable in vitro fusion activity of HSV-1 gBBx with PI-III/HIV gH, 521 

corresponding cell lines did not complement gH-deleted HSV-1. Most likely, this was 522 

due to the dependence of this gH chimera on PrV gD and gL. However, despite lower 523 

in vitro fusion activity with PrV gB008, cell lines expressing PI-III/HIV gH supported 524 

replication and spread of gH-deleted PrV (Fig. 5). Although maximum virus titres 525 

were reduced approx. 5fold, and plaque sizes reached only approx. 20% of wild-type 526 

PrV, these defects were less pronounced than those observed on non-527 

complementing cells for several PrV mutants possessing single amino acid 528 

substitutions within domains II, III, or IV of gH (36-38). Moreover, even cell lines 529 

abundantly expressing authentic PrV gH only partly trans-complemented the defect 530 

of gH-deleted PrV, and even wild-type PrV exhibited smaller plaques and lower titers 531 

on these transgenic cells than on normal cells. Thus, an excess of mainly immature 532 

chimeric or native gH seems to affect PrV replication in general, possibly by adverse 533 

competitive interactions with gD or gB during protein transport or during the fusion 534 
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process. Remarkably, a cell line which co-expresses PrV gH and gL at moderate 535 

levels supports almost wild-type like replication of gH-negative PrV (42). 536 

In summary, the present study confirms that gH, despite a high degree of structural 537 

and functional conservation (1, 33, 34, 54), exhibits multiple species-specific 538 

interactions with other proteins of the viral fusion machinery, which impede functional 539 

substitution of the entire protein, or even of parts of it, between different herpesvirus 540 

species. However, in line with a recent publication showing that function was retained 541 

when only the membrane proximal part of the gH ectodomain including membrane 542 

anchor and cytoplasmic tail was exchanged between two closely related 543 

alphaherpesviruses of the genus Simplexvirus (HSV-1 and SaHV-1) (39), we 544 

demonstrate here that a similar fragment of HSV-1 gH can also substitute for the 545 

corresponding part of the phylogenetically more distant pseudorabies virus, which is 546 

a member of the genus Varicellovirus (55). Moreover, we show that this chimeric gH 547 

is not only functional in transient in vitro assays, but also complements gH-deleted 548 

PrV in trans. Interestingly, the exchangeable part of gH represents the most highly 549 

conserved domain IV, and it has been speculated that structural changes within this 550 

domain during initiation of membrane fusion may lead to movement of a conserved 551 

basic  “flap”  to unmask an underlying hydrophobic region for membrane interaction to 552 

distort the viral envelope and prime it for fusion (1). Our previous experiments 553 

supported this hypothesis for PrV gH (38), and apparently the function of domain IV 554 

is similar in other herpesviruses, and partly independent from the preceding protein 555 

part. The present study also provides additional evidence for the relevance of the N-556 

terminal gH domain I for species-specific interactions with gL, and shows that a 557 

certain degree of gH function is retained when domain I is swapped together with the 558 

matching gL. In contrast, separate substitution of gH domains II and III between HSV-559 
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1 and PrV always led to a complete loss of function indicating that these mainly -560 

helical domains may form a highly interdependent functional unit. This was also 561 

suggested by our previous studies which showed that certain artificial disulfide bonds 562 

connecting domains II and III of PrV gH severely affected function in transient fusion 563 

assays, as well as during virus entry and spread (36). On the other hand, it should be 564 

considered that the interfaces between domains II and III are structurally different in 565 

the three characterized gH homologues (1), and might represent adaptations that 566 

permit optimal interactions with the homologous core fusion protein gB, and other 567 

accessory fusion promoting proteins like gD. 568 
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Figure Legends 574 

Fig. 1. Diagram of the generated gH chimeras. The ectodomains of PrV and HSV-1 575 

gH are coloured in different shades of green and red, respectively. Signal peptides 576 

(SP) and cytoplasmic tails (C-tail) are shown in grey, and transmembrane domains 577 

(TM) are highlighted in brown. Structurally conserved subdomains are indicated by 578 

roman numbers (I – IV). The last amino acids of the determined or predicted 579 

(Geneious) structural elements of PrV gH (accession # AAA47466) and HSV-1 gH 580 

(accession # AJE60179), as well as the last and first amino acids of the two 581 

components of chimeric proteins are given above the respective bars. For clarity, the 582 

proteins were not drawn to scale. 583 

 584 

Fig. 2. Western blot analyses of transfected RK13 cells. 48 h after transfection with 585 

expression plasmids for the indicated gH variants cell lysates were prepared, and 586 

separated by SDS-PAGE. Blots were incubated with monospecific rabbit antisera 587 

against PrV gH, or the N-terminal and C-terminal parts of HSV-1 gH, respectively. 588 

The probable primary translation products (asterisks), as well as immature (black 589 

arrows) and mature (grey arrows) glycosylated forms of native or chimeric gH are 590 

labelled. Molecular masses of marker proteins are indicated on the left. 591 

 592 

Fig. 3. IIF analyses of transfected RK13 cells. 24 h after transfection with expression 593 

plasmids for the indicated gH variants the celIs were fixed with 3% paraformaldehyde 594 

for detection of surface proteins, and optionally permeabilized with 0.5% Triton X-100 595 

for quantification of total protein amounts. Native and chimeric proteins were detected 596 
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using monospecific antibodies against PrV gH, or the N-terminal and C-terminal parts 597 

of HSV-1 as indicated. Bar: 200 m. 598 

 599 

Fig. 4. In vitro fusion assays. RK 13 cells were cotransfected with different 600 

combinations of four expression plasmids for C-terminally truncated gB, gD and gL of 601 

PrV (P) or HSV-1 (H1), and for native or chimeric gH as indicated. A GFP expression 602 

plasmid was added to facilitate detection of syncytia, and if expression plasmids for 603 

individual glycoproteins were omitted (minus signs), they were substituted by the 604 

same DNA amount of the empty expression vector. 24 h (A) or 48 h (B) after 605 

transfection the assays were analysed by fluorescence microscopy. For each protein 606 

combination, the areas of 50 syncytia were measured in 5 random fields of sight, and 607 

mean sizes and standard deviations from three independent experiments were 608 

calculated. For standardisation, the syncytia sizes induced by the complete PrV set of 609 

glycoproteins were set to 100%. Only the negative parts of the error bars are shown. 610 

 611 

Fig. 5. Trans-complementation of gH-deleted PrV. Normal RK13, RK13-PgH, and 612 

RK13-PI-III/HIVgH cells were infected with phenotypically complemented gH-613 

negative pPrV-gHABF (gH), or the parental gH-positive virus pPrV-gGG (WT). 614 

(A) After 2 d (pPrV-gGG on RK13) or 3 d (others) at 37°C under plaque-assay 615 

conditions autofluorescence of virus-expressed GFP was analysed. Bar: 500 µm. (B) 616 

Mean areas of 50 plaques per virus and cell were calculated. To facilitate 617 

comparison, plaque sizes of pPrV-gGG were set to 100% on each cell line. 618 

Negative standard deviations are indicated. (C) Mean progeny virus titers and 619 
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standard deviations were determined 4 d after infection at a MOI of 0.01 in three 620 

independent experiments.  621 

622 
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Table 1: Primers for cloning of HSV-1 glycoprotein genes 623 

primer site Sequence nucleotide position 

HHV1gB-F BamHI 5’-CACAGGATCCGTCCCGCCATGCGCCAG-3’ 55,702– 55,718 (r) 

HHV1gB-R EcoRI 5’-CACAGAATTCCCCCCCGTCACAGGTCGTCC-3’ 52,989 – 53,008 

HHV1gD-F EcoRI 5’-CACAGAATTCCGGTATGGGGGGG-3’ 138,274 – 138,289 

HHV1gD-R XhoI 5’-CACACTCGAGCTAGTAAAACAAGGGCTGG-3’ 139,447 – 139,465 (r) 

HHV1gH-F HindIII 5’-CACAAGCTTCCACCATGGGGAATGG-3’ 46,289 – 46,301 (r) 

HHV1gH-R XhoI 5’-CACACTCGAGTTATTCGCGTCTCC-3’ 43,783 – 43,796 

HHV1gL-F EcoRI 5’-CACAGAATTCCGCTATGGGGATTTTGGGTTG-3’ 9,268 – 9,288 

HHV1gL-R NotI 5’-CACAGCGGCCGCATCATTAGATGCGCCG-3’ 9,935 – 9,952 (r) 

 624 

Extensions are printed in italics, and restriction sites are underlined. Start codons and 625 

reverse stop codons are printed in bold letters. Nucleotide positions refer to the 626 

genome sequence of HSV-1 strain F (GenBank accession # GU734771), and (r) 627 

indicates that primers correspond to the reverse strand. 628 

629 
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Table 2: Primers for construction of gH chimeras 630 

primer (site)r Sequence nucleotide positions 

PgHD3HgHD4-F 5‘-TCGCGCGCGCCGCGCCCGAGGCCTCACATCGGTGC-3‘ 
PrV: 62,232-62,2451 

HSV-1: 44,344-44,361 (r)  

PgHD2HgHD3-F 5‘-GGCCGGCTGCCCCGCGGATTCTGTGTTTTTTAATG-3‘ 
PrV: 61,705-61,717 

HSV-1: 44,9,88-45,011 (r) 

PgHD1HgHD2-F 5‘-CGGCGGCGGTGTGGCCCGTGGGCATCTG-3‘ 
PrV: 61,182-61,195 

HSV-1: 45,554-45,571 (r) 

HgHD1PgHD2-F 

(NheI) 
5‘-CCCCGTCGGCtagcACGTGGCCCGCGGAGGTGGC-3‘ 

HSV-1 45,564-45,587 (r) 

PrV: 61,196-61,209 

HgHD2PgHD3-F  

(XhoI) 
5‘-GCCGCtCGaGGGGCCGCGGGCTGTGCCGCGGGCTTCGCCGGGC-3‘ 

HSV-1: 45,006-45,036 (r) 

PrV: 61,718-61,733 

HgHD3PgHD4-F 

(NheI) 
5‘-GCGCCTTCGTCCCTGAGATCCCCGCCGAGGCGCTGCTaGCCCTG-3‘ 

HSV-1: 44,359-44,375 (r) 

PrV: 62,249-62,278 

T7 5‘-TAATACGACTCACTATAGGG-3‘ pcDNA3 (upstream of gH) 

SP6-25 5‘-CTCTAGCATTTAGGTGACACTATAG-3‘ pcDNA3 (downstream of gH) 

 631 

Designations of the domain fusion primers indicate the virus specificities of their   5’  632 

and  3’  parts  and  the  encoded  gH  domain  ends  or  beginnings  (Arabian  numbers).  PrV  633 

(P) sequences are printed in italics, HSV-1 (H) sequences are printed in bold, and 634 

bold italics indicate identical sequence overlaps. Artificially introduced restriction sites 635 

are underlined, and nucleotides altered by silent mutations are printed in lower case 636 

letters. Reverse domain fusion primers were complementary to the shown forward (F) 637 

primers. Nucleotide positions refer to the genome sequences of PrV strain Ka 638 

(GenBank accession # JQ809328), and of HSV-1 strain F (GenBank accession # 639 

GU734771), and (r) indicates that sequences correspond to the reverse strand. 640 

641 
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IX. Summary of the doctoral thesis: 

“Structure	  based	  functional	  analyses	  of	  the	  pseudorabies	  virus	  glycoprotein	  H” 

provided by Sebastian Böhm 

Entry and spread of enveloped viruses can be used as a basic model for membrane 
fusion in eukaryotic cells, since the viral fusion machineries consist of only few proteins. 
Whereas influenza virus uses only one protein for attachment and penetration, 
alphaherpesviruses require four different envelope glycoproteins for these processes: 
core fusion protein gB, heterodimer gH/gL and gD. After attachment to specific 
receptors like nectin-1/-2 gD is considered to submit a signal to gH/gL, leading to 
conformational changes in gH. These are assumed to activate the fusogen gB, resulting in 
merger of the viral envelope with the host cell membrane. However, experimental 
studies are required to elucidate this process in detail.  
This thesis is focused on gH and its role in herpesvirus induced membrane fusion. Based 
on the recently resolved crystal structures of a core fragment of PrV gH, and of the 
gH/gL complexes of HSV-2 and EBV, targeted amino acid substitutions were introduced 
into domains II and III of PrV gH. Appropriately located cysteine pairs can lead to 
formation of artificial disulfide bonds, immobilizing e.g. the “syntaxin-like-bundle” (SLB) 
of three -helices in domain II of gH, which are supposed to undergo structural changes 
like similar helices in eukaryotic fusogens (Syntaxin-1A). The introduced alterations 
clamped the SLB helices (α2-α4) to each other (A250C-A276C : α2-α3; A253C-A269C : 
α2-α3;	  A284C-S291C	  :	  α3-α4), to a proximate β-sheet	  designated	  as	  “fence”	  (V174C-
A270C	  :	  β3-α3), or to domain III (H251C-L432C	  :	  α2-α11;	  A252C-A419C	  :	  α2-α10). 
Prolines were inserted to disrupt either of the	  three	  α-helices, which resulted in 
inhibition of maturation, transport, and virion incorporation of gH, almost complete loss 
of function in membrane fusion and entry. The effects of the proline mutation in helix 3 
were shown to be partly corrected by a compensatory mutation within the same helix 
(V271A). Structure predictions indicate, that helix distortion by the proline mutation 
affects packing of the SLB to the fence, and that the substitution of valine by the smaller 
amino acid alanine at an adjacent position enables a closer packing, which is necessary 
for gH maturation and/or function.  
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After synthesis at the rER, gH is transported for final processing to the Golgi apparatus 
and either incorporated into virions or forwarded to the cell surface. In western blots 
analyses, several of the generated disulfide bond mutants showed maturation defects 
(H251C-L432C; A250C-A276C), whereas others did not (e.g. A284C-S291C). Indirect 
immunofluorescence investigations further revealed that transport of maturation 
deficient gH to the cell surface was inhibited. Nevertheless, several gH mutants (H251C 
and A250C-A276C) exhibited wild-type like in vitro fusion activities when coexpressed 
with PrV gB, gD, and gL. Thus, minimal amounts of mature gH on the cell surface are 
sufficient for function. Also flexibility of the SLB seems to be crucial for effective 
function, since clamping of two of the -helices in gH mutant A284C-S291C led to 
strongly reduced fusion activity, inefficient cell-to-cell spread and a very slow 
penetration, although maturation, cell surface expression and virion incorporation of gH 
were not affected. The defects were partly corrected after treatment with DTT, which 
reduces disulfide bonds. Transient in vitro fusion assays include the same viral 
glycoproteins which are also involved in virus entry, but the present studies indicated 
some mechanistic differences between these two fusion events. This was demonstrated 
by gH mutation A250C-A276C which barely affected fusion but entailed significantly 
delayed penetration kinetics of a corresponding virus recombinant. Conversely, neither 
of the above mentioned gH mutants V275P and V271A-V275P showed any in vitro fusion 
activity but nevertheless the compensatory mutation V271A increased plaque sizes 
(about 200 fold), and infectious virus titers of the A275P mutant about 200-fold, and 
10.000-fold, respectively. Thus different elements of gH might be relevant for efficient 
transport to the cell surface and virion incorporation, and different amounts or 
structural properties of gH might be required for fusion between two plasma 
membranes or viral envelope and plasma membrane.  
gH chimeras composed of gH domains originating from two different alphaherpes-
viruses, HSV-1 and PrV, were constructed to test functional conservation and 
independence of structurally conserved domains. The studies revealed that replacement 
of the best conserved domain IV  in PrV gH by the corresponding part of HSV-1 gH leads 
to a functional protein which is able to activate the core fusion proteins gB of PrV and 
HSV-1 in transient fusion assays. The least conserved domain I of HSV-1 gH could 
substitute for the corresponding domain in PrV gH, but only when coexpressed with HSV 
gL. This finding demonstrated that gH domain I is required and sufficient for interaction 
with the corresponding gL. Separate exchange of domains II and III between PrV and 
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HSV-1 generally resulted in complete loss of function indicating species-specific protein 
interactions and a structural interdependence of these domains. In vitro assays further 
confirmed that the core fusion machinery of PrV, unlike that of HSV-1, exhibits activity in 
the absence of gD or gL. Interestingly, gD-independent fusion activity of the PrV set of 
glycoproteins was blocked by addition of HSV-1 gD, indicating that this protein might 
possess not only activating, but also inhibitory functions to prevent unspecific fusion 
reactions. gD-independent membrane fusion was also not observed with the two gH 
chimeras, which both required PrV gD for function. 
To determine whether in vitro fusion activity of these gH chimeras correlated with 
function during virus infection, stably expressing cell lines were prepared and tested for 
trans-complementation of gH-deleted PrV or HSV-1. The gH chimera consisting of HSV-1 
domain I and PrV domains II to IV did not support replication of either of the virus 
mutants. However, the gH chimera containing domains I to III from PrV and domain IV 
from HSV-1 enabled cell-to-cell spread and formation of infectious, phenotypically 
complemented, virus particles of gH-deleted PrV at high titers. This finding represents 
the first example for function of a chimeric form of the essential herpesvirus 
glycoprotein H in the viral context. 

X. Zusammenfassung 
Als einfaches Fusionsmodell werden virale Penetrationsmechanismen herangezogen, 
wobei es bereits in der Anzahl der hieran beteiligten Proteine große Unterschiede 
zwischen den verschiedenen Virusfamilien gibt. Während bei Influenza nur ein einziges 
Protein benötigt wird, sind es bei den Herpesviren bereits vier verschiedene: das 
Homotrimer gB, das Heterodimer gH/gL und gD. Im ersten Schritt der Adsorption bindet 
gD an Nectin-1/-2 und leitet ein Signal an gH/gL weiter, wodurch 
Konformationsänderungen ausgelöst werden die durch noch unbekannte Mechanismen 
für die Aktivierung von gB sorgen. Dieses einfache Schema sollte jedoch nur als 
momentanes Arbeitsmodell betrachtet werden und kann jederzeit durch neue 
Erkenntnisse erweitert und verändert werden. Die genauen Mechanismen der 
Interaktion, Konformationsänderungen und Signalweiterleitung sind noch nicht oder 
nur teilweise erforscht und verstanden. In den nachfolgenden Untersuchungen wurde 
das Glykoprotein H untersucht, um dessen Funktion während des Fusionsprozesses 
etwas näher zu beleuchten. 
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Nachdem 2010 die Kristallstruktur des Glykoproteins H aufgeklärt wurde, konnte 
zielgerichtet in die Struktur eingegriffen werden um eine funktionelle Analyse der 
unterschiedlichen Domänen durchzuführen. Dafür wurden Cysteine eingebaut um 
künstliche Disulfidbrückenbindungen zu schaffen, die die Strukturen arretieren und 
somit mögliche Konformationsänderungen verhindern sollten. Im Fokus stand hierbei 
das	  „syntaxin-like-bunde“	  (SLB),	  welches	  strukturelle	  Ähnlichkeit zu dem 
eukaryotischen Fusogen Syntaxin-1 besitzt. Die artifiziellen Disulfidbrücken arretierten 
die	  SLB	  helices	  mit	  der	  „fence“-Region, untereinander und mit der Domäne III. Des 
Weiteren	  wurden	  die	  drei	  α-helices durch Prolineinbau unterbrochen, mit dem Resultat 
starker Störungen in der Prozessierung, im Transport und in der Fusion. Eine 
kompensatorische Mutante einer Prolininsertion und die Disulfidbrückenmutante 
welche	  die	  SLB	  mit	  der	  „fence“	  Region	  verbindet	  zeigen dass eine bessere Anlagerung 
bzw. Arretierung keine negativen bzw. sogar kompensatorische Auswirkungen haben 
kann. Im	  Gegensatz	  dazu	  haben	  einige	  der	  Disulfidbrückenmutanten	  die	  die	  α-helices 
des SLB untereinander oder mit der Domäne III verbinden zum Teil starke 
Einschränkungen in der Proteinreifung, dem Transport zur Zelloberfläche bzw. 
Virioneneinbau, Fusion, Virusausbreitung und Wirtszellpenetration zur Folge. Anhand 
des unterschiedlichen Auftretens der Einschränkungen lässt sich erkennen, dass die 
Beweglichkeit des SLB als auch die strukturelle Integrität für die Funktion von gH von 
großer Bedeutung ist. Die Ergebnisse zeigen aber auch, dass bereits geringe Mengen von 
gH eine wirkungsvolle Fusion ermöglichen.  
Im zweiten Abschnitt der Arbeit wurden die vier Domänen des PrV gH mit denen des 
nah verwandten HSV1 gH ausgetauscht. Dabei wurde in den in vitro Fusionsassays 
ersichtlich, dass die am höchsten konservierte Domäne IV von HSV1 in PrV gH 
eingesetzt werden kann und Fusion im PrV Hintergrund aufweist, bei Austausch des PrV 
gB gegen das von HSV jedoch noch stark gesteigert werden konnte. Dies deutet darauf 
hin, dass eine Signalweiterleitung an gB durch die Domäne IV von gH erfolgt, die 
Weiterleitung an das homologe gB jedoch deutlich effizienter ist. Hingegen ist die am 
wenigsten homologe Domäne I für eine Interaktion mit gL notwendig, wie bereits aus 
vorhandenen Kristallstrukturen von EBV und HSV-2 ersichtlich war. Bei dem chimären 
PrV gH welches die Domäne I von HSV besitzt, konnte bei Koexpression von HSV gL mit 
PrV gB und gD eine geringe Fusion gemessen werden, was auf eine domänenspezifische 
Funktion hinweist. Der Fusionsapparat von PrV ist jedoch auch in der Lage ohne gL oder 
ohne gD die Membranen miteinander zu verschmelzen, der von HSV1 jedoch nicht. 
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Eigenanteil der Publikationen  

 Structure-Based Functional Analyses of Domains II and III of   Pseudorabies 

Virus Glycoprotein H 

Das Expressionsplasmid welches für die Konstruktion der gH Varianten und 

Herstellung der rekombinanten Viren verwendet wurde, ist von Elisa Eckroth 

und Walter Fuchs erstellt worden. Das Generieren der gH Mutanten und die 

jeweiligen in vitro Versuche, als auch die nachfolgenden 

Viruscharakterisierungen wurden von mir selbst durchgeführt. 

 

The	  replication	  defect	  of	  pseudorabies	  virus	  induced	  by	  a	  targeted	  α-helix 

disruption in the syntaxin-like bundle of glycoprotein H (V275P) is partly 

corrected by an adjacent compensatory mutation (V271A) 

Die kompensatorische Mutante wurde von Dr. Walter Fuchs isoliert, in einen 

Expressionsvektor kloniert und wieder in ein rekombinantes Virus 

zurückgeführt. Alle beschriebenen in vitro Versuche als auch 

Viruscharakterisierungen wurden von mir selbst durchgeführt. 

 

Functional characterization of glycoprotein H chimeras composed of 

conserved domains of the pseudorabies virus and herpes simplex virus 

type 1 homologs 

In dieser Arbeit wurden alle Chimären von mir selbst kloniert und anschließend 

in den beschriebenen in vitro Versuchen charakterisiert. Die beschriebenen 

Zelllinien habe ich selbst hergestellt und die dazugehörigen Versuche 

durchgeführt, mit Ausnahme der Vermessung der resultierenden Plaquegrößen, 

was von Dr. Walter Fuchs durchgeführt wurde. 

         ……………………………………. 

Obige Angaben werden bestätigt:     Dr. Walter Fuchs 

             

         …………………………………… 

         Prof. Dr. Dr. Mettenleiter   
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