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Abstract 

Herpesviruses are a diverse family of enveloped double-stranded DNA viruses that infect 

a wide range of animal hosts, including humans. These viruses enter cells by fusion of the 

viral envelope with a host cell membrane using conserved fusion glycoprotein B (gB) and 

its heterodimeric activator gH/gL plus additional nonconserved proteins. This complexity 

sets herpesviruses apart from most other enveloped viruses, which require only one or 

two proteins for entry, and resembles cellular fusion processes. However, the mechanism 

of herpesvirus entry is not well defined. 

 

Herpes Simplex virus (HSV) causes mucocutaneous lesions as well as severe conditions 

such as ocular infections and encephalitis. HSV has provided an excellent system for 

studying herpesvirus entry. Structural, biochemical and functional characterization of the 

four viral proteins required for HSV membrane fusion, gD, gB and gH/gL, has defined 

their functions, but the mechanism remains elusive.  

 

In this work, we set out to answer several questions about how gB and gH/gL are 

regulated. It is presumed that gB catalyzes fusion by undergoing conformational changes 

that provide the energy for this process, and that gH/gL plays a role in activating gB, 

likely via direct interaction of their ectodomains. Additional sources of regulation may 

come from the intraviral cytoplasmic domain of gB, which is thought to repress fusion, 

and the short cytoplasmic tail of gH, which may be involved in activating gB, possibly 

via a direct interaction with the gB cytoplasmic domain. However, the potential  
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regulatory mechanisms of these intraviral domains remains unknown.  

 

Here, we show that the cytoplasmic domain of gB represses its fusion activity via a 

unique mechanism requiring sequences that exhibit membrane binding activity and 

preservation of the membrane-bound conformation. We provide the first structural model 

of this native conformation and propose that structural studies of the cytoplasmic domain 

must involve membrane. Additionally, we propose that the gH cytoplasmic tail regulates 

the fusion activity of gB via an indirect mechanism, perhaps involving membrane 

interaction. Finally, we show that the postfusion conformation of gB tolerates several 

mutations believed to destabilize this conformation, supporting previous conclusions that 

the postfusion form of gB is highly stable. Most importantly, these experiments tell us 

that membrane plays a critical role in gB function.  
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1.1      ENTRY OF ENVELOPED VIRUSES AND THE ROLE OF 
MEMBRANE FUSION 

 

All viruses face the same challenge: in order to survive, they must find a way to break 

into the host cell and access its protein production machinery. Host cells are guarded by a 

lipid bilayer, which prevents non-specific entry of even the smallest viral particles. Non-

enveloped viruses lack a lipid bilayer and so have evolved a variety of different strategies 

for entry, some of which are not well understood (185). Enveloped viruses, however, take 

advantage of the similarity between viral and host cell membranes by fusing them 

together, creating a direct lipid channel through which the capsid can be delivered. This 

fusion event requires deformation of the host cell membrane at great energetic cost, and 

this energy is provided by viral fusion proteins. While there are many mechanisms used 

by enveloped viruses to accomplish membrane fusion, in all cases it is a tightly regulated 

process involving multiple steps. 

 

1.1.1   Routes of Enveloped Viral Entry  

Enveloped viruses can penetrate the host cell membrane by one of two processes: 

endocytosis; or fusion at the plasma membrane (Fig. 1-1). Some viruses, like influenza 

and dengue, can only enter cells via endocytosis (79, 145). Others, such as retroviruses 

and herpesviruses, can use either route of entry depending on the virus and cell type (50, 

83). For both routes, entry begins with contact between a viral glycoprotein and a cellular 

receptor. In the case of plasma membrane fusion (Fig.1-1, left panel), this contact 

initiates the viral fusion process. For endocytic entry (Fig. 1-1, right panel), virion-cell 
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Figure 1-1: Two routes of enveloped viral entry (25, 37): fusion at the plasma 

membrane (left); and endocytosis, followed by fusion with the endocytic vesicle 

(right). 
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contact initiates a signaling cascade within the host cell that prompts the cell to take up 

the virus using the host endocytic machinery. As the virion is trafficked through the host 

cell within the endosome, it receives a signal (either receptor interaction or low pH) and 

fuses its envelope with the vesicle membrane, delivering the capsid (122, 132). Timing of 

this fusion trigger is crucial, as continued acidification of the endocytic vesicle will lead 

to destruction of its contents, including the virion (168).   

 

1.1.2 Mechanism of Viral Membrane Fusion  

1.1.2.1 Role of viral fusion proteins 

Both routes of enveloped virus entry require fusion of two membranes. Due to repulsive 

electrostatic forces, the resting distance between two hydrophobic membranes is 10 to 20 

nm (30), which is not close enough for fusion to occur. In order to bring the membranes 

into proximity and overcome the activation energy barrier to membrane fusion, viruses 

utilize a fusion protein, or fusogen, expressed on the viral envelope (79). Fusogens are 

not unique to viruses; they are found in all cases of cellular membrane fusion such as 

exocytosis, vacuole fusion and cell-cell fusion (123). Viral fusion proteins are 

glycosylated transmembrane proteins that form oligomers (50) (Fig. 1-2A). These 

proteins consist of an ectodomain expressed on the virion surface, a transmembrane 

domain and a C-terminal cytoplasmic domain (cytodomain) residing within the virion. 

The ectodomains contain peptide sequences, known as fusion peptides or loops (Fig. 1-

2A, marked with asterisks), which can insert directly into the host cell membrane (50). 

Fusion proteins are expressed on the viral envelope in a metastable or “spring-loaded” 

state, termed the "prefusion" conformation (Fig. 1-2A) (79). By undergoing a series of 
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Figure 1-2: Steps in viral membrane fusion. The generic viral fusion protein is shown in 

red and blue, with fusion peptides highlighted in yellow and marked in panel A with 

asterisks. Domains are indicated by brackets. Ecto: ectodomain; TM: transmembrane 

domain; cyto: cytoplasmic domain. Intermediate stages of fusion are labeled above each 

panel. Adapted from (79). 
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conformational changes, as described below, fusion proteins act as catalysts, liberating 

the energy required to overcome the thermodynamic barrier to membrane fusion.   

 

Upon receiving a signal, such as receptor binding or a drop in pH, the fusion protein 

oligomer is destabilized and begins to undergo a conformational change, exposing the 

previously hidden fusion peptides. The protein then adopts an extended intermediate 

conformation and inserts its fusion loops into the host cell membrane (Fig. 1-2B), 

bridging the two membranes. This insertion dehydrates and perturbs the lipid membrane, 

lowering the energetic barrier to lipid mixing (50). Following fusion peptide insertion, the 

protein collapses back on itself into a hairpin intermediate, dragging the host and viral 

membranes together (Fig. 1-2C). As the fusion protein continues to fold back onto itself, 

the outer leaflets of the two membranes are joined into a hemifusion intermediate (Fig. 1-

2D). Finally, the inner leaflets of the two membranes fuse, creating a lipid pore between 

the virion and the cellular cytoplasm through which the viral capsid is delivered (Fig. 1-

2E). This final fusion event requires a conformational change in the viral fusion protein 

that ultimately brings its transmembrane domain together with the fusion peptides, a 

conformation referred to as "postfusion.”  

 

Viral fusion proteins are grouped into three classes based on similarities in their 

structures, fusion triggers and fusion mechanisms. Class 1 fusion proteins, such as 

hemagglutinin (HA) from influenza (Fig. 1-3A), are homotrimeric glycoproteins that are 

proteolytically processed during virion assembly to generate the metastable prefusion 

conformation (50).  Upon entry by endocytosis, low pH destabilizes the HA trimer, 



7 

�

  

 

 

Figure 1-3: Postfusion structures of representative viral fusion proteins from each class 

(79, 84). Membranes are shown in gray, and transmembrane and cytodomains are 

represented by cylinders and lines, respectively. Each protomer is a different color (A) 

or colored by domain (B and C). (A) Postfusion HA from influenza virus, containing 

the characteristic class I trimeric helical hairpin. In the case of HA, this hairpin contains 

a six-helix bundle at its N-terminus. (B) Postfusion gE from Dengue virus, comprised 

primarily of � -sheets. (C) Postfusion gB from HSV-1, containing the characteristic 

class III trimeric helical core as well as � -sheets containing the fusion peptides.  

� � � � � ��
�������� �� �
��������!��� �
���������!"��



8 

�

allowing it to dissociate slightly and expose the fusion loops (102). Following the hairpin 

intermediate, HA adopts its postfusion conformation containing a trimeric helical core 

(Fig. 1-3A), the defining feature of class I fusion proteins. Class II fusion proteins, such 

as glycoprotein E (gE) from dengue virus, are dimers composed primarily of � -sheets 

(102) (Figure 1-3B). Unlike class I fusion proteins, which contain N-terminal fusion 

peptides (similar to Figure 1-2A), class II proteins contain concealed internal fusion loops 

(12). Low pH triggers a dimer to monomer to trimer transition of gE, also causing 

exposure of its fusion loops (102, 113). In contrast to the � -helical core of class I 

proteins, the postfusion conformation of class II fusion proteins consists of a bundle of � -

sheet hairpins (102). 

 

The recently discovered class III viral fusion proteins show similarities in their structures 

and fusion mechanisms to both class I and II proteins. Class III fusion proteins are set 

apart by their architecture, consisting of five domains of mixed � - and � -secondary 

structural elements, as well as their central coiled-coil motif (12). Examples of known 

class III fusion proteins include glycoprotein G from rhabdoviruses such as vesicular 

stomatitis virus (VSV), gp64 from baculovirus and glycoprotein B (gB) from 

herpesviruses (12). The postfusion1 structures of VSV G, gp64 and gB from both Herpes 

Simplex virus type 1 (HSV-1) (Fig. 1-3C) and Epstein-Barr virus (EBV), have been 

solved and exhibit marked similarities in domain arrangement (12, 13, 84, 95, 152) (Fig. 

���������������������������������������� �������������������
1 The crystal structure of VSV G was identified as postfusion for two reasons (152). First, the position of 
the fusion loops near the transmembrane domain is indicative of the postfusion hairpin fold. Second, 
conversion of G from the pre- to postfusion form occurs with low pH. Although the VSV G crystal 
structure was determined at neutral pH, comparison with the length of the related rabies virus G protein 
measured by EM under acidic conditions (64.) indicates VSV G is in the postfusion conformation. 
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1-4A), suggesting a common evolutionary ancestor (151). Their central coiled coils 

resemble the trimeric helical hairpins of class I fusion proteins, while the presence of 

internal fusion loops instead of N-terminal fusion peptides liken them to class II proteins 

(13, 84, 95, 152). Like both class I and II viral fusion proteins, the fusion loops in class 

III postfusion structures are adjacent to the transmembrane domain, suggesting the 

hairpin fold is a common feature of the fusion mechanisms for all three classes (102).  

 

Understanding the fusion mechanism of class III viral fusion proteins, including the 

nature of their conformational intermediates, requires comparison of the pre- and 

postfusion structures. This knowledge can be a valuable source of therapeutic targets, as 

peptides that inhibit viral entry by binding fusion protein intermediate conformations, 

such as the HIV drug Fuzeon (4), are emerging as powerful antivirals. However, to date, 

the only prefusion structure of a class III protein that has been solved is that of VSV G 

(Fig. 1-4B). Comparison of the pre- and postfusion structures of VSV G shows that the 

fold of individual domains is largely preserved, but their relative orientation is 

significantly altered (153). It is hypothesized that domains I and III undergo rigid-body 

rotation to form an extended intermediate (151) (Fig. 1-4B), allowing the fusion loops to 

transit a large distance of ~16 nm from their viral membrane-proximal location in the 

prefusion conformation to the host cell membrane (153). Some domains do undergo 

slight refolding. For example, domain II contains several disordered residues that 

rearrange to extend an existing helix (Fig. 1-4C), elongating the molecule so that the 

fusion loops can reach their target (151). The extended intermediate is then thought to 

undergo the hairpin fold, which repositions the fusion loops near the transmembrane 
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Figure 1-4: Structural insights into the mechanism of class III fusion proteins. (A) 

Comparison of domain arrangement in the four known postfusion structures of class III 

viral fusion proteins: HSV-1 gB; EBV gB; VSV G; and baculovirus gp64 (12). Proteins 

are shown as monomers, and domains are colored to match those of HSV-1 gB in (25, 

84). VSV G lacks a domain corresponding to domain V (colored red) in the other three 

structures shown. (B) The trimeric pre- and postfusion structures of VSV G, colored by 

domain as in (153), along with the postulated structure of an extended intermediate 

shown as a monomer (with domains labeled) (151). Adapted from (151). (C) Refolding 

of domain II of VSV G (labeled as domain III in (A) to show its similarity to domains 

III of other class III viral fusion proteins) (153). Regions of domain II whose 

conformations do not change in the pre- to postfusion transition are shown in blue, 

while those that refold or are repositioned are shown in green.  
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domain and forms a central coiled coil with the extended helices from domain II (Fig. 1- 

B, right panel), thus generating the signature features of the postfusion structure  (151, 

153).   

 

While the gp64 and gB pre- to postfusion conformation transitions may resemble that of 

VSV G, there will undoubtedly be differences given some of the structural and functional 

distinctions between these three proteins. For one, the ectodomains of gp64, EBV gB and 

HSV-1 gB are larger than that of VSV G, containing 482, 732 and 773 amino acids, 

respectively, compared to only 445 for VSV G (13, 84, 95, 152). Structurally similar 

domains in gB are larger than the corresponding domains in G, and gp64 and gB also 

contain an additional domain, V, which was not present in the VSV G structure (Fig. 1-

4A) (13, 84, 152). VSV G and gp64 are unique among viral fusion proteins in that 

triggering of the pre- to postfusion transition with low pH is reversible (95, 153). 

However, like most other viral fusion proteins, G and gp64 are the only proteins required 

for entry of rhabdo- and baculoviruses, respectively; they function to both bind receptors 

and carry out fusion (12). gB is notably different from these two proteins because 

triggering the postfusion conformation is not reversible (84), and gB requires at least two 

additional glycoproteins to accomplish entry (83). Thus, more prefusion structures are 

necessary to fully understand the fusion mechanisms of this new class of fusion proteins. 

 

1.1.3 Regulation of Viral Membrane Fusion 

Viral membrane fusion is a tightly regulated process, and the mechanisms for regulating 

fusion vary among different viruses. Regulatory signals may include low pH and receptor 
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binding (as discussed above), as well as interactions with additional cellular or viral 

proteins or even the presence of specific lipids (30, 50). For example, in addition to its 

cellular receptor CD4, human immunodeficiency virus (HIV) requires a cellular co-

receptor, either CCR5 or CXCR4, to mediate entry (128). Some viruses require more than 

one viral glycoprotein to mediate fusion. For example, paramyxoviruses require two viral 

proteins: a receptor-binding protein (H, HN or G); and the class I fusion protein, F (197). 

Finally, some fusion proteins, such as influenza HA, may require cooperation between 

multiple oligomers via an unknown mechanism to accomplish fusion (112). Recent 

evidence suggests the lipid composition of a cellular membrane may also play a role in 

regulating viral fusion, as it does in cellular fusion processes. For example, 

phosphatidylethanolamine (PE) plays a critical role in fusion of mitotic Golgi 

membranes, recruiting the protein complex required for fusion and facilitating protein-

protein interactions (142). Similarly, membrane segments enriched in certain lipids, 

known as lipid rafts, may facilitate viral fusion by interacting with viral fusion proteins 

such as Nipah virus F protein (2), increasing membrane fluidity or concentrating viral 

receptors on the cell surface (50). Most enveloped viruses are not limited to just one of 

these regulatory signals but instead integrate several to ensure proper timing and 

sequential progression of membrane fusion. 

 

1.1.3.1 Viral cytodomains 

An additional source of fusion regulation in some viruses comes from the cytoplasmic 

domain of the fusion protein. The ectodomain of a fusion protein contains the fusion 

peptides or loops and is responsible for physically bringing the viral and cellular 
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membranes together. However, somehow the cytoplasmic domain of many fusion 

proteins is able to influence this process from across the viral membrane, in some cases 

inhibiting fusion while in others promoting it. Three general models for fusion regulation 

by cytodomains emerge from the literature: association with membrane; inside-out 

signaling; and modulation of trimer stability. These models are discussed in more detail 

below. 

 

Fusion proteins from several retroviruses, such as HIV, Moloney murine leukemia virus 

(MoMLV) and simian immunodeficiency virus (SIV), have long cytoplasmic tails that 

keep the fusion protein inactive until they are cleaved by a viral protease (1, 129, 202). 

The mechanism of this repression has been well characterized for the MoMLV fusion 

protein, Env, and association of the cytodomain with the viral envelope plays a critical 

role. The cytoplasmic tail of MoMLV Env consists of 37 amino acids (Fig. 1-5A). The N-

terminal 20 amino acids form a membrane-destabilizing helix (membrane-proximal 

peptide), while the C-terminal 17 amino acids form an inhibitory peptide (the R peptide) 

(54). The R-peptide inhibits the initial stages of fusion prior to pore formation (129), but 

upon proteolytic cleavage of the R peptide, the membrane-proximal peptide becomes free 

to exert positive curvature on the viral envelope (Fig. 1-5B). The fusion peptide in the 

Env ectodomain simultaneously induces negative curvature in the cellular membrane, 

facilitating formation of the hemifusion stock and ultimately fusion (54). 

 

The mechanism of fusion regulation by the 150 amino acid cytodomain of HIV Env is 

slightly different, but may also involve membrane association. The HIV Env cytodomain 
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Figure 1-5: Regulation of membrane fusion by the MoMLV Env cytodomain (54). (A) 

Schematic of Env. The amino acid sequence of the cytodomain is shown, with the 

membrane proximal peptide in brackets and the R-peptide underlined. The ectodomain 

fusion peptide is also labeled. (B) Following cleavage of the R peptide, the membrane-

proximal peptide in the Env cytodomain and the fusion peptide in the ectodomain 

induce opposite curvature in the viral and cellular membranes, facilitating hemifusion 

stalk formation. 
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contains three amphipathic helices, lentivirus lytic peptide 1 (LLP1), LLP2 and LLP3 

(Fig. 1-6A) (202). It has been proposed that LLP2 transiently penetrates the viral 

membrane and binds the cellular membrane, inhibiting fusion (202). Recent evidence 

suggests, however, that while LLP2 is transiently exposed to the cellular membrane 

during hemifusion, it instead acts as a positive regulator of fusion by binding the 

extended intermediate conformation of the Env ectodomain (Fig. 1-6B) (120).  

 

In several cases, cleavage of retroviral fusion protein cytodomains has also been shown to 

alter the conformation of the fusogenic ectodomain (1, 39, 172, 202). This effect is not 

limited to retroviruses but is also seen, for example, in the emerging zoonotic pathogen  

Nipah virus (2). These observations point to another model for fusion regulation by 

cytodomains: signaling between the cytodomain and the ectodomain via conformational 

changes, or so called “inside-out signaling.” The mechanism of inside-out signaling, 

while not well understood in viral fusion proteins, has been extensively studied in the 

cellular adhesin family, integrins. Integrins exist as heterodimers, and much like viral 

fusion proteins, it is the ectodomains that carry out their attachment function (162). In 

their inactive form, the transmembrane alpha helices of the integrin heterodimer are 

crossed over each other, the cytodomains are bound by an inhibitory ligand (Fig. 1-7), 

and the ectodomain is folded in on itself (203). Upon dissociation of the inhibitory ligand, 

the cytodomain undergoes a conformational change, peeling the transmembrane helices 

apart and sending a conformational signal to the ectodomain (Fig. 1-7), which extends 

into its active form (203). A comparable mechanism involving signaling from the 

cytodomain to the ectodomain via the transmembrane domain may occur in viral fusion
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Figure 1-6: Regulation of membrane fusion by the HIV-1 Env cytodomain (120).  (A) 

Schematic of the Env cytoplasmic domain, showing the lytic peptides (LLP1, LLP2 and 

LLP3) on the intraviral face of the membrane. (B) Model for regulation of fusion by the 

LLP2 domain. During hemifusion, the Env ectodomain folds in on itself, forming a 6-

helix bundle. LLP2 may act as a positive regulator of fusion by penetrating the viral 

envelope to interact with this region during hemifusion. 
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Figure 1-7: Integrin activation is regulated by inside-out signaling (203). Upon release 

of an inhibitory ligand (pink oval), the cytoplasmic domains of the integrin heterodimer 

undergo a conformational change, which is propagated via the transmembrane helices 

and results in ectodomain activation (not shown). This active state is maintained by 

binding of a ligand (green protein) to the active cytodomain conformation. 
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 proteins. 

 

Finally, modulation of fusion protein trimer stability is a third model of fusion regulation 

by cytodomains. Different strains of paramyxoviruses have F proteins with either long or 

short cytodomains (197). Long cytodomains inhibit fusion, most likely because this 

confers increased stability to the three-helix bundle of the F-trimer prefusion 

conformation, thus raising the energy required to dissociate the trimer during fusion 

(197). Similarly, short F protein cytodomains may promote fusion by destabilizing the F 

trimer and lowering the energy barrier to further conformational changes. A comparable 

effect is observed in the Nipah virus class I fusion protein F. Mutations in a polybasic 

motif in the F cytodomain alter the rate of formation of the six helix bundle in the 

postfusion conformation (2), suggesting the prefusion conformation has been either 

stabilized or destabilized. Interestingly, several of these mutants also display altered 

recognition by monoclonal antibodies when expressed on the surface of transfected cells, 

indicating that inside-out signaling may also occur (2). 

 

As is clear from this discussion, some viruses employ more than one strategy to regulate 

fusion. 

 

 

1.2 MECHANISM AND REGULATION OF HSV ENTRY 

 

HSV is a member of the diverse order herpesvirales, which includes over 200 double  
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stranded DNA (dsDNA) viruses (42). These viruses infect a wide range of animals, from 

fish, frogs and mice to reindeer, cows and humans (42). The hallmark of herpesviruses is 

their ability to establish latent, life-long infections. Current antivirals target viral 

replication, which does not occur to a significant extent in latently infected cells (109), 

and are, thus, ineffective at eradicating herpesvirus infections. The entry process is 

emerging as a successful new therapeutic target for enveloped viruses (37, 50, 184). 

While the crystal structures of several human herpesvirus entry proteins are now 

available (13, 27, 32, 84, 104, 108, 124), a detailed understanding of the herpesvirus 

entry mechanism and its regulation is lacking.  

 

In addition, herpesvirus entry is more complex than that of most enveloped viruses, 

requiring the coordinated action of at least three glycoproteins, and understanding this 

mechanism may shed light on the inner workings of cellular fusion processes. Fusion of 

cellular membranes such as endosomes or synaptic vesicles is mediated by cellular fusion 

proteins that, like viral fusion proteins, provide the energy for membrane fusion by 

undergoing conformational changes (123). These cellular fusion proteins even resemble 

viral fusion proteins in certain ways. For example, the SNARE family of cellular fusion 

proteins contains a four-helix bundle in the postfusion conformation (167, 170), 

reminiscent of the trimeric helical hairpin in class I and III viral fusion proteins. 

However, unlike most enveloped viruses, cells employ numerous core and accessory 

proteins to accomplish fusion. For example, synaptic vesicle fusion mediated by 

SNARES also requires synaptotagmins, which may control binding to yet more accessory 

proteins or facilitate membrane binding and deformation (123). Thus, while much 
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essential information about membrane fusion has been gathered by studying the relatively 

simple entry process of enveloped viruses such as influenza, HIV, and Ebola, HSV adds 

another level of complexity by requiring multiple proteins to accomplish fusion. 

 

1.2.1 Introduction to Herpesviruses 

There are eight herpesviruses known to infect humans. These viruses are classified into 

three herpesvirus subfamilies based on their sequence similarity: the alphaherpesviruses 

HSV-1, HSV-2 and Varicella zoster virus (VZV); the betaherpesviruses human 

cytomegalovirus (HCMV) and human herpesviruses 6 and 7 (HHV-6, HHV-7); and the 

gammaherpesviruses EBV and Kaposi’s sarcoma herpesvirus (KSHV). It is estimated 

that 20 – 25%  of North American adults are seropositive for HSV-2 (57), while the 

prevalence of HSV-1 may be as high as 68% (169). These viruses usually present as 

mucocutaneous lesions but can progress to more significant diseases including ocular 

herpes and herpes simplex encephalitis (5). VZV is the causative agent of chickenpox. 

Incidence of this familiar childhood disease has been greatly reduced due to effective 

vaccination campaigns with a live attenuated strain (67). Reactivation of VZV in older 

adults causes shingles, which is followed, in some cases, by a painful sensitization of 

nerves known as post-herpetic neuralgia (67). Approximately 59% of American adults 

are seropositive for HCMV (176). While HCMV is asymptomatic in many adult carriers, 

HCMV infection can cause congenital disease and is associated with multi-organ 

infections in transplant patients (22, 176). HHV-6 and HHV-7, also known as 

roseoloviruses, cause a rash in infants (28). According to the Centers for Disease Control, 

more than 90% of American adults are seropositive for EBV. EBV causes infectious 
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mononucleosis, typically in adolescents, but is also associated with both Burkitt's and 

Hodgkins's lymphomas, nasopharyngeal carcinomas, and other lymphomas (37). Finally, 

KSHV is less common, with less than 10% of Americans being seropositive, and 

primarily infects immunocompromised patients causing carcinomas (3).  

 

Herpesviruses share a unique virion morphology, which sets them apart from other 

enveloped viruses (42), as well as a common lifecycle. Herpesviruses contain a dsDNA 

genome, between 125-290 kb in size, packaged within an icosahedral capsid (42) (Fig. 1-

8). Surrounding the capsid is a collection of proteins, called the tegument, which serve 

numerous functions, e.g., maintaining structural integrity of the virion and trafficking of 

the capsid within the host cell (131). Finally, the capsid and tegument are encased within 

a lipid bilayer envelope studded with up to 13 different types of glycoproteins (118). 

 

The first step in a herpesvirus infection is fusion of the viral envelope with the host cell 

membrane (Fig. 1-9, number 2), which is mediated by several glycoproteins (131). This 

results in delivery of the capsid into the host cell cytosol, where it is trafficked along the 

microtubule network to the nucleus (Fig. 1-9, numbers 3-4). The genome is released into 

the nucleus, viral genes are transcribed and the genome is replicated (Fig. 1-9, numbers 

5-6). New viral capsids containing one copy of the dsDNA genome are assembled in the 

nucleus and surrounded by a layer of tegument proteins (Fig. 1-9, numbers 7-8). To reach 

the cytosol, each capsid buds into the nuclear membrane, where it briefly acquires a 

membrane coating (Fig. 1-9, numbers 9-10). Then, this membrane coat is left behind 

during fusion with the outer nuclear membrane, and the capsid is released into the cytosol 
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Figure 1-8: Composition of an HSV virion. (A) Schematic showing the capsid and 

dsDNA genome, tegument layer (blue shading) and envelope glycoproteins (yellow 

spikes). Representative depictions of the core fusion machinery, gB, gD and gH/gL are 

also shown. (B) Electron micrograph of an HSV virion (scale bar = 100nm) (131). 
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Figure 1-9: Overview of the herpesvirus lifecycle (131). See text for description of 

numbered steps. 
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 (Fig. 1-9, number 11). The capsid is then directed to trans Golgi network (TGN)-derived 

tubular vesicles, where it acquires the remainder of the tegument proteins and its lipid 

envelope studded with viral glycoproteins (Fig. 1-9, numbers 12-13). During this 

envelopment step, the virion actually acquires two layers of host-derived membrane – the 

interior layer which will ultimately serve as its envelope, and a second exterior layer that 

will allow the virion to exit the cell. The double-enveloped virion is trafficked once again 

along the microtubule network to the plasma membrane, where it is released using the 

cell’s normal exocytosis machinery (Fig. 1-9, number 14).  

 

The primary site of herpes infections in humans is generally epithelial cells (37). The 

virus then spreads to deeper tissues infecting neurons, B-lymphocytes or hematopoietic 

cells (37). In these cells, under the right conditions, transcription of the infecting viral 

genome is suppressed and the virus becomes latent. During the latent phase, viral 

replication and production of lytic genes are suppressed, and the patient is asymptomatic 

(109).  

 

There are currently no cures for any human or animal herpesvirus. The difficulty in 

designing an effective cure lies in targeting the non-replicating population of latent virus. 

Antiviral therapies commonly used to treat herpesviruses, such as Acyclovir and Famvir, 

are nucleoside analogues. Upon incorporation into the replicating viral genome, they 

inhibit DNA polymerase and cause premature termination of the DNA chain. However, 

these drugs are only effective against actively replicating viral particles, and replication is 

suppressed in latent herpesviruses (109). Therefore, it is necessary to look upstream in 
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the infection process for new antiviral targets, and viral entry machinery has emerged as 

an excellent candidate (37, 184). Numerous peptides have been shown to inhibit viral 

membrane fusion by binding fusogenic regions or intermediate conformations of viral 

fusion proteins (4, 50, 117). Monoclonal antibodies and small molecules can also target 

the fusion process by inhibiting conformational intermediates such as the extended 

intermediate or formation of the six-helix bundle in some class I fusion proteins (50). 

Targeting the herpesvirus entry machinery would prevent the virus from ever infiltrating 

the host cell and eliminate all possibility of generating a latent, incurable population. 

However, designing such antivirals requires detailed knowledge of the herpesvirus entry  

mechanism, and this information is currently lacking.  

 

1.2.2 Current Understanding of HSV Entry 

Herpesviruses bring a unique level of complexity to their viral entry process because, 

unlike most other viruses, they require at least three viral proteins to mediate entry by 

either plasma membrane fusion or endocytosis (83). The entry mechanism of each of the 

eight human herpesviruses is slightly different with regard to the specific glycoproteins 

required (83). However, each virus requires two common components: the gH/gL 

heterodimer, and the conserved fusion protein, gB (83). HSV requires four glycoproteins 

to accomplish entry, and the current understanding of the HSV entry mechanism is 

presented below. Although the crystal structures of the ectodomains of these four 

glycoproteins have now been solved, the mechanism by which they cooperate to mediate 

fusion remains unclear. While other herpesviruses may utilize fewer proteins for entry, 

the same questions still remain unanswered: how do multiple glycoproteins interact to  
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cause fusion, and how is the fusion process regulated?  

 

1.2.2.1 Glycoproteins Essential for HSV Entry: gB, gD, gH and gL 

HSV virions bear up to 13 types of glycoproteins on their surface (118), but only four are  

absolutely required for viral entry: gD, gB, gH and gL (83) (Fig. 1-10A). Each of these 

proteins, with the exception of gL, is a transmembrane protein. These four proteins, along 

with a cellular receptor, are also sufficient to mediate fusion of transiently transfected 

mammalian cells in the absence of any other viral proteins (187), referred to herein as a 

“cell-cell fusion assay” (Figure 1-11). These four glycoproteins also play important roles 

during other phases of the viral life cycle, such as viral egress (12, 131).  

 

An abundance of structural work has shed some light on the functions of gB, gD, gH and 

gL in fusion. Crystal structures of the soluble ectodomains of all four HSV proteins have 

recently been solved (27, 32, 84, 108); however, structures of their transmembrane and 

cytoplasmic domains remain unknown. gD is a homodimeric protein that binds one of 

three cellular receptors: herpesvirus entry mediator protein (HVEM), expressed primarily 

on immune cells; the adhesion molecule nectin-1, expressed on epithelial and neuronal 

cells; and widely expressed 3-OS-modified heparan sulfate (51, 164). Crystal structures 

of gD alone and bound to either nectin-1 or HVEM revealed that gD receptor interaction 

requires displacement of its auto-inhibitory C-terminus from the N-terminal receptor- 

binding domain (27, 44, 108, 110) (Fig. 1-10B). A cysteine mutant that restricts 

movement of this C-terminus was able to bind receptor but could not mediate fusion, 

suggesting that movement of the C-terminus upon receptor binding exposes residues that 



28 

�

� �

�����	�	
��
��

������	�	
��
��

�����

�����
���
-,�

���

������

���

� � � � � �
�' �

!. �

�'" �
�/ �

�/" �

�0 �

Helix � � �



29 

�

Figure 1-10: Structures of the four glycoproteins required for HSV entry: gD, gH/gL and 

gB. (A) Scale diagram of the HSV entry machinery, including the crystal structures of 

the ectodomains of HSV-1 gD and gB, HSV-2 gH (orange, yellow and green) and gL 

(dark blue) and two gD receptors, HVEM (blue) and nectin-1 (purple) (51). gD need only 

bind one of these receptors to facilitate entry. (B) Schematic of the gD conformational 

change upon receptor binding. The inhibitory C-terminal flap moves away from the N-

terminus, exposing the receptor binding region (108). (C) The crystal structure of HSV-2 

gH (colored by domain) and gL (blue). The location of the putative gB binding site is 

indicated by a dashed oval, and the flap domain is shown as a bold orange ribbon (174). 

This flap may move to modulate membrane association of gH during fusion (11). (D) 

The ectodomain of HSV-1 gB, highlighting helix � C in domain III (shown in magenta 

and magnified in the inset), which is believed to form during fusion to generate the post-

fusion trimeric helical hairpin, analogous to VSV G (Fig. 1-4C). Adapted from (192). 
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Figure 1-11: Quantitative transfected cell-cell fusion assays with HSV glycoproteins. 

While the protocols for the two predominant cell-cell fusion assays are different, they 

both measure the extent of fusion mediated by the core HSV fusion machinery in a virus-

free environment. (A) Transfected cell fusion can be measured using a quantitative 

luciferase read out. One group of Chinese hamster ovary (CHO) cells (“effector cells”) is 

transfected with gD, gB, gH and gL, along with the gene for T7 polymerase. Another 

population of CHO cells (“target cells”) is transfected with the genes for the cellular 

receptor HVEM and the gene for firefly luciferase driven by a T7 polymerase-dependent 

promoter. Upon fusion, the firefly luciferase gene is expressed, and fusion is quantified 

by the amount of light produced. (B) Fusion of transfected cells can be quantified by 

directly counting syncytia. B78H1-derived cells stably expressing the HSV receptor 

nectin-1 (C10 cells) (107) are transfected with gB and gH/gL, and fusion of neighboring 

cells is triggered by the addition of soluble gD.  
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interact with gB and/or gH/gL (110). gD is present in most alphaherpesviruses but is not 

found in beta- or gammaherpesviruses, some of which utilize other accessory proteins to 

facilitate entry and determine cell tropism (83). 

 

Glycoproteins H and L form a heterodimer (gH/gL), with gH anchoring the complex to 

the viral envelope and gL bound to its N-terminus (32) (Fig. 1-10A). gH requires gL for 

proper folding, localization and incorporation into virions (51). gH is conserved among 

all herpesviruses, with the sequences of the membrane-proximal domains H2 and H3 

being more conserved than the gL-binding domain H1 (51) (Fig. 1-10C). Domain H3 

contains a long polypeptide or “flap” (Fig. 1-10C) that is sensitive to mutagenesis in 

several herpesviruses (61, 193, 201) and has been proposed to move during fusion to 

facilitate interaction of the underlying region with membrane (11). It was previously 

proposed that gH/gL was a viral fusogen due to the presence of predicted fusion peptides 

in gH (69, 150) and reports of cell-cell fusion with HSV-1, HCMV or VZV gH/gL in the 

absence of gB (49, 103, 121, 181). However, the crystal structures of HSV and EBV gH, 

as well as that of gH from the porcine alphaherpesvirus pseudorabies virus (PRV), share 

no structural homology with known fusion proteins and show these alleged fusion 

peptides to be buried (11, 32, 124). Additionally, cell-cell fusion assays showing gH/gL 

fusion independent of gB in VZV and HSV were not reproducible (88, 182), and soluble 

HSV gH/gL alone does not associate with membrane (26). Together, these data suggest  

gH/gL is not a viral fusogen but may instead play a role in activating gB.  

 

The crystal structure of the gB ectodomain was surprisingly similar to that of postfusion  
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VSV G, as discussed above, such that gB has been accepted to be the fusion protein of 

herpesviruses (84). gB is highly conserved among herpesviruses (150) and contains two 

fusion loops per protomer that are thought to associate with membranes (75), similar to 

other fusion proteins. A portion of the ectodomain, termed the “membrane proximal 

region” (MPR), was not present in the protein that was crystallized, and its structure 

remains unknown. This region is hypothesized to regulate fusion by masking the fusion 

loops in the prefusion structure until a fusion trigger is received, similar to the function of 

membrane proximal regions in other viral fusion proteins such as influenza HA (76, 79, 

163). Recently, it was shown that soluble gB ectodomain proteins containing the full-

length or truncated MPR were unable to associate with membrane, despite the presence 

of intact fusion loops, suggesting that only the first few residues of the MPR are required 

to shield the fusion loops and prevent their premature insertion into target membranes 

(163).  

 

The available crystal structure of gB is believed to represent the postfusion conformation. 

While numerous attempts have been made to capture the prefusion conformation, its 

structure remains elusive. One reason for this may be the stability of the postfusion 

conformation. In our lab, a panel of mutants was created designed to either stabilize the 

gB prefusion form or destabilize the postfusion form, for example with point mutations in 

regions that should not be able to tolerate them based on the available postfusion crystal 

structure (192). One promising region for postfusion-destabilizing mutations is helix � C 

in domain III (Fig. 1-10D). This helix is analogous to a helix in VSV G domain II that is 

unfolded in the prefusion conformation but forms part of the trimeric helical core in the 
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postfusion conformation (Fig. 1-4C). Mutations in helix � C of gB that should not be 

tolerated in the tightly packed trimeric helical hairpin of the postfusion conformation may 

prevent conversion of the protein to the postfusion conformation. However, upon 

expression of these soluble gB constructs in insect cells, mutants in the vicinity of helix 

� C, as well as all other mutants, adopted the postfusion conformation as assessed by 

monoclonal antibody binding and electron microscopy. These data suggest that gB 

expressed as a soluble protein bypasses the prefusion conformation during folding and 

adopts only the postfusion conformation, which is remarkably tolerant of mutated 

residues (192).  

 

However, another study using mutagenesis of the full-length gB protein identified 

mutations that may lock gB in the prefusion or an intermediate conformation. A panel of 

insertion mutants in full-length gB was generated by random insertion of five amino 

acids at residues throughout the ectodomain and cytodomain (115).  The effect of these 

mutations on cell surface expression and fusion activity of gB was then evaluated. 

Several mutants in the ectodomain abolished fusion activity but were still expressed on 

the cell surface to at least 30-50% of wild type levels. These mutants also displayed 

altered binding of monoclonal antibodies as compared to the wild type, suggesting they 

may adopt different conformations than wild type gB (115). These mutants were located 

within a cavity above the fusion loops in domain I, as well as domains 3 and 5, which 

form part of the trimeric helical core of the postfusion conformation (Fig. 1-4A). 

Analysis of the available crystal structure of gB suggested these insertions could not be 

accommodated in the postfusion structure without significant steric clashes (115), leading 
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to the hypothesis that these mutants may be unable to adopt the postfusion conformation 

because they are locked in the elusive prefusion or another intermediate conformation. 

However, this hypothesis has not been tested. 

 

1.2.2.2       Proposed mechanism of HSV entry 

Determining how gB, gD and gH/gL cooperate to mediate fusion has presented a great 

challenge to the field. Several groups have taken a biochemical approach, attempting to 

 capture complexes between soluble ectodomains with conflicting results. Complexes 

between the ectodomains of gD and gH/gL and gD and gB were reportedly isolated by 

immunoprecipitation from lysates of transfected cells (68), though other biochemical 

assays such as gel filtration have been unable to reproduce these results (Heldwein lab 

unpublished data). Additionally, a complex between the ectodomains of gB and gH/gL 

was isolated at low pH by liposome coflotation (26). However, the significance of these 

biochemically isolated complexes is unclear, given that gB, when expressed as a soluble 

ectodomain, appears to adopt the postfusion conformation (84, 192). Nonetheless, these 

results suggest that the interactions between the core entry glycoproteins are transient or 

require the full-length proteins.  

 

Bimolecular complementation in transfected cells overcomes some of the limitations of 

biochemical assays, such as using truncated soluble proteins and requiring stable 

interactions. In this method, two “halves” of a yellow fluorescent protein (YFP) are 

attached to the cytoplasmic domains of the glycoproteins, and YFP fluorescence is 

assumed to indicate an interaction between the ectodomains of the glycoproteins. These 
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interactions can be further probed by blocking them with monoclonal antibodies against 

each ectodomain (8, 9). Using this assay, an interaction between gB and gH/gL that is 

dependent on the presence of gD and a cellular receptor was observed (8). The virus-

neutralizing anti-gH antibody LP11 blocked both this interaction and fusion, suggesting 

that the binding site of gB to gH/gL is located in the vicinity of the LP11 epitope (32) 

(Fig. 1-10C). Interestingly, gH/gL is able to trigger low levels of fusion in the cell-cell 

fusion assay when provided either on different cells than gB (“fusion in trans”) or as a 

soluble protein (7). However, to mediate this fusion, gH/gL must be either pre-exposed to 

an activated, truncated form of gD or provided as a soluble protein, preferably along with 

soluble gD. These data suggest that triggering of gH/gL by gD must occur prior to the  

interaction between gB and gH/gL in order for fusion to proceed (51). 

 

Together with the structural data discussed above, these biochemical and functional 

studies provide the following model for the coordinated action of gB, gD and gH/gL 

during membrane fusion. HSV fusion is initiated by an interaction between gD and a 

receptor on the host cell (Fig.1-12, panel 2) (37). Other non-essential interactions 

between gC and gB with cell surface heparan sulfate proteoglycans or between gB and 

the paired immunoglobulin-like type 2 receptor �  (PILR� ) also serve to tether the virion 

to the cell (150, 160) (Fig. 1-12, panel 2). Upon receptor binding, gD undergoes a 

conformational change that may expose residues allowing it to interact with gB and/or 

gH/gL to promote fusion (Fig. 1-12, panel 3) (110). While it was thought that 

conformational change may also activate gB to insert its fusion loops into the host cell 

membrane (9), recent evidence suggests gB fusion loop insertion occurs in a gD- 
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Figure 1-12: Putative sequence of glycoprotein interactions regulating HSV viral membrane 

fusion (37, 98). 
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 independent manner (6). Fusion loop insertion appears to be followed by an essential 

interaction between gB and gH/gL, which allows fusion to proceed (7). gB is then 

believed to undergo a conformational change from this extended intermediate to the 

postfusion form (Fig. 1-12, panel 4), supplying the energy required to drive fusion of the 

two membranes (84).   

 

An HSV infection can propagate by virus-cell fusion as described above, direct cell-to-

cell spread or, in rare cases, fusion of infected cells, and gB, gD, gH and gL are essential 

for all of these processes (25, 41, 86, 154). Interestingly, this core fusion machinery is not 

sufficient for the latter two routes of viral spread, as other viral proteins such as gE, gI, 

gM, and UL45 have been shown to be required (16, 41, 74, 92). This suggests that while 

viral entry, cell-to-cell spread and cell-cell fusion are related processes due to their 

dependence on the core fusion machinery, there are some mechanistic differences (136). 

Nonetheless, studying cell-cell fusion of transiently transfected cells has provided 

valuable information about the fundamental functions of gB, gD, gH and gL. 

 

1.2.3 Regulation of HSV Fusion by the Cytoplasmic Domain of gB 

1.2.3.1 Syncytial gB cytodomain mutants 

In addition to pH and glycoprotein interactions discussed above, HSV membrane fusion 

appears to be regulated by the gB cytodomain. While fusion of infected cells is the 

primary route of viral spread in VZV (121), cell-cell fusion is generally not observed 

during a normal HSV infection (Fig. 1-13A, left panel) (21, 52, 161). However, some 

clinical isolates exhibit extensive fusion of infected cells, generating multi-nucleated 



38 

�

bodies termed polykaryocytes or syncytia (Fig. 1-13A, right panel) (25, 43, 134, 194).  

Additionally, several lab strains have acquired this syncytial (syn) phenotype after 

passaging (53, 70, 133, 190), chemical mutagenesis (62, 149) or engineered mutations 

(14, 15, 17, 89, 115, 159). While some syn strains contained mutations in non-essential 

entry proteins, including gK, UL20 or UL24 (15, 47, 89, 146, 149, 159, 186), the 

majority contain mutations in the cytodomain of gB. Together, these mutations suggest 

that the gB cytodomain normally represses fusion, but this inhibition is relieved in the 

presence of a syn mutation. 

 

Syn mutations consist of point, truncation and insertion mutations that span most of the 

cytodomain sequence (Fig. 1-14A). The majority were identified as syn by observing 

polykaryocyte formation in cell monolayers infected with gB mutant HSV virions (14, 

24, 25, 43, 45, 53, 56, 62, 134, 194). Others were identified using transfected cell-cell 

fusion assays (56, 60, 115, 133, 156), in which syn mutations are referred to as 

hyperfusogenic because they generate more cell-cell fusion than wild type gB (Fig. 1-

13B). Additionally, one fusion-abrogating mutation, a C-terminal truncation at residue 

851 (gB851), has also been reported (25). This mutant fails to complement an HSV-1 gB-

null virus, as does a comparable truncation in HSV-2 gB, gB829T (56). gB829T is also 

non-functional in fusion of transfected cells (56). Investigating how these syn and fusion-

null mutations alter fusion regulation will provide insight into the properties of the gB 

cytodomain important for wild type regulation. 

 

At 109 amino acids, the cytodomain of gB is the longest C-terminal tail of any of the  
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WT gBSyncytial  mutantWT gB Hyperfusion  mutant

A. Virus-mediated syncytia formation B.  Fusion of transfected cells

Figure 1-13: Syncytial and hyperfusion phenotypes of gB cytodomain mutants. (A) 

Cells infected with a syn HSV-1 strain (green) can fuse with neighboring cells, forming 

syncytia. Syncytia formation is minimal in a wild type infection (left) but enhanced with 

a syncytial mutation in the gB cytodomain (right) (134). (B) Two populations of cells 

transfected with the core HSV fusion machinery can fuse. Population 1 expresses 

HVEM (red), while population 2 expresses gD (blue), gB (green), gH (dark red) and gL 

(dark blue). Cell-cell fusion is more extensive with a hyperfusogenic mutation in the gB 

cytodomain (right), compared to wild type gB (left) (134). 



40 

�

�    

��  
�!����	����!"���	����������������������	�	�)��
�� ���)�������������
��� ��
� �

����	���
�
���������

��	�	�)��
������	�����

��	����

������)���
���������

�
���
���
�	����
��	��

��
 ��$%�!"���	����������	��	��



41 

�

  

Figure 1-14: Syncytial mutations and trafficking motifs in the HSV gB cytodomain. (A) 

The amino acid sequence of the HSV-1 gB cytodomain is shown, overlain with syncytial 

point (letters) and truncation (arrows) mutations (14, 24, 25, 53, 56, 60, 62, 133, 134, 156, 

190, 194). Syn insertion mutations are denoted by a triangle below the sequence (25, 115). 

Mutations identified from clinical isolates are in blue, while engineered mutations are in 

red. Brackets denote double mutants. Predicted secondary structure elements are shown 

below the sequence in blue. The dashed lines indicate a predicted helix contiguous with 

the transmembrane domain. Adapted from (165). (B) Alignment of the gB cytodomains 

from prominent representatives from the alpha- (HSV-1, HSV-2, PRV, VZV), beta- 

(HCMV) and gammaherpesvirus (KSHV, EBV) families. Identical residues are 

highlighted yellow, while conserved residues are shaded grey. Putative endocytosis motifs 

(56, 63, 139, 191) are highlighted pink, while residues previously shown to be 

phosphorylated (59, 98, 139, 200) are circled in blue. Adapted from (84). 
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three transmembrane glycoproteins required for HSV entry. Its amino acid sequence is 

fairly conserved among alphaherpesviruses but less so among beta- and 

gammaherpesviruses (Fig. 1-14B). Nonetheless, several common trafficking signals are 

predicted, including YXX�  and LL endocytosis motifs, ER-retention signals and 

phosphorylation sites (Fig. 1-14B). Some of these motifs play a role in regulating cell 

surface expression of gB in several herpesviruses by controlling its trafficking from the 

plasma membrane to the TGN or endoplasmic reticulum (ER) during virion packaging 

(17, 45, 58, 59, 63, 73, 81, 98, 137, 148, 191). 

 

Several syn gB mutants in HSV and EBV disrupt or eliminate some of these motifs, 

leading to speculation that the syn phenotype may correlate with altered surface 

expression of gB. For example, syn mutant gB� 816 in EBV lacks two putative endocytic 

motifs and an ER retention signal and is overexpressed on the surface of transfected cells 

(127). This mutant can even generate cell-cell fusion without the required gH/gL 

complex (73, 127). However, other mutants affecting trafficking motifs in EBV, HSV 

and PRV gB show increased surface expression without a syn phenotype (17, 56, 63, 73, 

127, 137). Additionally, several syn HSV gB mutants outside of trafficking signals do not 

show altered surface expression (115, 134, 156). Thus it appears that although some syn 

mutations may increase both gB expression and its fusogenic activities, these factors are 

not always related and the mechanism(s) behind syn gB mutants are likely more complex. 

 

With the exception of the fusion-null mutant gB851, all of the mutants shown in Figure1- 

14A increase the extent of fusion. This suggests that, while the system is capable of  
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greater amounts of fusion, the wild type cytodomain restricts fusion (33, 56, 149). 

Additionally, increased fusion appears to be selected against in vivo, since relatively few 

of the known syn mutations were identified in clinical isolates (56, 134). It is unclear how 

increased fusion alters the pathogenicity of herpesviruses, as in vivo studies with syn 

herpesvirus strains, including animal herpesviruses, find increased pathogenicity in some 

cases but reduced virulence in others (46, 90, 111, 134, 190, 198).  Thus, perhaps 

increased cell-cell fusion is selected against for other reasons, such as promoting more 

efficient viral spread. For example, extensive cell-cell spread is deleterious to HIV 

because it hinders efficient viral spread through continued contact by an infected cell 

with new target uninfected cells (155). Increased cell-cell fusion in VZV gB has also 

been proposed to hinder viral propagation due to sequestration of endosomes and TGN in 

large polykaryocytes (139). Nonetheless, syncytial mutations deregulate the repression 

normally imposed by the wild type gB cytodomain, and little is known about how this 

diverse panel of mutants accomplishes this deregulation or whether they use a common 

mechanism.  

 

1.2.3.2 Proposed model for fusion deregulation by syn HSV gB truncation mutants 

Previous studies with gB syn mutants from several herpesviruses point to structural 

features of the cytodomain that may be important for fusion regulation. In HSV-1, the 

cytodomain is predicted to contain three alpha helices (Fig. 1-14A) with a net predicted 

helicity of approximately 46% (33). It is interesting to note that in HSV, all of the syn 

mutations cluster around the three predicted helices. It was previously observed that 

truncation of part or all of predicted helix 3 resulted in increased cell-cell fusion, 
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suggesting this helix in particular may play a role in fusion regulation (14, 60). The point 

mutation A874P, which presumably causes a break in this predicted helix, also generates 

a hyperfusogenic phenotype (60), as does truncation of portions of predicted helix h2 

(56). Helices are also predicted in the cytodomains of gB in PRV, VZV, EBV and KSHV 

(63, 137, 139, 141, 180). Interestingly, it was shown that although the cytodomain of 

EBV gB is predicted to contain four � -helices (141) with an estimated helical content of 

56%, in buffer alone, the soluble cytodomain protein achieves only ~23% helicity. Upon 

exposure to anionic membrane mimetics, however, the protein adopts a compact structure 

with helical content approaching the predicted value (141). Truncation of the two C-

terminal helices in EBV or KSHV gB or one C-terminal helix in PRV or VZV gB 

generates increased fusion, suggesting that negative regulation of membrane fusion may 

rely on these common structural features (63, 73, 81, 137, 143).  

 

A model for fusion regulation by the HSV-1 gB cytodomain hinging on the function of 

predicted helices h2 and h3 has been proposed by our lab (33). This model is based on an 

observed correlation between the structural and biochemical properties of syn truncation 

mutants lacking portions of h2 and h3 and their fusion phenotypes. The HSV gB 

cytodomain behaves similarly to that of EBV gB: upon binding anionic membranes or 

membrane mimetics, the protein undergoes a structural transition nearly doubling its � -

helical content from 28% to 44% (33). Given that predicted helices h2 and h3 have been 

implicated in fusion regulation, our lab examined whether membrane binding and 

concomitant structural changes were altered upon truncation of these helices in 

cytodomain mutants. Mutants studied included the syn mutants gB876, which truncates a 
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portion of h3, and gB868, which truncates h3 and a small portion of h2, as well as the 

fusion-null truncation mutant gB851, which truncates h3 and half of h2. Membrane 

association of these mutants expressed as soluble cytodomain proteins was assessed by 

size exclusion chromatography, and accompanying structural changes were measured by 

circular dichroism (CD) spectroscopy (33). Interestingly, syn truncation mutants showed 

reduced membrane association and reduced extent of helix formation upon membrane 

binding (33). Further, the fusion null mutant was unable to bind membranes and did not 

show any conformational change in the presence of membrane (33).  

 

These observations led to a model in which association of predicted helices h2 and h3  

with membrane is important for repression of fusion (Fig. 1-15) (33). H3 and part of h2 

may associate with the membrane, maintaining gB in a repressed state (Fig. 1-15, center). 

Truncated cytodomains in the syn mutants studied lack h3 and portions of h2, which may 

reduce the extent of h2 association with the membrane and perhaps alleviate some 

repression, allowing increased fusion (Fig. 1-15, top right). However, further truncation 

of the cytodomain to residue 851, situated in the middle of h2, may eliminate all 

association of the cytodomain with the membrane (Fig. 1-15, bottom right). Without at 

least some membrane association, fusion may be unable to proceed.  

 

While this model may explain deregulation of fusion by syn truncation mutants, point 

mutants, which are more clinically relevant, were not tested in this assay, and their 

mechanism of deregulation remains unexplained. It is likely that additional forms of 

regulation observed in other viral cytodomains, as discussed in section 1.1.2.2, may be at 
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Figure 1-15: Proposed model for repression of HSV gB fusion by the cytodomain and 

deregulation of fusion by syn truncation mutants (33). In the wild type cytodomain (center), 

h3 and a portion of h2 associate with membrane, maintaining the ectodomain in an inactive 

state. Truncation of h3 and a portion of h2 may reduce this membrane association, thereby 

releasing the ectodomain from its repressed state (top right). However, further truncation of 

h2 may abolish all membrane association (bottom right), thus inhibiting fusion. 
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play in gB and could be disrupted by point mutants. For example, several studies suggest 

inside-out signaling may be occurring between the HSV gB cytodomain and the 

ectodomain. Perhaps the strongest evidence for this are several insertion mutants in the 

HSV-1 gB cytodomain that displayed altered antigenic properties of their ectodomains as 

measured by cell-based enzyme-linked immunosorbent assay (CELISA) with transfected 

cells (115), indicating mutations in the cytodomain may affect the conformation of the 

ectodomain. Additionally, a point mutation at residue A851 in the gB cytodomain was 

shown to decrease the rate of viral entry, and rate of entry mutations also exist in the 

ectodomain, suggesting that the cytodomain and ectodomain may communicate during 

fusion (62). Finally, replacement of the gB transmembrane and cytoplasmic domains with 

a glycosylphosphatidylinositol (gpi) anchor renders gB incapable of mediating fusion of 

cells transfected with the HSV fusion machinery (94). Together, these experiments 

suggest that signaling may occur between the HSV gB cytodomain and ectodomain, 

possible via the transmembrane domain, thus influencing fusion.  

 

1.2.3.3 Potential effect of gH on the regulatory activity of the gB cytodomain  

The cytoplasmic tail (cytotail) of gH appears to be required for fusion. The 14-amino acid 

gH cytotail is predicted to be unstructured at physiological temperature but may become 

structured upon binding the tegument protein VP16 during viral assembly (72, 96). 

Deletion or replacement of this tail with a similar domain from human CD8 or a gpi 

anchor abolished fusion activity without altering gH surface expression (77, 94). 

Insertion of five amino acids at the N-terminus of the gH cytotail likewise abolished 

fusion and the ability to complement a gH-null virus (87).  
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Interestingly, two previous studies identified a specific region within the gH cytotail that 

may be important for the function of gB during fusion. Cells infected with HSV-1 strain 

ANG, which contains the syn mutation A855V in the gB cytodomain, are known to form 

syncytia (135, 157). However, C-terminal truncations after either residue 832 (gHSVP) or 

829 (gH� SVP) of the gH cytotail suppressed syncytia formation almost 2-fold and ~35-

fold, respectively, in cells infected with HSV-1 ANG (23, 199). Suppression by gHSVP 

was greatly enhanced (~15-25 fold) by the addition of the point mutation V831A 

(gHSAP) (199). The effect on syncytia suppression of this point mutation in the gH 

cytotail alone was not tested. A qualitative analysis of cell surface expression of these gH 

mutants did not indicate obvious differences from the wild type (23, 199), suggesting 

their lower fusion phenotype was not the result of poor gH expression. Instead, these data 

suggest the gH cytotail may interact with the gB cytodomain to affect fusion (130), 

although this interaction has not been evaluated. 

 

To fully understand how all classes of syn mutants deregulate fusion, it is necessary to 

determine the mechanism of fusion regulation by the wild type cytodomain of gB. 

 

 

1.3 UNANSWERED QUESTIONS IN HSV-1 FUSION REGULATION 

 

Structural and functional studies of gD, gB and gH/gL have provided significant insight 

into the HSV entry mechanism; however, exactly how the fusion process is regulated 

remains unknown. Based on similarities with other viral fusion proteins, it appears likely 
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that gB undergoes a conformational change from the prefusion to postfusion form during 

fusion, but the nature of these conformational changes cannot be resolved without the 

prefusion structure. Several interesting gB insertion mutants were identified that may be 

locked in the prefusion form, and more detailed evaluation of their conformation may  

reveal them to be the thus-far elusive tool required for prefusion gB structural studies.  

 

Additionally, like several other fusion proteins, the cytodomain of gB appears to play a 

role in activating gB to undergo this conformational change. However, the mechanism by 

which the cytodomain regulates fusion from across the viral membrane remains unknown 

and may be more complex than those mechanisms known for other viruses because of 

gB’s dependence on gD and gH/gL for activation. A diverse panel of syn mutants in the 

HSV gB cytodomain has been identified and suggest that the wild type cytodomain 

represses fusion. While a mechanism linking membrane association and structural 

changes to increased extent of fusion has been proposed for truncation mutants, it is 

unclear whether this mechanism can be applied more globally to explain additional 

classes of fusion-deregulating cytodomain mutants, particularly, point mutants. 

Investigating whether this and additional mechanisms employed by other viral fusion 

protein cytodomains to regulate fusion are at play in HSV gB may help to better 

understand these mutants and, therefore, the characteristics of the wild type cytodomain 

that are important for fusion regulation. Additionally, obtaining the as yet unknown 

structure of this important regulatory domain, coupled with functional studies of syn 

mutants, will shed light on its function. 
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Filling these gaps in our knowledge of herpesvirus entry is essential to fully understand  

its complex mechanism. Armed with this knowledge, we can design more effective 

therapeutics for currently incurable herpesviruses and better understand the fundamental 

cellular fusion processes that regulate our lives. 
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2.1 CLONING 

 

All gB and gH sequences in this work were derived from the HSV-1 KOS strain. 

Additionally, the fidelity of all constructs to the intended sequence was verified by 

sequencing.  

 

2.1.1 gB Cytodomain Mutants 

Ten separate point mutants of the gB cytodomain were constructed: L817H; E830S, 

E831S; E842S; E845S; A855V; E857D; R858H; K864S, K865S, K866S; A874P; and 

R882S, R884S. Four of these mutants (A855V, R858H, A874P and R882S, R884S) were 

cloned into both the full-length gB gene for cell-based assays and a soluble gB 

cytodomain expression construct for biochemical work. The remaining mutants were 

only cloned into the full-length gB gene. Additionally, three gB cytodomain truncation 

mutants previously characterized as soluble proteins (33) were cloned into the full-length 

gB gene for further study: gB876 (amino acid residues 801 – 876); gB868 (801 – 868); 

and gB851 (801 – 851). 

 

2.1.1.1 Soluble gB cytodomain protein expression constructs 

The cytoplasmic domain of gB spans residues 796-904; however, soluble cytodomain 

protein is proteolytically cleaved after residue 800 during expression in Escherichia coli. 

Therefore, all soluble cytodomain constructs in this work (with the exception of the 

foldon-cytodomain construct discussed below) begin with residue 801, preceded by a 

methionine. For expression of soluble cytodomain protein in E. coli, mutants were 
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generated from plasmid pKH52, which encodes the WT gB cytodomain nucleotide 

sequence (residues 801 to 904) with a C-terminal His6-tag in a pET24b background (33). 

Point mutations in the cytodomain were generated by site-directed mutagenesis of 

pKH52 using the following primers. Forward primers were 5'-

CCTGGTGTCGGTCATGGAGCGC-3' (A855V mutation), 5'-

GGCCATGGAGCACACGGAACAC-3' (R858H) and 5'-

ATGGTCATGAGCAAGAGCCGCAACACC-3' (R882S, R884S), while the reverse 

primers were 5'-GCGCTCCATGACCGACACCAGG-3' (A855V), 5'-

GTGTTCCGTGTGCTCCATGGCC-3' (R858H) and 5'-

GGTGTTGCGGCTCTTGCTCATGACCAG-3' (R882S, R884S). The resulting plasmids 

were pJLS7 (A855V), pJLS6 (R858H) and pJLS4 (R882S, R884S).  

 

The soluble gB cytodomain expression construct bearing the A874P point mutation 

(pKH63) was created by E. Heldwein. A soluble expression construct generating a fusion 

protein consisting of a foldon tag fused to the N-terminus of the gB cytodomain (residues 

796-904) with a C-terminal His6 tag (pKH51) was also created by E. Heldwein. 

 

2.1.1.2 Full-length gB protein expression constructs 

For expression of full-length gB in mammalian cells, mutants were generated from 

plasmid pPEP98 (gift of P.G. Spear), which carries the full-length HSV-1 gB gene in a 

pCAGGS background. Point mutations in the cytodomain were generated from pPEP98 

using “splicing by overlap extension” polymerase chain reaction (SOE PCR) (80). 

Forward primer (5'-CTTTGACGAGGCCAAGCTAGCCG-3', NheI site is underlined) 
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was used to generate the 5’SOE PCR fragment in cloning of four constructs. The reverse 

primers were 5'-GCGCTCCATGACCGACACCAGG-3' (A855V mutation), 5'-

GTGTTCCGTGTGCTCCATGGCC-3' (R858H), 5’-

ATGTCGGTGACCTTGGGGCTGAGCA-3’ (A874P) and 5'-

GGTGTTGCGGCTCTTGCTCATGACCAG-3' (R882S, R884S). Forward primer (5’-

TCCCACGTGCGTGCCGGTCGC-3’, PmlI site is underlined) was used to generate the 

5’SOE PCR fragment of all additional clones. The reverse primers were 5'-

TGGGGTTCTTGTGCTCCTTGGTGG-3' (L817H mutation), 5'- 

GTCAAAGTCACCGCCCGAACTGCCCTC-3' (E830S, E831S), 5'-

TATCATCTCCCTCGCACTCGCTAGCT-3’ (E842S), 5'-

GTACCGTATCATAGACCTTGCCTCGGC-3' (E845S), 5'-

CCTTGTGTTCCGTGCGGTCCATGGC-3' (E857D) and 5'-

GCTCGTGCCTGAACTGCTGGCCTT-3' (K864S, K865S, K866S). Reverse primer (5'-

CAGAGGGAAAAAGATCTGCTAGAC-3', BglII site is underlined) was used to 

generate the 3’ SOE PCR fragment in cloning of all constructs. The forward primers were 

5'-CCACCAAGGAGCACAAGAACCCCA-3' (L817H mutation), 5'-

GAGGGCAGTTCGGGCGGTGACTTTGAC-3' (E830S, E831S), 5'-

CTAGCGAGTGCGAGGGAGATGATACGG-3' (E842S), 5'-

GCCGAGGCAAGGTCTATGATACGGTAC-3' (E845S), 5'-

CCTGGTGTCGGTCATGGAGCGC-3' (A855V), 5'-

GCCATGGACCGCACGGAACACAAGG-3' (E857D), 5'-

GTGTTCCGTGTGCTCCATGGCC-3' (R858H), 5'-

AAGGCCAGCAGTTCAGGCACGAGC-3' (K864S, K865S, K866S), 5’-
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TGCTCAGCCCCAAGGTCACCGACAT-3’ (A874P) and�5'-

ATGGTCATGAGCAAGAGCCGCAACACC-3' (R882S, R884S). The resulting PCR 

products were subcloned into NheI and BglII restriction sites of pCAGGS (gift of R.J. 

Eisenberg and G.H. Cohen) to yield plasmids pJLS19 (L817H), pJLS21 (E830S, E831S), 

pJLS23 (E842S), pJLS25 (E845S), pJLS9 (A855V), pJLS27 (E857D), pJLS8 (R858H),  

pJLS29 (K864S, K865S, K866S), pJLS3 (A874P), and pJLS5 (R882S, R884S).  

 

Truncations of the cytodomain were PCR amplified from the full-length gB gene in 

pPEP98. The same forward primer (5'-AGGAGGGCGGCGACTTTGACGA-3') was 

used for all constructs. The reverse primers (BglII site is underlined) were 5'-

AAGATCTTCAGACCTTGGCGCTG-3' (gB876), 5'-

GGAAAAAGATCTTCAGGTGCCCTTCT-3' (gB868), and 5'-

GGAAAAAGATCTTCAGGCCATGTACCG-3' (gB851). The resulting PCR products 

were subcloned into NheI and BglII restriction sites of pCAGGS to yield plasmids 

pJLS12 (gB876), pJLS11 (gB868), and pJLS10 (gB851).  

 

2.1.2 gB TMcyto 

For structural studies, the native HSV-1 gB transmembrane (TM) and cytoplasmic 

domains were expressed as a fusion protein with a C-terminal His6 tag (TMcyto). This 

fusion protein was generated in a pET24b background for expression in E. coli. The 

signal sequence of the E. coli maltose binding protein (SS-MBP) followed by a KEF 

linker, which contains an EcoRI restriction site, precedes the fusion protein, while the 

His6 tag is linked to the C-terminus of the cytodomain by LE, which contains a XhoI 
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restriction site. The SS-MBP domain was included to ensure homogeneous insertion of 

the fusion protein into the E. coli membrane during expression. This construct was 

generated by sequential subcloning. First, the TMcyto fusion protein was obtained from 

plasmid pKH81, which carries the TM and cytoplasmic domains followed by the LE 

linker and a His6 tag in a pET24b background. An EcoRI restriction site was 

simultaneously added to the N-terminus of the TM domain using forward primer (5'-

ATACATGAATTCATGTCCAACCCCTTTGG-3', EcoRI site is underlined) and reverse 

primer (5'-ATATATCTCGAGCAGGTCGTCCTCGTC-3', XhoI site is underlined). The 

resulting PCR product was subcloned into EcoRI and XhoI restriction sites in pET24b to 

yield plasmid pJLS13a. Then, the SS-MBP fragment was subcloned from pMalp2 (gift of 

S.B. Levy) using the forward primer 5'-CGCGCGCATATGAAAATAAAAACAGGTG-

3' (NdeI site is underlined) and the reverse primer 5'-

ATATATGAATTC TTTGGCGAGAGCCGAG-3' (EcoRI site is underlined). The 

resulting PCR product was subcloned into NdeI and EcoRI restriction sites in pJLS13a to 

generate pJLS13 (TMcyto). 

 

2.1.3  gB Ectodomain Mutants  

The rate-of-entry (ROE) point mutation, V553A (24), was introduced into the 

ectodomain of full-length gB using SOE PCR (80). This mutation was introduced alone 

or in conjunction with the A855V mutation in the cytodomain. The same forward (5’-

GGAGGCGTTCCACCGGTACG-3’, AgeI site is underlined) and reverse (5’-

CCGGCACGCACGTGGAGACGG-3’, PmlI site is underlined) primers were used to 

generate the 5’ and 3’ SOE PCR fragments, respectively, for both constructs. The 



57 

�

forward primer 5’-CCATCGCCTCGGCCACCGTGGG-3’ and the reverse primer 5’-

CACGGTGGCCGAGGCGATGGC-3’ were used to generate the V553A mutation. The 

resulting PCR product was subcloned into AgeI and PmlI restriction sites in either 

pPEP98 (generating plasmid pJLS17) or pJLS9 (generating plasmid pJLS18).  

 

Five additional ectodomain mutants were also constructed by E.E. Heldwein: E187i5, 

T665i5, V667i5, I671i5, and L673i5. Each mutant is designated using the amino acid 

residue preceding the insertion; “i5” indicates insertion of five residues. These mutants 

were designed to recapitulate insertion mutations previously identified by random 

mutagenesis (115). The E187i5 mutant contains a 5-amino-acid insertion DSLNK 

following residue E187, the T665i5 mutant contains a 5-amino-acid insertion MFKHT 

following residue T665, the V667i5 mutant contains a 5-amino-acid insertion MFKHV 

following residue V667, the I671i5 mutant contains a 5-amino-acid insertion DLLNI 

following residue I671, and the L673i5 mutant contains a 5-amino-acid insertion NSLNI 

following residue L673. The I671i5 mutant contains the DLLNI insertion instead of the 

original DCLNI insertion (115) due to a cloning error. The E187i5 mutant has DSLNK 

sequence instead of the original DCLNK (115), and the L673i5 mutant has NSLNI 

sequence instead of the original NCLNI (115) to avoid introducing an unpaired cysteine. 

These mutations were generated in a pFastBac1 vector containing the WT gB ectodomain 

sequence (residues 1-730; gB730) and the signal sequence from honeybee mellitin, rather 

than the endogenous gB signal sequence, for improved secretion in insect cells. The 

resulting plasmids are pKH28 (E187i5), pKH38 (T665i5), pKH39 (V667i5), pKH26 

(I671i5), and pKH40 (L673i5).  
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2.1.4 gH Cyototail Mutants 

Three mutations were generated in the full-length gH gene: the point mutation V831A 

(gHV831A); a C-terminal truncation at residue 832 (gHSVP); and a mutant with both the 

V831A point mutation and truncation at residue 832 (gHSAP) (199). The gHV831A 

mutant was made using SOE-PCR (80) in pPEP100 (gift of P.G. Spear), which carries the 

full-length HSV-1 gH gene in a pCAGGS background. The 5’ SOE PCR fragment was 

generated using forward primer 5’-CAGCCCGTGGCCGCAATTGCG-3’ (MfeI site is 

underlined) and reverse primer 5’- CCAAAAAAACGGGGCACTTGTCCGGAG -3'. 

The 3’ SOE PCR fragment was generated using forward primer 5’-

CTCCGGACAAGTGCCCCGTTTTTTTG -3’ and reverse primer 5'- 

CTGCTAGCTCGAGGCATGCCTGCA - 3' (SphI site is underlined). The resulting PCR 

product was subcloned into MfeI and SphI restriction sites of pCAGGS producing 

plasmid pJLS14 (gHV831A). The gHSVP and gHSAP mutants were generated by 

introducing stop codons into pPEP100 and pJL14, respectively. The same forward primer 

5’-CAGCCCGTGGCCGCAATTGCG-3’ (MfeI site is underlined) was used for both 

mutants, while the reverse primers were 5’-TAGCTCGAGGCATGCCTACGGGACA-3’ 

(gHSVP) and 5’-CTCGAGGCATGCTTACGGGGCACTT -3’ (gHSAP). The resulting 

PCR products were subcloned into MfeI and SphI restriction sites of pPEP100 or pJLS14 

producing plasmids pJLS15 (gHSVP) and pJLS16 (gHSAP), respectively.  

 

 

2.2 CELL-BASED ASSAYS 
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CHO cells were grown in Ham’s F-12 media supplemented with 10% fetal bovine serum 

(FBS), and C10 cells were grown in Dulbecco’s Modified Eagle medium (DMEM) 

supplemented with 5% FBS and 250 µg/mL Geneticin (Invitrogen). Antibiotic pressure 

(500 µg/mL of penicillin and streptomycin) was maintained on both cell lines during 

passaging but was omitted during seeding and transfection. Both cell lines were grown at 

37°C with 5% CO2 and were generous gifts of J.M. Coffin. 

 

2.2.1 Antibodies 

A hybridoma cell line expressing the anti-HSV-1 gB mouse monoclonal antibody (MAb) 

DL16 was a gift from R.J. Eisenberg and G.H. Cohen. The corresponding IgG was 

purified from supernatants of hybridoma cells using protein A resin at the GRASP 

facility at Tufts Medical Center. IgGs for the anti-gB MAbs C226, SS10, SS144, and 

SS55, the anti-gB rabbit polyclonal antibody (pAb) R68, and the anti-gH pAb R137 were 

also a gift from R.J. Eisenberg and G.H. Cohen. DL16 is a non-neutralizing antibody that 

recognizes a discontinuous, trimer dependent epitope (18). C226 recognizes an epitope 

located in domain II (18). SS10 recognizes a pseudocontinuous epitope encompassing 

residues 640 to 670, within domain IV (18). SS55 recognizes a discontinuous epitope 

within domain I (18). SS144 recognizes a pseudocontinuous epitope within domain V 

(18). MAbs C226, SS10, SS144, and SS55 are also virus neutralizers (18). Goat anti-

rabbit horseradish peroxidase (HRP)-conjugate and goat anti-mouse HRP-conjugate 

antibodies were purchased from Bio-Rad. Anti-His5 HRP-conjugate antibody was 

purchased from Qiagen, and an anti-actin mouse MAb was a gift from J. Mecsas. Goat 

anti-rabbit fluorescein isothiocyanate (FITC)-conjugated pAb was purchased from MP 



60 

�

Biomedicals, and Alexa-Fluor 488-conjugated goat anti-mouse IgG antibody was 

purchased from Invitrogen. Monoclonal anti-FLAG M2 mouse antibody was purchased 

from Sigma.  

 

2.2.2 Luciferase Reporter Cell-cell Fusion Assay 

Cell-cell fusion was assessed using a luciferase reporter gene activation assay (38, 138, 

144) (Figure 1-11, p.30). CHO cells growing in 24-well plates were transfected with 200 

ng each of gB (pPEP98, pJLS3, pJLS5, pJLS8, pJLS9, pJLS10, pJLS11, pJLS12, 

pJLS19, pJLS21, pJLS23, pJLS25, pJLS27 or pJLS29), gD (pPEP99), gH (pPEP100, 

pJLS14, pJLS15 or pJLS16), gL (pPEP101), and T7 polymerase (pCAGT7; gift of P.G. 

Spear) in 200 µl of Opti-MEM with 5 µl of Lipofectamine 2000 (Invitrogen) (“effector 

cells”). CHO cells seeded in 6-well plates were transfected with 800 ng each of the firefly 

luciferase gene (pT7EMCLuc; gift of P.G. Spear) and Herpes virus entry mediator 

(HVEM) (pSC386; gift of R.J. Eisenberg and G.H. Cohen) in 1ml of Opti-MEM with 10 

µl of Lipofectamine 2000 (“target cells”). Five hours post-transfection, media were 

replaced with Ham’s F12 medium. After 1 h, target cells were trypsinized and 

cocultivated with effector cells growing in 24-well plates for 18 h.  

 

Cells were washed with phosphate buffered saline (PBS) and lysed in 200 µl of 1X lysis 

reagent (Promega). Lysate (190 µl) was combined with 100 µl of luciferase substrate 

(Promega), and luciferase production was assessed by luminometry. As a control for 

background levels of fusion, all plasmids except pCAGGS and pCAGT7 were omitted 

(“vector control”). In each experiment, light output from the vector control was 
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subtracted from each sample (performed in triplicate); values are expressed as a 

percentage of wild type (WT). Values reported here represent averages of the results of at 

least three experiments. To test whether hyperfusogenic point or truncation mutants could 

fuse in the absence of other glycoproteins, plasmid pPEP99 or both pPEP100 and 

pPEP101 or all three plasmids were omitted.  

 

2.2.3 Syncytia Counting Cell-cell Fusion Assay 

Fusion activity of different gH proteins was also assessed by counting syncytia generated 

from fusion of C10 cells using a modification of a previously published method (7) (Fig. 

1-11, p.30). C10 cells, which express the gD receptor nectin-1, were seeded at a density 

of 2 x 105 cells/well in a 24-well plate onto 12 mm coverslips (Coverglass for Growth by 

Fisher Scientific)2. The next day, cells were transfected with 125 ng each of gB (pPEP98 

or pJLS9), gH (pPEP100, pJLS14, pJLS15 or pJLS16) and gL (pPEP101) in 500 µl 

serum-free DMEM with 4 µl Lipofectamine 2000. After 6 h, media were changed to 

DMEM supplemented with 5% FBS containing 250 µg/ml soluble gD306 (purified 

according to a previously published protocol (19)), and fusion was allowed to proceed for 

18 hours. Immunofluorescence staining was carried out as follows. Using a multichannel 

pipette, cells were fixed in 3% paraformaldehyde in PBS (500 µl/well) at room 

temperature for 20 min, washed three times with PBS, and the reaction quenched for 10 

minutes with 50 mM NH4Cl (500 µl/well). Cells were again washed three times with 

PBS, blocked with 10% goat serum (Invitrogen) in PBS for 30 min and the PBS washes 

repeated. Next, cells were incubated in the primary antibody, R137 diluted 1:1000 in PBS 
���������������������������������������� �������������������
2 I also attempted to use 12 mm micro cover glass from VWR, but cells adhered poorly to these coverslips. 



62 

�

with 10% goat serum (300 µl/well), for 1 h, followed by three PBS washes. Cells were 

then incubated in the secondary antibody, goat anti-rabbit FITC-conjugated pAb diluted 

1:500 in PBS with 10% goat serum (300 µl/well), for 1 h in the dark, followed by three  

PBS washes and two additional washes with water. Nuclei were stained with 1 µg/ml 1,6-

diphenyl-1,3,5-hexatriene (DAPI; gift of J. Mecsas) during the secondary antibody 

incubation. Coverslips were mounted onto slides using 8 µl of ProLong Gold Antifade 

reagent (Invitrogen) and allowed to cure overnight in the dark. Slides were stored at 4°C 

in the dark prior to imaging.  

 

Two replicates for each sample were prepared and imaged with a Nikon A1R confocal 

microscope at the Tufts Imaging Facility. Ten images per slide were collected at X20 

magnification, and syncytia in each image were quantified. Syncytia were defined as 

fluorescent membranes containing three or more nuclei, and only nuclei that were more 

than 85% enclosed by the membrane were counted. Fusion is expressed as the product of 

the total number of syncytia and the average number of nuclei per syncytium. Data are 

normalized to fusion with WT gB, gH and gL. 

 

2.2.4 Cell-based Enzyme-linked Immunosorbent Assay (CELISA) 

Surface expression of full-length gB bearing hyperfusogenic point mutations was 

assessed using CELISA (65, 75). CHO cells were seeded in 96-well plates and grown for 

24 h in Ham’s F12 media. Cells were then transfected with 50 ng each of gB (pPEP98, 

pJLS3, pJLS5, pJLS8, or pJLS9), gD (pPEP99), gH (pPEP100), gL (pPEP101), and T7 

polymerase (pCAGT7) in 50 µl of Opti-MEM media with 0.5 µl of Lipofectamine 2000. 
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All plasmids except pCAGGS were omitted as a vector control. After 5 h, media were 

replaced with 100 µl of Ham’s F12 media, and cells were grown for 48 h before being 

fixed with 3% paraformaldehyde in PBS overnight at 4°C. Fixed cells were washed twice 

in PBS and incubated in primary antibody R68 (diluted 1:1,000 in PBS supplemented 

with 10% FBS (CELISA buffer)) for 1 h at room temperature. Cells were washed three 

times with PBS and incubated in secondary antibody (goat anti-rabbit HRP conjugate 

diluted 1:1,000 in CELISA buffer) for 1 h at 4°C. After three washes with PBS, cells 

were washed with 20 mM sodium citrate (pH 4.5). 2,2’-Azino-di(3-ethylbenzthiazoline) 

sulfonic acid (ABTS) peroxidase substrate was added to cells, the plate was incubated in 

aluminum foil at room temperature for 2 h, and the absorbance at 405 nm was recorded. 

In each experiment, absorbance from the vector control was subtracted from each sample 

(present in triplicate). The results of triplicate samples were averaged, and the absorbance 

is expressed as a percentage of WT. Averages of the results of at least three experiments 

are reported here. 

 

2.2.5 Fluorescence-activated Cell Sorting (FACS) 

Surface expression of gB and gH/gL in CHO and C10 cells, as well as the ectodomain 

conformation of gB expressed in CHO cells, were assessed by fluorescence activated cell 

sorting (FACS) (106). For all assays, cells were seeded at a density of 0.6 x 106 cells/well 

in 6-well dishes 24 h prior to transfection.  

 

For expression and conformation studies with hyperfusogenic gB mutants, CHO cells 

were transfected with 2 µg of gB (pPEP98, pJLS3, pJLS5, pJLS8, pJLS9, pJLS10, 
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pJLS11, or pJLS12) and 667 ng of pmCherry-C1 (a Clonetech pAcGFP1-C1 vector 

carrying mCherry in place of enhanced green fluorescent protein; a gift of R. R. Isberg) 

in 500 µl of Opti-MEM with 2 µl of Lipofectamine 2000 for 5 h. To test surface 

expression of gH cytotail mutants in the presence of gL only, CHO cells were similarly 

transfected with 2 µg each of gH (either pPEP100, pJLS14, pJLS15 or pJLS16) and gL 

(pPEP101) and 667 ng pmCherry-C1. To test expression of gH cytotail mutants or gB in 

the presence of all four glycoproteins, CHO cells were transfected with 1 µg each of gH 

(either pPEP100, pJLS14, pJLS15 or pJLS16), gL (pPEP101), gB (pPEP98 or pJLS9) 

and gD (pPEP99) and 667 ng pmCherry-C1. In all cases, following transfection, media 

were replaced with 1 ml of growth media and the cells incubated for 20 h prior to 

immunofluorescence. 

 

For expression studies with gH cytotail mutants, C10 cells were transfected with 2 µg 

each of gH (either pPEP100, pJLS14, pJLS15 or pJLS16), gL (pPEP101) and gB 

(pPEP98 or pJLS9) with 8 µl Lipofectamine 2000 in 500 µl serum-free DMEM for 5 h. 

Following transfection, media were replaced with DMEM supplemented with 5% FBS 

and the cells incubated for 22 h prior to immunofluorescence.  

 

For immunofluorescence, all cell types were trypsinized and resuspended in 1 ml of PBS 

with 3% FBS (FACS media). Cells (1 x 106) were transferred to a 5-ml FACS tube, 

washed with 1 ml of FACS media, and incubated with 50 µl of primary antibody (diluted 

1:1,000 in FACS media) for 1 h at 4°C. The primary antibody for detection of gB was 

either the rabbit pAb R68 or an MAb (DL16, C226, SS10, SS55, SS144, or SS145). The 
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primary antibody for detection of gH was the rabbit pAb R137. Cells were washed and 

incubated in 50 µl of secondary antibody (1:500 in FACS media) covered with aluminum 

foil for 1 h at 4°C. The secondary antibody was either goat anti-rabbit FITC-conjugated 

Fc antibody or Alexa-Fluor 488-conjugated goat anti-mouse IgG antibody. Cells were 

washed, resuspended in 300 µl of FACS media, and analyzed using a Becton, Dickinson 

LSRII machine. In analyzing our FACS data, we made the assumption that the majority 

of cells expressing mCherry also received gB or gH plasmid because pmCherry-C1 was 

transfected at a 1:3 (or 1:1.5) ratio with gB or gH.  

 

FACS data were analyzed as follows. First, a transfected cell population was identified 

by mCherry fluorescence. Next, a subpopulation of cells with bound secondary antibody 

(indicating gB or gH expression) was isolated based on FITC fluorescence. To correct for 

nonspecific binding of both the primary and secondary antibodies, the number of FITC-

positive cells in vector-transfected samples was subtracted from the number of FITC-

positive cells obtained from samples transfected with gB and/or gH. For mutant gB or gH 

expression, data are expressed relative to WT expression. For conformation data (MAbs), 

the percentage of mCherry- and FITC-positive cells, corrected for vector expression, is 

reported. All data represent averages of the results of at least three experiments. The 

mean fluorescence intensities (MFI) of R137-positive and R68-positive cells are also 

reported as averages of at least three experiments. 

 

2.3 PROTEIN EXPRESSION AND PURIFICATION 
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Following the initial purification steps described here, all proteins were subjected to 

further purification by size exclusion chromatography (SEC), as described below in 

section 2.4. Additionally, the final purity of each protein preparation was assessed by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie 

blue G250 staining. 

 

2.3.1 gB Cytodomain 

2.3.1.1 Expression and purification from E. coli grown in rich media 

Soluble cytodomain proteins, including the foldon-cytodomain fusion protein, were  

expressed in E. coli Rosetta pLysS cells (Novagen) and purified using a protocol 

modified from a previously published method (33). Freshly transformed Rosetta cells 

were grown at 37°C in Luria Broth (LB) supplemented with 50 µg/ml kanamycin (Kan) 

and 34 µg/ml chloramphenicol (Cm) at an optical density at 600 nm (OD600) of 

approximately 0.6. Protein production was induced with 1 mM isopropyl-� -D-

thiogalactopyranoside (IPTG). After 3 h, cells were harvested and lysed using a French 

press cell with 20 mM Tris-HCl (pH 8.0), 250 mM NaCl, 3mM � -mercaptoethanol 

(BME), and 0.1 M phenylmethylsulfonyl fluoride (PMSF) (lysis buffer). The lysate was 

cleared by spinning at 18,000 x g in a table top centrifuge for 20 min at 4°C. Protein was 

purified from cell lysates by the use of a 2-ml Ni-Sepharose 6B fast-flow column (GE 

Healthcare). The column was washed sequentially with 10 column volumes (CV) of lysis 

buffer containing 0, 6, and 20 mM imidazole. Protein was eluted with lysis buffer 

containing 300 mM imidazole, and 1 mM ethylenediaminetetraacetic acid (EDTA) was 

immediately added to the eluate. Eluate was concentrated and imidazole removed by 
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buffer exchange to 20mMTris-HCl (pH 8.0), 250 mM NaCl, 1 mM EDTA, and 0.1 mM 

PMSF in an Ultra-4 10-kDa-cutoff concentrator (Millipore).  

 

2.3.1.2 Expression and purification of N15-labeled protein from E. coli grown in 

minimal media 

Freshly transformed Rosetta cells were inoculated into 10 ml of LB with Kan and Cm as 

indicated above and grown during the day at 37°C. This culture was then added to 500 ml 

of fresh LB with antibiotic and allowed to grow overnight at 25°C. Cells were harvested 

and resuspended in 500 ml of high cell density growth minimal media (166) containing 

the following: 50 mM Na2HPO4·7H2O; 25 mM KH2PO4; 10 mM NaCl; 5 mM MgSO4; 

0.2 mM CaCl2; 0.25X of a metals solution; 0.25X of BME vitamins (Sigma); 0.1% 

NH4Cl; and 1% glucose. The metals solution (179) contained the following: 50 mM 

FeCl3; 20 mM CaCl2; 10 mM each of MnCl2 and ZnSO4; and 2 mM each of CoCl2, 

CuCl2, NiCl2, Na2MoO4, Na2SeO3, and H3BO3. Cells were then spun down and 

resuspended in 500 ml high cell density growth minimal media containing 15N-labeled 

NH4Cl (Cambridge Isotope Laboratories, Inc.) and antibiotic and grown at 37°C to an 

OD600 of approximately 0.7. Protein expression was induced with 1 mM IPTG and 

continued for 3 hours. Cells were harvested and protein purified as described above but 

using the EDTA-free protease inhibitor cocktail (Roche) rather than PMSF.  

 

2.3.2 gB TMcyto 

TMcyto fusion protein was expressed in E. coli Rosetta pLysS cells as described above 

for soluble gB cytodomain protein. Following induction with IPTG and 3 h of growth, 
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cells were pelleted and frozen at -20°C. For purification, pellets were thawed and 

resuspended in a lysis buffer composed of 20 mM Tris (pH 8.0), 150 mM NaCl and the 

desired detergent, typically 150 mM n-octyl-� -D-glucopyranoside (� -OG) (detergent 

lysis buffer). Cells were lysed with two rounds of French press and the lysate incubated 

with rocking at room temperature for 2 hours (extraction step). Then, the lysate was 

cleared by spinning in 1.5 ml tubes in a tabletop centrifuge at 18,000 x g for 20 min at 

4°C. The supernatants were pooled, a small amount of DNase powder added, and protein 

purified from the supernantants using a 1 ml Ni-Sepharose 6B fast-flow column.  The 

column was washed sequentially with 10 CV of detergent lysis buffer containing 0, 6, 

and 10 mM imidazole and 1 mM EDTA. Protein was eluted by adding 1 ml lysis buffer 

containing 300 mM imidazole and 1 mM EDTA to the column at a time and collecting 

the initial eluate in six 500 µl fractions. The remaining protein was eluted with 7 ml of 

the same buffer. PMSF was added to 1X concentration to all eluate fractions. The most 

concentrated fractions were identified by SDS-PAGE and Coomassie staining, and these 

were pooled and concentrated using a 5 ml Ultra-4 10-kDa-cutoff concentrator pre-

soaked with detergent lysis buffer. Protein was mixed frequently during concentration to 

prevent aggregation. In some cases, the buffer was exchanged to TNE with 75 mM � -OG 

before or after SEC by dialysis using a Slide-A-Lyzer cassette (Pierce). The protein was 

dialyzed for 2 hours at room temperature with stirring, then the buffer was replaced with 

fresh buffer and dialysis continued overnight at 4°C with stirring. 

 

2.3.3 gB Ectodomain 

Soluble gB ectodomain protein (residues 1-730), either WT (gB730) or an insertion  
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mutant (E187i5, I671i5, T665i5, V667i5, or L673i5), was purified from Sf9 cell 

supernatants. Insertion mutants T665i5, V667i5, or L673i5 were purified by S. Sharma. 

Recombinant baculoviruses pKH3 (gB730), pKH26 (I671i5), pKH28 (E187i5), pKH38 

(T665i5), pKH39 (V667i5) and pKH40 (L673i5) were generated by E.E. Heldwein using 

Bac-to-Bac technology. Sf9 cells were grown to a density of 2 x 106 cells/ml and infected 

with the recombinant baculoviruses. The amount of viral stock was optimized to obtain 

the maximal protein yield. Typically, 5 ml of the viral stock from the third viral passage 

(P3) was added per 2 x 109 cells. Supernatant was harvested 72 h postinfection. gB730, 

I671i5, T665i5, V667i5 and L673i5 mutant proteins were purified from culture 

supernatant by immunoaffinity chromatography using immobilized MAb DL16 (84). Cell 

supernatant was filtered by tangential flow filtration (TFF) using a 30 kDa cartridge, the 

buffer exchanged to PBS and the filtered supernatant applied to the DL16 column. After 

extensive washing with 10 mM Tris-HCl (pH 8.0) and 500 mM NaCl, bound protein was 

eluted with 3 M KSCN and concentrated using a Millipore Ultra-15 30 kDa-cutoff 

concentrator. During this concentration step, the buffer was exchanged for 10 mM Tris-

HCl (pH 8.0) and 500 mM NaCl. E187i5 was purified in a similar way, except that the 

MAb C226 was used for immunoaffinity purification.  

 
 
 
2.4 BIOCHEMICAL AND STRUCTURAL CHARACTERIZATION 
 
 
2.4.1 Preparation of Liposomes 

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphate monosodium salt (PA) and 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (PC) were purchased from Avanti Polar Lipids, Inc. 
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Small unilamellar vesicles (SUVs) containing a 1:1 molar ratio of PC:PA were prepared 

as previously described (33), with some modifications. Chloroform lipid stocks (10 

mg/ml) were combined to reach a final concentration of 3 mM and dried into a layered 

film in a glass vial under vacuum conditions. Lipid layers were further dried by 

desiccation for 30 min and then hydrated in 20 mM Tris-HCl (pH 8.0), 100 mM NaCl 

and 1 mM EDTA (TNE) at room temperature overnight. Hydrated lipids were sonicated 

in an Eppendorf tube using a Branson Sonifier sonicator (duty cycle, 40%; output 4), 

pulsing in 30-s intervals until the suspension became clear. SUVs were separated from  

large unilamellar vesicles (LUVs) and sonicator tip titanium debris in a tabletop  

centrifuge at 18,000 x g for 20 min at room temperature. SUVs were stored at 4°C and 

used within 1 week. SUVs generated by this method typically have a diameter of 20 nm 

to 50 nm (114). LUVs containing a 1:1 molar ratio of PC:PA were prepared as described 

above for SUVs through the hydration step. Hydrated lipids were then downsized to a 

diameter of 0.1 µm by the extrusion method using an Avanti Polar Mini-Extruder, per the 

manufacturer’s protocol. LUVs were separated from debris in a tabletop centrifuge at 

18,000 x g for 5 min at room temperature. LUVs were stored at 4°C and used within 3 

weeks. 

 

2.4.2 Size Exclusion Chromatography (SEC) 

SEC was performed on a Biologic Duoflow chromatography system (Bio-Rad) equipped 

with the following columns (GE Healthcare): Superdex S200 10/300 GL (24 mL S200); 

Superdex S200 5/150 GL (3 mL S200); and Superose 12 10/30 HR column (Superose 

12). The 24 mL S200 column was calibrated using thyroglobulin (670 kDa), ferritin (440 
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kDa), catalase (232 kDa), aldolase (158 kDa), and ovalbumin (44 kDa); blue dextran was 

used to determine the void volume (GE Healthcare). The 3 mL S200 column was 

similarly calibrated with ferritin, aldolase, ovalbumin and ribonuclease (14 kDa) (GE 

Healthcare) and the void volume determined with blue dextran. The Superose 12 column 

was calibrated with molecular mass standards catalase, bovine serum albumin (66 kDa), 

ovalbumin, � -lactoglobulin (36 kDa), chymotrypsinogen (25 kDa), and lysozyme (14 

kDa), as previously described (33). 

 

2.4.2.1 Protein purification and assessment of oligomeric state 

For purification of gB ectodomain and cytodomain proteins, the 24 mL S200 column was 

equilibrated with TNE. Following SEC, gB ectodomain proteins were concentrated by 

using an Ultra-4 50 kDa-cutoff concentrator (Millipore) to 3 to 4 mg/ml, while gB 

cytodomain proteins were concentrated using an Ultra-4 10-kDa-cutoff concentrator to 2 

to 10 mg/mL. Large-scale purification of TMcyto protein was carried out on the 24 mL 

S200 equilibrated with TNE with 75 mM � -OG. Screening of the oligomeric state of 

TMcyto was carried out on the 3mL S200 equlibrated in TNE with 5X the critical micelle 

concentration (CMC) of one of the following detergents (Anatrace): n-nonyl-� -D-

maltopyranoside (BNM); n-decyl-� -D-maltopyranoside (DM); n-dodecyl-� -D-

maltopyranoside (DDM); Fos-choline 12 (Fos12); n-dodecyl-N-N-dimethylamine-N-

oxide (LDAO); or octyl glucose neopentyl glycol (NPG). 

 

2.4.2.2 gB cytodomain liposome binding assay 

The ability of soluble gB cytodomain protein to bind membrane mimetics was assessed  
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by liposome coelution on SEC with SUVs (33). Soluble gB cytodomain protein (2 

mg/ml) and a 30 M excess of PC:PA SUVs were incubated at room temperature for 1 h. 

The protein/liposome mixture was then applied to the Superose 12 column at 4°C. The 

elution profiles of gB cytodomain protein alone and liposomes alone were separately 

determined on the Superose 12 column as controls. Eluate was collected in 0.5 ml 

fractions, and equal volumes from the void and protein peak fractions were analyzed by 

SDS-PAGE. The amount of protein in each fraction was quantified by densitometry 

analysis of scanned gel images. The percentage of protein bound to liposomes was 

calculated as the ratio of protein in the void peak to the total amount of protein present in 

both peaks. Experiments were performed in triplicate, with the mean value reported here. 

 

2.4.3 Liposome Coflotation 

Association of gB cytodomain protein with membranes was also assessed by liposome 

coflotation with LUVs (75). Cytodomain proteins (3µg) were incubated at 37°C for 1 h in 

50 µl of PBS with or without 25 µg of LUVs. KCl was added to 1 M to reduce any 

nonspecific electrostatic interactions, and samples were incubated for an additional 15 

min at 37°C. Samples were adjusted to 40% sucrose solution by adding 45% sucrose 

solution in PBS to reach a final volume of 500 µl. These samples were placed at the 

bottom of a 5 ml centrifuge tube and overlaid with 4 ml of 25% sucrose solution in PBS 

and 500 µl of 5% sucrose solution in PBS. The samples were next centrifuged in a 

Beckman SW-55 Ti rotor at 246,000 x g for 3 h at 4°C, and 700 µl fractions were 

removed from each gradient, beginning at the top. Fractions were pooled into three 

groups: top (fractions 1 and 2), middle (fractions 3 to 5), and bottom (fractions 6 to 7). To 
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determine the localization of gB cytodomain protein, protein was precipitated from each 

pool using 20% trichloroacetic acid (TCA) and analyzed by SDS-PAGE on 15% 

polyacrylamide gels stained with Coomassie blue. TCA precipitation of the truncation 

mutant gB851 was inefficient; therefore, this gel was transferred onto a nitrocellulose  

membrane for Western blot analysis.  

 

To determine the distribution of LUVs throughout the gradient, we used a 1,6-diphenyl-

1,3,5-hexatriene (DPH) fluorescence assay. LUVs (25 µg) were spun in a gradient and 

fractionated as described above. Then, 300 µl of each fraction was placed in a white 96-

well plate along with 300 µl of 25% sucrose solution and 300 µl of 25% sucrose solution 

containing 25 µg of LUVs (negative and positive controls, respectively). Finally, DPH 

was added to each well to reach a concentration of 10 µM and the fluorescence recorded. 

 

2.4.4. Circular Dichroism (CD) Spectroscopy 

The effect of liposome binding on the secondary structure of soluble gB cytodomain 

protein was assessed using CD spectroscopy (33). gB cytodomain protein (0.2 mg/ml) in 

20 mM sodium phosphate buffer (pH 8.0) and 100 mM NaF (CD buffer) was incubated 

either alone or in combination with a 30 M excess of PC:PA SUVs at room temperature 

for 30 min. The far-UV CD spectrum of the protein was then measured at room 

temperature on a JASCO model 810 spectropolarimeter using a 50 nm/s scan speed, 1 nm 

band pass value, and 1 s response time. For each sample, three scans were collected and 

the data averaged, a buffer blank spectrum was subtracted, and the sample was processed 

for noise elimination. Measurements are presented in units of mean residual ellipticity 
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(� ). Protein helical content was estimated from the value of �  at 222 nm (� 222) using the 

following formula: percent helix = [(� 222 - � 222
0)/(� 222

H - � 222
0)] X 100% (116). The 

� 222 value used for 100% helix was � 222
H = -38,000° cm2 dmol-1, and the value for 100% 

random coil was � 222
0 = 4,000° cm2 dmol-1 (116).  

 

For urea denaturation, 40 µg of cytodomain protein (WT, A855V, or R858H) in CD 

buffer was incubated with a 30 M excess of PC:PA SUVs at room temperature for 30 

min. Urea buffer (8 M urea in 20 mM sodium phosphate buffer [pH 8.0] and 100 mM 

NaF) was then added to each sample to reach the final urea concentration of between 0 

and 7 M in 0.5 M increments, and the final sample volume was 200 µl. Samples were 

allowed to equilibrate at room temperature for 3 h and then put on ice and the CD spectra 

at 4°C recorded as described above. The fraction of protein folded (� ) was determined 

using the following equation: �  = [� i - � U]/[ � F - � U], where � i is the value of �  at 222 

nm for a given sample, � U is the � 222 value when the protein is unfolded (7 M urea), and 

� F is the � 222 value when the protein is folded (0 M urea) (71). The folding constant of a 

trimeric protein (KF) was calculated from the following equation: KF = � /[3Pt(1 - � )]3, 

where Pt is the molar concentration of the trimer (71). Free energy of folding was 

determined from the following formula: � GFolding = -RTlnKF, where R is the gas constant 

in units of cal K-1 mol-1 and T is the temperature in Kelvin (71). To estimate the free 

energy of folding in the absence of urea, the fraction of protein unfolded versus the urea 

concentration was plotted, and � GFolding values for samples in the transition region of this 

curve were plotted against the urea concentration. Extrapolation of the best fit line for the 

latter plot yielded the estimated � GFolding value at 0 M urea (78).  
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2.4.5 Limited Proteolysis 

N� -p-tosyl-L-lysine chloromethyl ketone (TLCK)-treated chymotrypsin and (L-

tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)-treated trypsin were purchased 

from Worthington. Staphylococcus aureus protease V8 was a gift from C.A. Kumamoto. 

 

2.4.5.1 gB cytodomain protein 

Cytodomain protein (3 µg) in 8 µl of TNE was incubated for 1 h at room temperature 

with 1.5, 3, 6, 15, 30, 60, or 120 ng of TLCK-treated chymotrypsin, TPCK-treated 

trypsin, or V8 protease. These amounts correspond to protease/protein mass ratios of 

1:2,000, 1:1,000, 1:500, 1:200, 1:100, 1:50, and 1:25, respectively. Samples were spun 

briefly at 18,000 x g in a tabletop centrifuge prior to incubation. For samples containing 

LUVs, cytodomain protein was incubated with a 30 M excess of LUVs for 1 h at room 

temperature prior to the addition of protease. Digestion reactions were stopped by adding 

8 µl of 2X reducing tricine sample buffer and boiling at 95°C for 5 min. Denatured, 

reduced proteolytic products were resolved by gel electrophoresis on 10% Tris-tricine 

gels, followed by staining with Coomassie blue G250. For mass spectrometry analysis, 

digests with a protease/protein ratio of 1:1,000 (without LUVs) or 1:500 (with a 30 M 

excess of LUVs) were scaled up to 75 µg of protein. Digestion reactions were quenched 

by precipitation with acetone (protein alone) or a mixture of 90% acetone and 10% 

methanol (protein with LUVs) to dissolve liposomes and dried at room temperature 

overnight before mass spectrometry analysis. Mass spectrometry was carried out by D.S. 

King (U.C. Berkeley) as follows: digested samples were dissolved in an acetonitrile-

water mixture acidified with 0.1% trifluoroacetic acid and analyzed by direct infusion 
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electrospray ionization quadrupole Fourier transform ion cyclotron resonance (ESI-Q-FT-

ICR) mass spectrometry (Bruker) (9.4-T magnet).  

 

2.4.5.2 gB ectodomain protein 

WT gB730 or an insertion mutant (3 µg) in 8 µl of 20 TNE was incubated with 30, 60, 

120, or 300 ng of TLCK-treated chymotrypsin at room temperature for 1 h. This 

corresponds to substrate/protease mass ratios of 100:1, 50:1, 25:1, and 10:1, respectively. 

The digestion was stopped by adding denaturing, reducing SDS-PAGE sample buffer and 

heating the samples for 5 min at 95°C. The results of the proteolysis were analyzed on 4 

to 12% NuPAGE gels (Invitrogen) under denaturing and reducing conditions. For N-

terminal sequencing of the protein bands, the digests were separated on 4 to 12% 

NuPAGE gels and then transferred to a polyvinylidene difluoride membrane. The 

membranes were stained with Coomassie R-250. Bands of interest were cut out and 

submitted for sequencing by Edman degradation at the Tufts University core facility. 

 

2.4.6 gH Cytotail Pulldown Assay 

For this assay, a C-terminal strep-tagged gH cytotail peptide 

(KVLRTSVPFFWRRESAWSHPQFEK) was synthesized by New England Biolabs, and 

an N-terminal strep-tagged gH cytotail peptide 

(SAWSHPQFEKGSGSGKVLRTSVPFFWRRE) was synthesized at the Tufts University 

Core Facility. Streptactin columns were prepared by loading 1.5 ml streptactin sepharose 

resin (IBA) into a column and washing with 4.5 ml of TNE. Then, 100 nmol of strep-

tagged gH peptide (either N- or C-terminally tagged) was loaded onto the column, 
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incubated for 10 minutes, and the column was washed with 3 CV of TNE. Fractions were 

collected in either 1.5 ml or 0.75 ml aliquots. 10 nmol of gB cytodomain protein pre-

incubated for 30 min at room temperature with a 30 M excess of PC:PA LUVs was then 

loaded onto the column, and the column was washed with 4 CV of TNE. Fractions were 

collected in either 1.5 or 0.75 ml aliquots. Finally, protein was eluted with 3 CV of 2.5 

mM desthiobiotin in TNE, and eluate was collected in 0.75 or 0.35 ml aliquots. Samples 

were then analyzed on 12.5% Tris-tricine gels by Coomassie staining. This experiment 

was also performed with an N-terminally FLAG tagged peptide synthesized at the Tufts 

University Core Facility and Anti-FLAG M2 Affinity Gel (Sigma-Aldrich). 

 

2.4.7 Western Blot 

For all western blots, samples were transferred from a polyacrylamide gel onto a 

nitrocellulose membrane. Membranes were then blocked with 0.1% milk in 20 mM 

Tris·HCl (pH 7.5), 500 mM NaCl and 0.5% Tween 20 (TBST) for 40 min at room 

temperature prior to incubation in the primary antibody. Following the secondary 

antibody incubation, all blots were developed using a Pierce Western Pico 

chemiluminescence kit (Bio-Rad).  

 

2.4.7.1 Total expression of full-length gB in CHO cells 

Expression of gB in CHO cells was assessed by Western blot analysis. CHO cells in 1 

well of a 6-well dish were transfected with 2 µg of either pPEP98 or pJLS10 as described 

for FACS experiments. At 22 h posttransfection, cells were trypsinized, washed with 1 ml 

of PBS, and lysed in 100 µl of reducing buffer with boiling at 95°C for 10 min. Aliquots 
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(20 µl) of lysate were analyzed by gel electrophoresis on a 10% polyacrylamide gel, and 

the presence of gB was assessed using the pAb R68 at a 1:5,000 dilution. The lower 

portion of the blot was probed with anti-actin mouse MAb (1:10,000) as a loading 

control. Following incubation in the primary antibodies for 1 h at room temperature, the 

blots were incubated in either goat anti-rabbit or goat anti-mouse IgG HRP-conjugated  

secondary pAbs (1:10,000 dilution) for 40 min and developed.  

 

2.4.7.2 TCA-precipitated fractions of gB851 coflotation experiments 

The blocked membrane was incubated with anti-His5 HRP-conjugated MAb (Qiagen) at 

a 1:3,000 dilution for 1 h, then developed. 

 

2.4.7.3 gB ectodomain conformation 

For Western blot analysis of the mutant and WT gB ectodomains, unless otherwise noted, 

all samples were prepared under mildly denaturing conditions to preserve the trimeric 

species of gB730 (34). Under these conditions, the band for soluble trimeric gB protein 

migrates just below 220 kDa, while soluble monomeric gB migrates as an approximately 

90 kDa protein. The band for full-length trimeric gB is found above the ladder, while 

monomeric full-length gB migrates as an approximately 115 kDa protein. In all blots, 

WT gB730 was used as a positive control. For Western blot analysis with MAbs C226, 

SS55, or SS144, 150 ng of protein was used per lane. For Western blot analysis with 

MAb DL16, 250 ng of protein was used per lane, with the exception of gB730, for which 

300 ng of protein was used. For Western blot analysis with MAb SS10, 100 ng of protein 

was used per lane, and samples were partially denatured by boiling in nonreducing buffer 
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containing 1% SDS. Samples were then resolved by 4 to 15% Tris SDS-PAGE (Bio-Rad) 

and transferred to a nitrocellulose membrane. Following blocking, membranes were 

probed with MAbs C226, SS10, SS55, or SS144 at a 1:5,000 dilution or with MAb DL16 

at a 1:1,000 dilution. This was followed by incubation with anti-mouse IgG-HRP 

conjugate at a 1:10,000 dilution, and the blots were then developed.  

 

2.4.8 Nuclear Magnetic Resonance (NMR) 

Nuclear magnetic resonance (NMR) spectroscopy was used to investigate the structure of 

soluble gB cytodomain protein. Heteronuclear single quantum coherence (HSQC) spectra 

were recorded at 10, 25, 30 or 37°C on a Bruker Avance-600 operating at 600 MHz for 

1H. TNE buffer in purified gB cytodomain protein samples was exchanged by SEC to 20 

mM Na3PO4 (pH 7.0), 10 mM NaCl, 100 µM PMSF, 0.01% NaN3 and 5% D2O (NMR 

buffer). Protein concentration in samples was generally between 7 – 10 mg/mL.  In some 

cases, one of the following additives was added to the protein after SEC: deuterated SDS 

(1, 1.9, 3.7 or 10 mM; Cambridge Isotope Laboratories, Inc.); 1-Myristoyl-2-Hydroxy-sn-

Glycero-3-Phospho-(1'-rac-Glycerol) (LMPG; 35 or 52 mM); or deuterated 

trifluoroethanol (TFE) (15 or 30%; Cambridge Isotope Laboratories, Inc.). For some 

samples, the pH of NMR buffer was lowered to 6.2-6.7 or exchanged to 10 mM sodium 

acetate (pH 5.5) with 10 mM NaCl and 100 µM PMSF. Samples were placed in a 5 mm 

tube and briefly spun before analysis. HSQC spectra (32-64 scans) were collected using a 

FASTHSQC pulse sequence fhsqcf3gpph.
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Chapter 3: Insertion Mutagenesis of the HSV-1 gB Ectodomain Does Not 

Prevent its Conversion to the Postfusion Form 
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3.2 INTRODUCTION  

 

The critical membrane fusion step in HSV entry is mediated by the class III viral fusion 

protein gB. To accomplish fusion, gB is thought to undergo a series of conformational 

changes from a prefusion to postfusion structure. The available crystal structure of HSV 

gB is believed to represent the postfusion conformation based on similarities to the 

known postfusion structure of another class III viral fusion protein, VSV G (84, 152). 

The prefusion structure of VSV G has been solved and shows significant differences in 

domain arrangement compared to the postfusion form (153). Comparison of these two 

VSV G structures suggests G undergoes significant conformational changes, passing 

through an extended intermediate in which the fusion loops are inserted into the host cell 

membrane, followed by collapse of this intermediate into the postfusion form (151) (Fig. 

1-4B, p.10). gB is expected to function in an analogous way (84, 125); however, the 

prefusion conformation of gB remains elusive.  

 

The soluble postfusion gB trimer has been shown to be very stable, and conversion to this 

form is likely energetically favorable, making it difficult to capture the soluble prefusion 

form (192). However, several interesting mutants in the gB ectodomain isolated by 5-

amino-acid linker insertion mutagenesis were unable to mediate fusion of transfected 

cells, despite being surface expressed at levels indicative of proper folding for transport 

(115). Two of these mutants, E187i5 and I185i5 (the amino acid residue preceding the 

insertion of 5-amino-acids [i5] is listed), were located in domain I of the ectodomain (Fig. 

1-4A, p. 10), which forms a cavity with a diameter of ~23Å in the postfusion crystal 
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structure (Figure 1-3C, p.7) (“cavity mutants”). As each of the five-amino-acid insertions 

would measure ~18Å in length, it was suggested that this cavity could not accommodate 

these residues in the postfusion conformation (115). Four other mutants unable to 

mediate fusion were obtained at the interface of domains III, IV and V (115). This region 

is known as the hinge region because it is hypothesized to play an important role during 

the transition from the pre- to postfusion conformation (83). It was proposed that these 

mutants, T665i5, V667i5, I671i5 and L673i5 (“hinge mutants”) may interfere with the 

function of this region (115). Additionally, mutants T665i5, V667i5 and I673i5 displayed 

significantly reduced activity with MAbs on the surface of transfected cells as measured 

by CELISA (115), suggesting that these mutants adopt a conformation other than the 

postfusion form.  

 

In light of these data, we hypothesize that the cavity and hinge insertion mutants 

highlighted above are unable to adopt the postfusion conformation and are trapped in 

either the prefusion or an intermediate form. If this were indeed the case, identification 

and characterization of these mutants would provide valuable insight into the 

intermediate conformations of gB during its conversion from the pre- to postfusion 

conformation. Additionally, we hoped that perhaps some of these mutations would be 

sufficient to lock the soluble ectodomain in the prefusion conformation, which would be 

very valuable for structural studies. 
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3.3 RESULTS 

 

3.3.1 Choice of Mutated Residues 

We recreated five insertion mutants, including one cavity (E187i5) and four hinge 

(T665i5,V667i5, I671i5, and L673i5) mutants, as soluble proteins ending at amino acid 

730 (Fig. 3-1). An insertion following residue E187 was ostensibly the most likely to 

destabilize the postfusion conformation. Residue E187 has a side chain pointing into the 

cavity located inside the gB trimer in domain I (Fig. 3-1). Although this cavity may be 

spacious enough to accommodate a single 5-amino-acid insertion, it is unquestionably too 

small to accommodate the three 5-amino-acid insertions that would occur in the trimer, 

one per protomer. We also focused on the hinge region, residues 665 to 673 (Fig. 3-1), 

because 5-amino acid insertions after residues T665, V667, I671, or L673 also cause the 

fusion-deficient phenotype despite adequate surface expression (115). 

 

3.3.2 Mutants E187i5 and I671i5 Do Not Mediate Transfected Cell Fusion 

The insertions in three of our mutants (E187i5, I671i5, and L673i5) differ by one amino 

acid from the insertion mutants reported previously (115). To ensure that our mutants and 

those discussed in (115) had the same phenotypes, we introduced our insertions into the 

full-length gB and tested the fusion activity of two mutant gB proteins (E187i5 and 

I671i5) using a luciferase reporter cell-cell fusion assay (38, 138, 144). Effector cells 

were prepared by cotransfection of CHO cells with plasmids containing the genes for T7 

polymerase, gD, gH, gL, and either WT gB or one of the mutants. Target CHO cells were 

transfected with plasmids encoding the luciferase protein under the control of the T7  
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Figure 3-1: Location of insertion mutations in the HSV-1 gB postfusion ectodomain. 

(A) Linear diagram of full-length gB with functional domains highlighted (as in (84)). 

Domain I is shown in cyan, domain II in green, domain III in yellow, domain IV in 

orange, domain V in red, and the disordered region between domains II and III in 

purple. Regions absent from the crystal structure of gB730 are shown in gray. 

Sequences in the region of 5-amino-acid insertions (residues 181 to 190 and residues 

661-680) are shown in black. Arrows mark the locations of 5-amino-acid insertions, 

shown as red text (see Chapter 2.1.3, p.56). (B) Crystal structure of gB730 (84). 

Residues preceding the 5-amino-acid insertions in mutants studied here are shown as 

spheres colored by domain, consistent with (A). Boxes delineate the hinge region, 

enlarged in (C), and the cavity region, enlarged (D). (C) Close-up view of the hinge 

region shown in molecular surface representation, with residues 663 to 675 displayed 

as sticks. Hydrophobic residues are colored orange. Residues preceding the 5-amino-

acid insertions in mutants studied here are labeled with asterisks; remaining labels 

correspond to additional hydrophobic residues in the 663-675 region. (D) Enlarged 

view of the cavity region. Residues that line the cavity and are not solvent exposed are 

colored magenta. Residue E187 of each protomer is colored teal and shown as 

spheres. Fusion loops for two protomers are marked with asterisks; the third pair of 

fusion loops lies behind the crystal structure and is not visible. Panels B, C and D 

were made using Pymol (http://www.pymol.org/). 
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promoter and the gD receptor HVEM. Target and effector cells were mixed, incubated 

for 20 h, lysed, and then assayed for light production (i.e., fusion). Neither E187i5 nor 

I671i5 was able to substitute for WT gB in the cell-cell fusion assay, mediating 0% and 

7% of fusion with WT gB, respectively (Fig. 3-2A). Thus, the fusion assay demonstrated 

that our E187i5 and I671i5 mutants had phenotypes similar to those previously studied 

(115). The mutant gB proteins were also expressed on the cell surface as well as WT gB, 

as determined by FACS (Fig. 3-2B), indicating that their fusion-deficient phenotypes are 

not due simply to lack of surface expression of the mutant gB protein. 

 

3.3.3 Conformation of gB Insertion Mutant Ectodomains 

To reveal the mechanism underlying the fusion-deficient phenotype of the insertion 

mutants, we wanted to characterize the biochemical properties of the mutants in detail.  

To do so, we expressed the mutants as soluble ectodomains (residues 31 to 730) in insect 

cells using recombinant baculovirus technology. We first compared the MAb reactivity of 

purified mutant ectodomains with WT gB730 (Fig. 3-3A) using Western blot analysis 

under mildly denaturing conditions. We used the well-characterized MAbs DL16, C226, 

SS10, SS55, and SS144, all of which recognize epitopes in different structural regions 

within the gB ectodomain (18), as described in more detail in Materials and Methods 

(p.59). Thus, these antibodies are particularly well suited for probing the conformation of 

different regions of the fusogenic ectodomain in mutant gB proteins. 

 

We first tested DL16 reactivity. DL16 recognizes a conformational epitope on the gB730 

trimer; it does not react with monomeric gB730, be it fully or partially denatured (18). 
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Figure 3-2: Characterization of the fusion phenotype and surface expression of gB 

ectodomain insertion mutants. (A) Quantitative cell-cell fusion assay. Target CHO-K1 

cells, expressing the luciferase protein and the HSV receptor HVEM, were 

cocultivated with effector cells expressing T7 polymerase, gD, gH, gL and either WT 

gB, mutant or the empty vector, and assayed for light production 20 h later. Extent of 

fusion is expressed as percentage of WT. (B) FACS assay to determine surface 

expression of full-length WT and mutant gB proteins. Mouse melanoma C10 cells 

were transfected with either WT gB, or mutant, or the empty vector. Cells were 

stained with a primary antibody R68, a secondary antibody goat anti-rabbit-

phycoerythrin, fixed with paraformaldehyde, and subjected to FACS analysis. In the 

above graph, the signal from C10 cells that were transfected with empty vector DNA 

was subtracted out. Error bars represent the standard error. The mutant gB proteins 

I671i5 and E187i5 were expressed on the cell surface, as well as the WT gB protein. 
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We found that all of the hinge mutants—T665i5, V667i5, I671i5, and L673i5—were 

recognized by DL16 in Western blots, which suggested that they were trimeric (Fig. 3- 

3A). These four mutants were also recognized by antibodies C226, SS10, SS55, and 

SS144. Thus, the 5-amino-acid insertions within the hinge region did not noticeably 

influence the antigenic characteristics of the gB mutants expressed as soluble 

ectodomains, as judged by the results of Western blot analysis with antibodies C226, 

SS10, SS55, and SS144. In contrast, mutant E187i5 was not recognized by DL16 in 

Western blots. The lack of DL16 reactivity was not due to the absence of the trimer 

because MAbs C226, SS10, SS55, and SS144, which recognize both the trimeric and the 

monomeric forms of gB by SDS-PAGE, reacted with the trimeric form of the E187i5 

mutant (Fig. 3-3A). The fact that DL16 does not recognize the E187i5 mutant indicated, 

therefore, that the DL16 epitope was disrupted as a consequence of the 5-amino-acid 

insertion. 

 

We next tested whether the insertions had the same effect on the antibody reactivity of 

the full-length mutants. Using IP, we tested the reactivity of our antibodies against the 

two full length mutants I671i5 and E187i5 (Fig. 3-3B). We found that all antibodies, 

including C226, SS10, SS55, SS144, and DL16, recognized both mutants and WT gB 

(Fig. 3-3B). Interestingly, we did not observe significant differences from WT in the 

antigenic properties of mutant gB ectodomains except the E187i5 mutant, contrary to 

what was observed previously (115). This discrepancy can likely be explained by our use 

of a different panel of MAbs against the ectodomain, as well as a different type of assay. 

Previous work tested the reactivity of MAbs with the ectodomain of full-length protein 
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Figure 3-3: gB ectodomain insertion mutant proteins are similarly recognized by 

different antibodies, with the exception of E187i5. For all blots, WT gB ectodomain 

(gB730) was used as a positive control, and molecular mass markers are indicated on 

the left in kilodaltons. T, trimeric; M, monomeric gB species. (A) Purified soluble 

protein samples were resolved on mildly denaturing (see p.78) 4 to 15% Tris gradient 

gels and visualized by Western blot using different anti-gB MAbs, as indicated at right 

of each blot. (B) WT gB and the E187i5 and I671i5 mutants were expressed as full-

length proteins in C10 cells and immunoprecipitated (IP) with different anti-gB 

MAbs, as indicated at right. IP samples were then resolved on 10% polyacrylamide 

gels and visualized by Western blot analysis with the anti-gB pAb R68. IP results for 

anti-myc antibody are shown as a negative control. (C) Recognition of full-length gB 

versus soluble gB ectodomains by MAb DL16 was tested by IP. IP samples of full-

length proteins were prepared as in (B). Purified soluble ectodomains were diluted in 

IP binding buffer and immunoprecipitated with DL16. The results of the IP were 

analyzed by Western blot with R68, as in (B). IP results for anti-myc antibody are 

shown as a negative control. (D) Recognition of full-length gB by MAb DL16 was 

tested by Western blotting. WT gB and the E187i5 and I671i5 mutants were expressed 

as full-length proteins in C10 cells, and whole lysates were resolved on a 10% 

polyacrylamide gel under mildly denaturing conditions, blotted, and probed with MAb 

DL16. Equivalent expression of full-length gB proteins in C10 cells was verified by 

Western blot analysis with pAb R68 using SDS-PAGE on a 10% polyacrylamide gel 

under reducing, denaturing conditions. (E) Approximate locations of the epitopes of 

four of the MAbs used in the present study. The epitope for DL16 is unknown. 
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expressed on the surface of cells by CELISA (115), while we have used a more sensitive 

Western blot assay. 

 

The fact that DL16 was able to immunoprecipitate the E187i5 full-length protein was 

surprising. Therefore, we set out to determine whether the difference in reactivity of the 

DL16 antibody observed for the E187i5 mutant was indeed due to the different antigenic 

properties of the full-length and truncated mutant protein or due to different assays, i.e., 

Western blotting with the truncated protein versus IP with the full-length protein. To do 

so, we tested the reactivity of the DL16 antibody against truncated and full-length gB 

mutant proteins by both Western blotting and IP (Fig. 3-3C and D). Our results showed 

that the full-length and truncated E187i5 mutants had the same reactivity with DL16, but 

the two assays yielded different results. DL16 did not recognize either the full-length 

(Fig. 3-3D) or truncated E187i5 mutant (Fig. 3-3A) by Western blotting but was able to 

precipitate them in the IP assay (Fig. 3-3B,C). The cause of the discrepancy between the 

two assays probably lies in the conditions used in each assay. It is possible that the DL16 

epitope in the E187i5 mutant does not disappear completely and is, instead, rendered 

unstable such that it is not recognized by DL16 under the somewhat more stringent 

conditions of a Western blot assay. Nevertheless, the inability of the DL16 antibody to 

recognize either truncated or full-length E187i5 mutant by Western blotting suggests that 

the DL16 epitope in this mutant was affected by the 5-amino-acid insertion. Furthermore, 

the full-length proteins react with antibodies in the same way as the soluble, truncated 

proteins do, which justifies our use of soluble ectodomains in place of the full-length 

proteins. 
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3.3.4 gB Insertion Mutants are Trimeric, but E187i5 Forms Aggregates 

The oligomeric state of the mutant ectodomains was assessed by size exclusion  

chromatography (SEC). SEC analysis of purified mutant proteins revealed that the 

T665i5, V667i5, I671i5, and L673i5 proteins had the same elution profiles as WT gB730, 

suggesting that they all form trimers (Fig. 3-4). A small fraction of these mutant proteins 

eluted in the void, which is occasionally observed with the WT gB730. In contrast, all of 

E187i5 eluted very close to the void volume on the 24 mL S200 column (Fig. 3-4). This 

behavior suggested that E187i5 forms aggregates with a size of >670 kDa, possibly 

dimers of trimers or even larger species. Therefore, the presence of the 5-amino-acid 

insertion following residue E187 appeared to have changed the protein conformation to 

make the E187i5 mutant much more prone to aggregation. We studied these 

conformational changes further in the experiments described below. 

 

3.3.5 Electron Microscopy Reveals Higher Order Oligomers of E187i5 

To further assess the conformation of the mutant proteins, we used electron microscopy 

(EM). The gB730 ectodomain has a characteristic shape that can be easily discerned in 

EM images of negative-stained protein particles. In particular, the two ends of the rod-

like molecule can be readily distinguished (Fig. 3-5A). We refer to these ends as the 

“crown” and the “base,” respectively (Fig. 3-5A,B). In the structure of gB730, the 

“crown” corresponds to domain IV, whereas the “base,” at the opposite end, contains 

domain I (84). We measured the length of gB730 particles in EM images to be 16.0 ± 1.2 

nm long (n = 5). This number correlates well with the length of the gB ectodomain 

calculated from its atomic coordinates, 16.7 nm (84).
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Figure 3-4: Oligomeric state of gB ectodomain insertion mutants, as measured by SEC. 

An overlay of the size exclusion chromatograms for the mutant and WT ectodomain 

proteins is shown. The E187i5 mutant protein elutes completely in the void volume of 

the size exclusion column. Elution volumes of size exclusion standards are indicated 

with arrows above the traces. 
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Figure 3-5: Negative-stain EM images of WT gB730 and mutant gB ectodomain 

proteins T665i5 and E187i5. All images were collected at the same magnification. (A) 

Representative particles of WT gB730 and an insertion mutant, T665i5, are shown. 

Two distinct “crown” and “base” ends of particles are labeled with red arrows in one 

representative particle. The scale bar for these images is the same as for panel C. (B) 

The structure of gB730 in surface representation is colored by domain as in Fig. 3-1A. 

The crown and base regions are labeled. The approximate location of residue E187 is 

marked with a white star. (C) Representative particles of two types are shown for the 

E187i5 mutant protein. Crown regions of individual trimers are labeled with red 

arrows. (D) Model of how higher-order oligomers are formed from gB730 trimers in 

the E187i5 mutant, as depicted in (C). Dimers of trimers and trimers of trimers are 

shown. The approximate locations of residue E187 in all structures are marked with a 

white star, as in (B). 
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We obtained images of negative-stained samples of all five mutants. Not surprisingly, 

given their reactivity with the DL16 MAb, T665i5, V667i5, I671i5, and L673i5 look the 

same as WT gB730. Images of a representative mutant, T665i5, are shown in Fig. 3-5A. 

The overall shape of the T665i5 particles is very similar to that of WT gB730 particles. In 

particular, the “crown” and “base” ends can be seen. Particles of T665i5 mutant protein 

were measured to be 16.2 ± 0.2 nm long (n = 5). Particles of V667i5, I671i5, and L673i5 

were of similar size (data not shown). Therefore, the 5-amino-acid insertions after 

residues T665, V667, I671, or L673 do not affect the structure of the soluble ectodomain 

of gB globally. We conclude that the T665i5, V667i5, I671i5, and L673i5 mutant 

ectodomains adopt the overall WT postfusion form.  

 

In contrast, E187i5 preferentially formed two kinds of particles: three-armed particles and 

long rods (Fig. 3-5C). The length of each arm in the three-armed particle was 16.3 ± 0.5 

nm (n = 9), indicating that each arm consists of a gB trimer. We believe that these are 

trimers of trimers, joined in a “base-to-base” way because crowns can be clearly seen at 

the tips of several arms (Fig. 3-5C). We measured the length of the long rods to be 33.0 ± 

0.6 nm (n = 5), which is about twice the length of a single trimer. This suggests that each 

long rod is composed of a dimer of gB trimers. These dimers of trimers also appear to be 

joined “base-to-base” because crowns can be seen at the opposite ends of the long rods 

(Fig. 3-5C,D). So, in the E187i5 samples, two observed types of particles consist of either 

two or three trimers associating by their “base” ends. 

 

Given WT gB730 does not normally associate into higher-order oligomers, the presence 
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of higher-order oligomers of E187i5 suggests that the insertion of 5 amino acid residues 

after residue E187 alters the protein conformation to allow or, perhaps, force the mutant 

protein to associate into dimers of trimers and trimers of trimers. These conformational 

changes have no apparent effect on the gross architecture of individual trimers because 

the length of the “arms” is similar to the length of the postfusion trimer of gB730. 

Moreover, the characteristic features of the postfusion trimers, e.g., the “crown” end, are 

preserved in the E187i5 mutant molecules. We conclude that whereas the E187i5 mutant 

adopts the overall postfusion form, it has significant conformational changes at the 

“base” end of the trimer, which contains domain I. 

 

3.3.6 Local Conformational Changes in the E187i5 Mutant are Detected by 

Limited Proteolysis 

To better understand the nature of the conformational changes that caused the E187i5 

mutant molecules to associate into dimers of trimers and trimers of trimers, we used 

limited proteolysis with chymotrypsin to compare the conformation of the mutants to that 

of WT gB730 protein. The pattern of proteolytic fragments of WT gB730, as seen on 

reducing SDS-PAGE, has been previously reported (18, 84). Briefly, chymotrypsin 

cleaves gB730 between residues 97 and 98, residues 472 and 473, and, to a lesser extent, 

residues 489 and 490. These cleavage events generate fragment 98-472 (53 kDa), 

fragment 473-730 (38 kDa), and a small amount of fragment 490-730 (36 kDa) (Fig. 3-

6). The intact N-terminal fragment 28-97 is never observed on gels, probably because this 

highly unstructured region is further cleaved into very small pieces that are undetectable 

(84). 
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Figure 3-6 shows representative proteolytic patterns generated by limited digestion of 

gB730, T665i5, V667i5, I671i5, L673i5, and E187i5 with chymotrypsin. T665i5, 

V667i5, I671i5, andL673i5 were digested into fragments similar to those seen for WT 

gB730 (Fig. 3-6). Surprisingly, treatment of E187i5 with chymotrypsin resulted in two 

additional bands migrating at ~35 and ~18 kDa (Fig. 3-6A). Although the electrophoretic 

mobility of the 35-kDa fragment observed in E187i5 resembled that of the 36-kDa 

fragment observed in WT gB730 and containing residues 490 to 730, this fragment 

represents a different part of the polypeptide chain as determined by N-terminal 

sequencing. Specifically, its N-terminal residue is 224, indicating that the 35-kDa 

fragment most likely corresponds to residues 224 to 472. The 18-kDa proteolytic product, 

also a new band, was found by N-terminal sequencing to begin with residue 98. The 

appearance of the 35- and the 18-kDa bands in the digest coincided with the 

disappearance of the 53-kDa 98-472 fragment (Fig. 3-6A), supporting our hypothesis that 

the 35-kDa fragment was composed of residues 224 to 472 and the 18-kDa fragment was 

composed of residues 98 to 223. 

 

Residues F223 and H224 are located in domain I at the base of the short � -hairpin (Fig. 

3-7). Inspection of the crystal structure clearly shows that residues 223 to 224 are not 

solvent exposed (Fig. 3-7) and, therefore, are not accessible to protease. Not surprisingly, 

neither trypsin nor chymotrypsin cleaves the WT gB ectodomain, gB730, in the vicinity 

of these residues (18, 84). However, in the E187i5 mutant protein, chymotrypsin can 

clearly access these residues and cleave the peptide bond between them. We conclude 

that the 5-amino-acid insertion after residue E187 causes a conformational change that 
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 Figure 3-6: Limited proteolysis reveals a new chymotrypsin cleavage site in the 

E187i5 gB ectodomain mutant. WT gB730 and five insertion mutants were digested 

with chymotrypsin at decreasing mass ratios of substrate to protease, indicated above 

each lane. ND, nondigested. For each gel, molecular mass markers are indicated at left 

in kilodaltons. (A) Digestion pattern of WT gB730, the I671i5 mutant, and the E187i5 

mutant. (B) Digestion pattern of the T665i5 mutant. (C) Digestion pattern of the 

V667i5 and L673i5 mutants. Asterisks indicate proteolytic products seen in the WT 

gB730 and all mutants. Arrows in the E187i5 digestion pattern indicate new bands 

absent from the digests of WT gB730 and the other mutants. Weak bands 

corresponding to chymotrypsin autoproteolysis products are observed at 15 and 10 

kDa in some of the digests at 25:1 and 10:1 substrate/protease ratios. 
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Figure 3-7: Newly identified proteolytic cleavage site in the E187i5 gB ectodomain 

insertion mutant is not exposed in the WT ectodomain (gB730). (A) The crystal 

structure of gB730 is shown as a beige ribbon with residues E187i5 in all three 

protomers shown as orange spheres. Residues F223 and H224, the site of 

chymotrypsin cleavage, are shown as pink sticks. The box delineates the region 

enlarged in panel B. (B) Close-up view of the region boxed in (A), rotated 90° 

clockwise relative to the view in (A) and shown in molecular surface representation. 

Residue E187 for two protomers are shown as orange spheres and labeled with 

arrows; the third E187 residue is situated behind the molecule and is not visible. 

Residues F223 and H224 for one protomer are shown as magenta sticks. Only the tip 

of the F223 side chain is exposed, shown as magenta surface. This figure was 

prepared using Pymol (http://www.pymol.org/). 
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exposes residues 223 to 224 and makes them accessible to protease. 

 

3.3.7 E187i5 Does Not Associate with Membrane via Liposome Coflotation 

It has been shown that soluble gB730 associates with liposomes through the fusion loops 

in domain I (75). To test whether the E187i5 mutant, which contains an insertion in the 

vicinity of the fusion loops, could be impaired in liposome binding, we incubated purified 

soluble WT or mutant gB proteins with large unilamellar vesicles (LUVs) at 37°C for 1 

h. We then added 1 M KCl to eliminate any nonspecific electrostatic interactions between 

the proteins and liposomes (48). Next, each protein-LUV mixture was adjusted to 40% 

sucrose, layered beneath a sucrose step gradient, and centrifuged for 3 h to allow the 

liposomes and any associated proteins to float to the top of the gradient. Under these 

conditions, proteins that fail to bind liposomes remain at the bottom of the gradient. 

Seven equal fractions were collected starting from the top of each gradient and analyzed 

by immuno-dot blot using the anti-gB rabbit pAb R69 (Fig. 3-8). E187i5 was drastically 

impaired in its ability to bind liposomes, whereas the four hinge mutants (T665i5, 

V667i5, L673i5, and I671i5) cofloated with liposomes similar to WT gB730. Thus, it 

appears that insertions in E187i5 affected the conformation of the fusion loops rendering 

them suboptimal for proper insertion into the lipid membranes. Alternatively, the smaller 

amount of E187i5 associated with liposomes could be due to its aggregation, i.e. the 

formation of dimers of trimers and trimers of trimers seen by EM. In these aggregates, 

the fusion loops are not exposed and thus may be unavailable for lipid interaction. 
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Figure 3-8: gB ectodomain insertion mutants stably associate with membrane, except 

mutant E187i5. Purified soluble WT or mutant proteins were incubated with 

PC/cholesterol liposomes at 37°C for 1 h. Each sample was then incubated in 1 M KCl 

for 15 min, adjusted to 40% sucrose, and layered beneath a sucrose step gradient. 

Gradients were centrifuged for 3 h, fractionated, and analyzed by immune-dot blot 

using anti-gB rabbit pAb R69. The E187i5 mutant has impaired liposome binding, 

whereas the two hinge mutants (T665i5 and I671i5) cofloat with liposomes as 

efficiently as WT gB730. 
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3.4 DISCUSSION  

 

Previous work established that 5-amino-acid insertions in HSV-1 gB after residues E187, 

T665, V667, I671, or L673 result in mutant gB proteins that can be expressed on the cell 

surface but are unable to mediate cell-cell fusion when coexpressed with gD and gH/gL 

(115). These mutants were also unable to complement a gB-deficient virus, the assay that 

serves as a proxy for viral cell entry, and some mutants displayed altered antigenic 

properties compared to the WT gB ectodomain (115). The results of the study suggested 

to us that the mutants were fusion deficient due to their inability to adopt the postfusion 

conformation. Here, we found that despite the presence of the 5-amino-acid insertions, 

the cavity mutant E187i5 and the hinge mutants T665i5, V667i5, I671i5, and L673i5 

were clearly able to adopt the postfusion structure, at least when expressed as soluble 

ectodomains in the gB730 background. These results were unexpected because inspection 

of the structure of gB730 along with previous analysis (115) suggested to us that 5-

amino- acid insertions at position E187 and also at positions T665, V667, I671, and L673 

could not be sterically accommodated in the postfusion structure of WT gB730. 

 

3.4.1 Cavity Mutant E187i5 

A priori, we hypothesized that the presence of three 5-amino-acid insertions within the 

threefold central cavity would cause severe steric strain; simply put, these extra 15 

residues, 5 per protomer, cannot fit into the small cavity (115). Therefore, we expected 

that this steric strain would prevent gB from folding into the postfusion conformation. 

Instead, we found that the E187i5 mutant adopts the overall postfusion conformation but 
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that there are significant localized conformational changes to accommodate the 

insertions. We hypothesize that the significant steric strain within the cavity, created by 

the presence of the extra residues in the E187i5 mutant, is relieved by domains I being 

pushed away from one another. This hypothesis is supported by the destabilization of a 

MAb epitope, the appearance of a new proteolytic site, and the exposure of buried 

hydrophobic residues. 

 

First, the separation of domains I weakens the DL16 epitope, as evidenced by greatly 

diminished DL16 reactivity in the E187i5 mutant. Although the exact location of the 

DL16 epitope is unknown, judging by MAb competition data, it is located within domain 

I (18). Importantly, DL16 only binds trimeric gB, suggesting that its epitope is composed 

of adjacent residues on two protomers. The destabilized DL16 epitope in the E187i5 

mutant strongly suggests that within the E187i5 trimer, domains I in different protomers 

are not packed as closely together as they are in the WT gB730 trimer. 

 

The second consequence of the “spreading out” of domains I is the exposure of residues 

that are normally buried. In particular, we found that chymotrypsin cleaves the E187i5 

mutant between residues F223 and H224, in addition to cleaving at the same sites as in 

the WT gB730. In WT gB730, residues F223 and H224 are not accessible to protease, 

which means that the E187i5 mutant undergoes conformational changes that result in the 

exposure of these residues. We hypothesize that the extra 15 residues within the cavity 

push on the � -sheets lining the cavity, causing them to move apart. Finally, exposure of 

buried hydrophobic residues as the result of this conformational change likely accounts 
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for the self-association (aggregation) of E187i5 mutant molecules into dimers of trimers 

and trimers of trimers, as seen by EM. Such oligomers probably do not occur in the full-

length, membrane associated mutant protein on the viral or cell surface due to the 

presence of transmembrane regions. However, the hydrophobic regions that become 

exposed as a result of insertion would probably render even the full-length E187i5 mutant 

protein more “sticky” and therefore could interfere with its function. 

 

3.4.2 Hinge Mutants T665i5, V667i5, I671i5, and L673i5 

The insertions after residues T665, V667, I671, or L673 would be predicted to lead to 

local steric strain. These residues lie within the linker region that connects domains IV 

and V and that descends from the “crown” along the hydrophobic bundle of domain III 

helices. Such steric strain could be avoided by displacement of several residues preceding 

and following the insertion site. For example, the insertion after residue I671 would be 

predicted to displace not only residue I671 itself but also neighboring F670 and D672 and 

possibly T669 and L673 as well (Fig. 3-1C). Given that the T665i5, V667i5, I671i5, and 

L673i5 mutants have biochemical and biophysical characteristics—antibody reactivity, 

overall shape, proteolytic sensitivity, and oligomeric state—very similar to those of WT 

gB730, we hypothesize that the mutants undergo only minor local conformational 

changes to relieve the steric strain resulting from the presence of five extra amino acids. 

Inserted residues probably bulge out, while residues immediately preceding and 

following the insertion change their conformation, but the overall structure of the trimer 

is maintained. The conformational changes in the hinge mutants are much less 

pronounced than those in the E187i5 mutant. Nevertheless, we speculate that they are 
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probably energetically unfavorable due to the disruption of hydrophobic packing and 

exposure of several hydrophobic residues to water. For example, to accommodate a five-

residue insertion after I671, several buried hydrophobic side chains—F670, I671, and 

L673—would need to be removed from the hydrophobic core. 

 

Thus, our results suggest that the postfusion conformation of gB is very stable and highly 

energetically favorable. gB can assume this conformation even in the presence of 

mutations that would be predicted to prevent the formation of the postfusion form. The 

energetic penalty of having extra residues is outweighed by the energetic benefits of 

forming the low-energy postfusion form. This highly stable postfusion conformation is 

characteristic of other viral fusion proteins, e.g., influenza HA and paramyxovirus (PIV3) 

F proteins (29, 204). Such stability is probably very important in the fusion process—a 

significant amount of energy is released during conversion of the prefusion form into the 

very stable, energetically favorable postfusion form. This energy is thought to be required 

to overcome the high activation energy of merging two lipid bilayers (79). 

 

3.4.3 Possible Causes of the Fusion-deficient Phenotype in gB Ectodomain 

Insertion Mutants 

Why do the five mutants studied here fail to mediate cell-cell fusion? Our results strongly 

suggest that the fusion-deficient phenotype of all five mutants is not due to the inability 

of the 5-amino-acid insertions to be accommodated in the trimeric postfusion 

conformation. Although we cannot completely eliminate the possibility that, in the 

context of the full-length membrane associated gB, these insertions may somehow 
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prevent the formation of the postfusion form, we do not think this possibility is likely 

because of the stability of the postfusion form of gB. The ectodomain represents the bulk 

of the full-length gB molecule and is an independently folding unit. We find it unlikely 

that the mutant ectodomain, when expressed alone, can assume the postfusion 

conformation, whereas the ectodomain in the context of the full-length molecule cannot. 

We also cannot exclude the possibility that each of these mutants may cause gB to bypass 

the fusogenic prefusion conformation during folding, thus only allowing the ectodomain 

to adopt the inactive postfusion conformation. Although additional work is necessary to 

determine the precise mechanism, we envision several possible mechanisms. 

 

First, the E187i5 mutant might have poorly functional fusion loops, which are located at 

the tips of the fingerlike � -sheet projections in domain I (Fig. 3-1D) (75, 76). We 

hypothesize that as the result of the insertion after residue E187, spreading apart of 

domains I pushes apart the fusion loops, thereby preventing them from inserting properly 

into the lipid bilayer. This spatial separation of fusion loops possibly prevents them from 

adopting the appropriate conformation for membrane insertion. The mutant protein would 

then be unable to mediate fusion despite being able to refold into the postfusion 

conformation. The drastically impaired ability of the E187i5 mutant ectodomain to 

cofloat with liposomes supports this idea. Nevertheless, we cannot exclude the possibility 

that the impaired liposome binding is due to the presence of higher-molecular weight 

aggregates, dimers of trimers and trimers of trimers, in which the fusion loops are 

sequestered at the oligomeric interface and can no longer bind to liposomes. Importantly, 

the inability of the E187i5 mutant to function suggests that the three fusion domains (one 
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per protomer) in their entirety are critical for proper gB function; that is, that the overall 

structure of the fusion domains is critical for function and not just the specific residues 

within the fusion loops. 

 

Second, mutants may be defective in binding gH or gD. The components of the HSV 

fusion machinery, gB, gD, and gH/gL, have long been thought to interact to enable 

membrane fusion during viral entry or cell-cell fusion. Recent studies suggest that gB can 

directly interact with both gD and gH during the fusion process, although the precise 

nature of these interactions has yet to be determined (8, 10, 68). Given the importance of 

coordinated work by these different glycoproteins, it is reasonable to speculate that 

mutations could interfere with fusion due to the inability of the mutated gB ectodomain to 

interact with other viral entry proteins in an appropriate way. 

 

Third, hinge mutants may be deficient in binding a gB receptor. gB730 can block HSV 

entry into cells that are deficient in heparan sulfate proteoglycans (19). This suggests that 

it may compete for binding to a cell receptor (19) such as PILR�  (160). The MAb SS10 

can also block entry into cells that are deficient in heparan sulfate proteoglycans (19), 

possibly by preventing binding of gB to its cellular receptor. Because the SS10 epitope is 

located in the vicinity of the hinge region (18), it is tempting to speculate that the 

insertions in the hinge region may interfere with receptor binding. Future work, perhaps 

including testing these mutants in the context of HSV-1 virions, is necessary to explore 

this possibility. 
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Finally, the T665i5, V667i5, I671i5, and L673i5 mutants, although able to fold into the 

postfusion conformation, may do so more slowly than WT gB. This slower rate could, 

perhaps, prevent fusion within the timeline of the fusion assay. 

 

In summary, although the mechanism by which several insertion mutations within gB 

inhibit membrane fusion is yet unknown, we propose that inability to refold into the 

trimeric postfusion form is not the reason behind their fusion-deficient phenotype. 
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Chapter 4: The gB Cytodomain Regulates Fusion by a Unique Mechanism 

that Requires Preservation of the Native, Membrane-bound Conformation 
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4.2 INTRODUCTION 

 

Infected cell fusion is usually limited during an HSV infection (21, 52, 161), suggesting 

that the activity of the fusion protein gB is tightly controlled. Both gD and gH/gL provide 

positive external regulation of gB (7, 8), but syncytial HSV strains indicate gB is also 

internally regulated by its cytodomain (24, 25, 43, 53, 70, 133, 134, 194). Syn mutations 

consist of point, truncation and insertion mutations that span most of the cytodomain 

sequence (Fig. 1-14A, p.40). Given that each of these mutations increases the extent of 

fusion, the WT cytodomain is thought to restrict fusion, whereas syn mutations release 

this inhibitory effect. However, the mechanism by which the cytodomain regulates the 

fusion activity of the ectodomain from across the membrane remains unknown. 

Investigating how these mutations alter fusion regulation by the gB cytodomain may 

provide insight into the properties of the cytodomain important for wild type regulation. 

 

We previously characterized a subset of known syn mutations containing C-terminal  

truncations and identified a correlation between their fusion phenotype and certain 

biochemical properties, including membrane association and concomitant structural 

changes. We showed that truncation up to residue 868 generated increased fusion in 

transfected cells (a phenotype referred to as hyperfusion) and reduced the ability of 

soluble cytodomain protein to bind to membrane mimetics and form predicted helices 

(33). Truncation at residue 851, reported to be fusion-null and unable to complement a 

gB-null virus (25, 56), abrogated membrane binding and associated structural changes 

(33). Together, these data suggested a model whereby fusion activity is regulated by 
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association of the cytodomain with membrane, which induces structural changes in 

predicted helices h2 and h3 in the cytodomain (Fig. 1-15, p.46). Reduction of this 

association causes de-repression of fusion, but complete loss of membrane binding results 

in loss of fusion, suggesting residues 851-868 are critical for fusion (33).  

 

In the present study, we wished to test whether this membrane association model 

extended to other types of syn mutations, particularly point mutations, which are found in 

almost all clinically isolated syn HSV strains. Additionally, cytodomains of other viral 

fusion proteins regulate fusion by different mechanisms such as inside-out signaling and 

regulation of trimer stability. Therefore, we also wished to test whether such mechanisms 

play a role in regulation of HSV fusion by the cytodomain of gB.  

 

 

4.3 RESULTS 

 

4.3.1 Choice of Hyperfusogenic Mutants 

Biochemical properties of the WT cytodomain, syn truncation mutant cytodomains 

gB876 and gB868, and the fusion-null mutant cytodomain gB851 (the listed amino acid 

corresponds to the last residue in the truncated protein) were previously characterized by 

our laboratory (33). To determine whether the same biochemical properties underlie the 

hyperfusion phenotype of gB syn point and truncation mutants, we chose to characterize 

the hyperfusogenic point mutants A855V, R858H, and A874P (Fig. 1-14A, p.40; Fig. 4-

1A). The first two point mutations were found in clinical isolates (24, 135, 157), while  
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Figure 4-1: Representative trimeric HSV1- gB cytodomain expression constructs 

used in this study. (A) Representative constructs for expression of full-length gB in 

CHO cells. (B) Representative constructs used to express soluble His6-tagged gB 

cytodomains in E. coli. (C) All WT and point mutant cytodomain proteins are trimeric 

by SEC. An overlay of the chromatograms for the WT and mutant cytodomain 

proteins on a 24 ml S200 size exclusion column is shown. Elution volumes of size 

exclusion standards are indicated with arrows above the traces. 
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the hyperfusogenic A874P mutation was previously engineered to break the predicted 

helix h3 (Fig.1-14A, p.40), believed to play a role in fusion regulation (60). 

 

4.3.2 Quantification of Cell Fusion Induced by Hyperfusogenic Point and 

Truncation Mutants 

The fusion phenotypes of the three point mutants studied in this work (A855V, R858H, 

and A874P) and the three truncation mutants (gB851, gB868, and gB876) were 

previously determined by counting the average number of nuclei per syncytium in 

transiently transfected mammalian cells or by observing plaque formation in cells 

infected with mutant viruses (14, 24, 25, 53, 60). To confirm the fusion phenotypes of all 

six mutants (Fig. 4-1A), we tested them in a quantitative luciferase cell fusion assay (38, 

138, 144). All previously characterized syn mutants (gB868, gB876, A855V, R858H, and 

A874P) were hyperfusogenic, exhibiting a 2-to-3-fold increase in fusion relative to the 

WT protein (Fig. 4-2). While the syn phenotypes of A855V and R858H have not 

previously been quantified, our results are in agreement with the ~2-fold increase in 

fusion of transfected cells observed for gB876, gB868 and the A874P mutant (60). In 

contrast, the truncation mutant gB851 mediated only ~30% of WT fusion (Fig. 4-2).  

 

4.3.3 gB Cytodomain Mutants Require gD, gH, and gL for Hyperfusogenicity  

The hyperfusogenic gB truncation mutant gB� 816 from Epstein-Barr virus (EBV) (73, 

127), corresponding to HSV-1 gB864, has been previously found to mediate ~30% of 

WT fusion in the absence of EBV gH/gL, which is normally required for fusion (127). 

We tested whether any HSV-1 gB syn point or truncation mutants studied here could  
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Figure 4-2: Syn gB cytodomain point and truncation mutants mediate comparable levels 

of fusion of transfected cells. Luciferase production was used to quantify fusion of CHO 

cells mediated by WT gB, truncated gB or gB bearing a syn point mutation, in the 

presence or absence of gD and gH/gL. Transfected glycoproteins (abbreviated as B, D, 

H, and L) are indicted below each bar, and the gB construct used is indicated below each 

set of bars. In the “vector” control (V), all plasmids except pCAGGs and pCAGT7 were 

omitted. In each experiment, the vector control was subtracted from each sample 

(performed in triplicate), and the values are expressed as a percentage of WT. Reported 

values represent averages of the results of at least three experiments. 
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mediate fusion in the absence of HSV-1 gD, gH/gL or both.  

 

As expected, in the absence of either gD or gH/gL, WT gB exhibited minimal fusion, 

comparable to background levels (Fig. 4-2). In contrast, several hyperfusogenic mutants 

exhibited low-level fusion even in the absence of gD or gH/gL (Fig. 4-2). Both the 

A855V and A874P mutants mediated ~30% of WT fusion in the absence of gD and 

~20% of WT fusion in the absence of gH/gL, while gB876 mediated  ~20% of WT fusion 

in the absence of gD. In all cases, however, the standard deviation was high relative to 

the magnitude of observed fusion, which has also been seen with EBV gB� 816  (127). 

While the low-level fusion accomplished by some HSV-1 gB syn mutants in the absence 

of gD or gH/gL may suggest a certain degree of independence from these proteins, all 

mutants required both gD and gH/gL to achieve high levels of fusion, indicating that they 

are likely positively regulated by these proteins. 

 

4.3.4 Hyperfusogenic Mutations Do Not Increase Cell-surface Expression of gB  

The hyperfusion phenotype of the syn mutants could be due to their overexpression on 

the cell surface. To test this, we measured the expression of WT and mutant HSV-1 gB  

proteins on the surface of transiently transfected CHO cells by CELISA (Fig. 4-3A, Table 

4-1) or FACS (Fig. 4-3B, Table 4-1, Table 4-2). Point mutants A855V and R858H, as 

well as both truncation mutants, were expressed at WT levels, while point mutant A874P 

showed 1.3-fold higher surface expression than the WT (Fig. 4-3A,B, Table 4-1). Thus, 

the hyperfusion phenotype was not accounted for by higher surface expression of gB, in  
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B 

Figure 4-3: Syn gB cytodomain mutants are not overexpressed on the cell surface. (A)  

Surface expression of WT gB and syn point mutants in CHO cells was assessed by 

CELISA with the � -gB pAb R68. Nonspecific binding of R68 to cells was measured with 

cells transfected with pCAGGs only (vector control). In each experiment, the vector 

control was subtracted from each sample (present in triplicate). Results were averaged and 

the absorbance normalized to WT. An average of the results of at least three experiments 

is reported. (B) Surface expression of WT gB, syn point mutant A855V and the three 

truncation mutants was assessed by FACS using CHO cells treated with the pAb R68. The 

percentage of transfected cells positive for FITC signal, indicating bound secondary 

antibody, was measured, and the data normalized to WT. (C) Overall expression of WT 

gB and gB851 in CHO cell lysates was compared by Western blot using the pAb R68. 

Actin was used as a loading control. MW, molecular weight (in thousands). 
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agreement with what was previously seen with other syn mutations in HSV-2 (56, 134, 

156). 

 

Interestingly, gB851, which was impaired for fusion, was expressed on the surface of 

CHO cells at only 10% of WT levels (Fig. 4-3B, Table 4-1). Low expression at the cell 

surface correlated with low overall protein expression (Fig. 4-3C). Therefore, the low 

level of fusion observed for the gB851 mutant was due to poor expression. Low 

expression of gB851 would probably lead to poor incorporation of gB851 into virions, 

which may explain the inability of gB851 (and the corresponding truncation gB829T in 

HSV-2) to complement gB-null virus (25, 56). 

 

4.3.5 Hyperfusogenic Mutations Do Not Alter the Ectodomain Conformation  

In some viral fusion proteins, such as Paramyxovirus F and MoMLV Env protein, 

removal of inhibitory C-terminal sequences in the cytoplasmic domain is thought to 

activate the ectodomain for fusion by a process termed “inside-out signaling” (1, 119, 

197). Previously, it was shown using CELISA that insertion of five amino acids after 

either residue T868 or N886 in the cytodomain altered reactivity of the gB ectodomain 

with some MAbs (115). Therefore, we hypothesized that syn mutations in the 

cytoplasmic domain could alter the conformation of the ectodomain via inside-out 

signaling, possibly rendering it more fusogenic.  

 

To test this, we expressed WT or syn mutant gB proteins gB868 and A855V in CHO cells 

and tested their reactivity with a panel of MAbs in a FACS assay. These MAbs recognize 
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conformational epitopes within four of the five domains of the ectodomain (18) (see 

Materials and Methods p.59 for a detailed description of the epitopes of each antibody). 

Moreover, one antibody, DL16, is trimer-specific and requires intact protomer contacts 

(18). Thus, if the conformation of the ectodomain in any mutant were different from that 

of the WT, we would expect to see a difference in reactivity with at least one 

conformational MAb. 

 

Each MAb showed slightly different reactivity with the WT gB ectodomain, ranging 

from 30% to 60% FITC-positive transfected cells (Fig. 4-4, Table 4-2). Overall, there 

were no significant differences in MAb reactivity between the mutants gB868 and 

A855V as compared to the WT (Fig. 4-4, Table 4-2). Similar results were obtained for 

mutant R858H (data not shown). These data suggest that there are no significant 

conformational differences between the ectodomains of WT gB, the truncation mutant 

gB868, and the point mutants A855V and R858H. Therefore, these three representative 

mutations in the cytoplasmic domain do not change the conformation of the gB 

ectodomain, making it more fusogenic. We further hypothesize that most syn mutations 

do not render the ectodomain more fusogenic by inside-out signaling, although we cannot 

rule out the possibility that such signaling occurs in vivo.   

 

4.3.6 Hyperfusogenic Point Mutants Stably Interact with Membranes 

Having found no differences in surface expression or the ectodomain conformation 

between syn mutant and WT gB proteins, we tested whether these mutations instead 

influenced the conformation or other biochemical properties of the cytodomain itself. To 
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Figure 4-4: Syn gB cytodomain mutations do not alter the ectodomain conformation. 

MAb reactivity of the ectodomain of gB expressed on the surface of CHO cells was 

determined by FACS analysis. Cells were transfected with WT gB, the syn truncation 

mutant gB868, the syn point mutant A855V, or vector. The percentage of transfected 

cells positive for FITC signal, indicating bound secondary antibody, was measured, and 

data are presented relative to the total population of transfected cells.  



124 

�

T
ab

le
 4

-2
 E

xp
re

ss
io

n 
an

d 
ec

to
do

m
ai

n 
co

nf
o

rm
at

io
n 

of
 W

T
 a

nd
 

sy
n 

m
ut

an
t 

gB
 o

n 
th

e 
su

rf
ac

e 
o

f C
H

O
 c

el
ls

 a
ss

es
se

d 
by

 
F

A
C

S
 

 

 
 

%
 tr

an
sf

ec
te

d 
ce

lls
 w

ith
 b

ou
n

d 
se

co
n

da
ry

 a
nt

ib
od

y
b  

 

S
am

pl
e 

w
ith

  
fu

ll-
le

ng
th

 g
B

 
%

 c
el

ls
 

tr
an

sf
ec

te
da  

R
68

 
D

L1
6 

C
22

6 
S

S
10

 
S

S
55

 
S

S
14

4 
S

S
14

5 

V
ec

to
r 

 
84

.1
 ±

 2
.3

 
4.

6 
± 

1.
9 

3.
2 

± 
1.

9 
3.

4 
± 

2.
2 

3.
8 

 ±
 1

.1
 

2.
8 

± 
1.

3 
2.

3 
± 

2.
2 

3.
1 

± 
2.

1 

W
T

 
85

.1
 ±

 4
.8

 
28

.2
 ± 

3.
8 

34
.9

 ± 
7.

7 
56

.7
 ± 

6.
5 

57
.1

 ±
 6

.3
 

44
.6

 ±
 7

.2
 

41
.7

 ±
 2

.5
 

50
.6

 ±
 8

.1
 

gB
87

6 
87

.7
 ±

 1
.9

 
27

.2
 ±

 2
.1

 
N

D
 

 N
D

 
N

D
 

N
D

 
N

D
 

N
D

 

gB
86

8 
84

.5
 ±

 4
.7

 
29

.6
 ±

 3
.3

 
37

.0
 ±

 9
.6

 
55

.5
 ±

 5
.9

 
58

.4
 ±

 1
0.

1 
49

.2
 ±

 1
0.

0 
49

.6
 ±

 6
.4

 
53

.5
 ±

 5
.4

 

gB
85

1 
87

.3
 ±

 0
.9

 
2.

7 
± 

1.
4 

N
D

 
N

D
 

N
D

 
N

D
 

N
D

 
N

D 
A

85
5V

 
85

.3
 ±

 1
.1

 
27

.2
 ±

 1
.7

 
33

.1
 ± 

5.
2 

51
.0

 ±
 5

.4
 

55
.2

 ±
 1

.5
 

40
.0

 ±
 5

.4
 

41
.7

 ±
 8

.7
 

50
.1

 ±
 6

.4
 

a C
al

cu
la

te
d 

as
 th

e 
pe

rc
en

ta
ge

 o
f t

ot
al

 c
el

ls
 p

os
iti

v
e 

fo
r 

m
C

h
er

ry
, 

w
h

ic
h

 in
di

ca
te

s 
tr

an
sf

ec
tio

n
. 

b C
al

cu
la

te
d 

as
 th

e 
pe

rc
en

ta
ge

 o
f m

C
h

er
ry

-p
os

iti
ve

 c
e

lls
 a

ls
o 

po
si

tiv
e 

fo
r 

F
IT

C
 s

ig
na

l, 
w

hi
ch

 in
di

ca
te

s 
bo

th
 tr

an
sf

ec
tio

n
 a

n
d 

bi
n

di
ng

 o
f s

ec
on

da
ry

 a
nt

ib
od

y
. 

N
D

, 
n

ot
 d

et
er

m
in

ed
. 

 



125 

�

do so, we expressed and purified the cytodomains of all five mutants and the WT gB as 

soluble proteins with C-terminal His6 tags (Fig. 4-1B).On the size exclusion column, all 

point mutant cytodomains eluted at the expected molecular mass of the trimeric species, 

38 kDa (Fig. 4-1C), indicating that, like the WT cytodomain (33), these point mutant 

cytodomains were trimers in solution. 

 

We next tested membrane association of cytodomains by coelution with SUVs using  

SEC (Fig. 4-5A,B) (33). Consistent with our previous report (33), approximately 44% of 

WT protein and only 22% of the gB868 truncation mutant coeluted with SUVs (Fig. 4-

5C, Table 1). Point mutant R858H bound SUVs as well as the WT, whereas point 

mutants A855V and A874P bound SUVs better than the WT, with 88% and 60% of total 

protein bound, respectively (Fig. 4-5C, Table 1). Better binding of the A855V mutant 

could potentially be explained by its increased hydrophobicity.  

 

Using a liposome coflotation assay, we further verified that protein coeluting with SUVs 

was stably bound to the liposomes rather than simply aggregating in their presence. SUVs 

are incompatible with the liposome coflotation assay because they do not partition 

properly in the sucrose gradient, likely due to compression and fusion during 

centrifugation. Instead, we used LUVs of the same lipid composition, which are more 

commonly used in coflotation experiments. As expected, in the presence of LUVs, WT 

cytodomain protein was found in both the middle and top fractions of the gradient, 

indicating stable association with the LUVs, and was largely absent from the bottom 

fraction (Fig. 4-5D). Our negative control, the fusion-impaired truncation mutant gB851,  
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Figure 4-5: Membrane binding by the soluble WT and mutant gB cytodomain proteins. 

(A to C) Association of soluble cytodomain proteins with anionic SUVs as assessed 

using liposome coelution in SEC. Soluble WT protein was passed over a Superose 12 

column alone (solid line) or following incubation with anionic SUVs (squares). A.U. 

absorbance units. (B) Representative Coomassie-stained gels of fractions from the 

chromatogram shown in (A). The presence of protein in the void factions indicates 

binding to the SUVs. (C) Extent of binding was determined as bound/(bound + unbound) 

x 100%. (D and E) Stable association of soluble cytodomain proteins with (+) or without 

(-) anionic LUVs as assessed using liposome coflotation in a sucrose gradient. Total 

protein was precipitated with TCA out of the top (T), middle (M,) and bottom (B) 

fractions of the gradient (shown in (F)), analyzed by SDS-PAGE, and detected by 

Coomassie staining (D) or Western blotting performed with anti-His antibody (E). (F) 

The location of LUVs after spinning the coflotation assay sucrose gradient (schematic is 

shown) was assessed using DPH fluorescence. 25 µg of liposomes were placed in the 

gradient and centrifuged. The gradient was then fractionated as follows: fractions 1-2 are 

removed from the top portion of the gradient; fractions 3-5 from the middle; and 

fractions 6-7 from the bottom. 10 µM DPH was added to these samples, as well as a 

positive control (25 µg LUVs in 25% sucrose solution; All LUVs) and a negative control 

(25% sucrose solution; No LUVs), and the fluorescence measured. 
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did not float with LUVs (Fig. 4-5E), consistent with the lack of binding to SUVs 

observed by SEC (33). Localization of the WT protein to the middle fraction was likely 

due to incomplete partitioning of the liposomes into the top fraction, as seen using 1,6-

diphenyl-1,3,5-hexatriene (DPH) fluorescence (Figure 4-5F).  

 

Somewhat surprisingly, all of the cytodomain point mutants as well as the truncation 

mutant gB868 cofloated with the LUVs, with little, if any, protein remaining at the 

bottom (Fig. 4-5D). This discrepancy between the coflotation and coelution assays could 

have been due to differences in the cytodomain binding to LUVs (coflotation assay) and 

SUVs (SEC coelution assay), which exhibit different degrees of membrane curvature.3 

Nevertheless, while it appears that there are no pronounced differences in binding to 

LUVs, unlike the coelution assay, the coflotation assay does not provide quantitative 

results. Thus, there could still be differences, even if modest, in binding of mutant and 

WT cytodomains to LUVs. 

 

In summary, none of the point mutants showed a decreased association with SUVs 

relative to the WT (Fig. 4-5C), which contrasts with the result obtained for the truncation 

mutants (33). Moreover, the point mutants A855V and A874P bound SUVs better than 

the WT. These results suggest that truncation mutants and point mutants may deregulate 

fusion by different mechanisms, in which altered membrane association plays an 

important role. Nevertheless, we cannot rule out the alternative scenario that emphasizes 
���������������������������������������� �������������������
3 The effect of membrane curvature on the ability of soluble cytodomain protein to bind membrane may be 
further explored by measuring binding of cytodomain protein to fluorescently-labeled liposomes of 
increasing sizes using fluorescence microscopy (66,. 206). 
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LUV binding results rather than SUV binding results, in which differences in membrane 

binding are too small to account for the syn phenotype. 

 

4.3.7 Hyperfusogenic Point Mutants Undergo WT-like Conformational 

Changes in the Presence of Membrane 

Secondary-structure algorithms (JPred) (35) predicted three helices in the cytoplasmic 

domain (Fig. 1-14A, p.40), with approximately 50% overall � -helical content. Previously, 

we showed that the helical content of the WT cytodomain approached the predicted value 

only in the presence of anionic membrane mimetics (33), which suggested that in the 

presence of a membrane, certain regions of the cytodomain undergo conformational 

changes from random coil to helix. Syn truncation mutants showed a reduced increase in 

helicity in the presence of membranes, which correlated with lower membrane binding 

(33).  

 

We tested whether point mutations in the cytodomain similarly affect conformational 

changes that occur in the presence of membrane. In the presence of liposomes, two point 

mutants (A855V and R858H) showed a WT increase in helicity, 17 to 19%, while mutant 

A874P showed a smaller increase in helicity, 12% (Table 4-1, Table 4-3). The lower � -

helical content in the third point mutant, A874P, was probably due to the introduction of 

a proline within predicted helix h3 that could disrupt this helix, thereby decreasing its 

helical CD signal.  

 

Interestingly, unlike truncation mutants, in point mutants there was no correlation 
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Table 4-3 Changes in the secondary structure of soluble WT and syn mutant 
gB cytodomains upon membrane association as measured by CD 

  
Soluble 
cytodomain Fusion phenotype 

PC:PA-to-protein 
molar ratio % helicitya 

Absolute 
increase in 
helicity (%) 

gB904 (WT)  WT No lipids 26.8 ± 1.7 
19.4 ± 3.9 30:1 46.3 ± 3.9 

WT Hyperfusion No lipids 28.0 ± 0.7 
14.6 ± 1.8 30:1 42.6 ± 1.2 

gB876 Fusion-null No lipids 21.7 ± 3.2 
0.4 ± 1.1 30:1 22.1 ± 4.1 

gB868 Hyperfusion No lipids 26.9 ± 1.8 
19.0 ± 5.7 30:1 45.9 ± 7.2 

gB851 Hyperfusion No lipids 26.1 ± 1.2 
17.0 ± 4.7 30:1 43.2 ± 5.0 

A855V Hyperfusion No lipids 25.6 ± 2.5 
12.0 ± 6.2 30:1 37.6 ± 8.2 

a % helicity = [(� 222 – � 222
0)/(� 222

H – � 222
0)] X 100% 

 
�''*� �
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between the extent of membrane binding and the magnitude of the increase in helicity 

(Table 4-1). While the A855V point mutant showed a WT increase in helicity in the 

presence of membrane (Table 4-1), it bound liposomes better than the WT (Fig. 4-5C, 

Table 4-1). Conversely, the A874P point mutant demonstrated a lower-than-WT increase 

in helicity in the presence of membrane (Table 4-3), and yet this mutant also bound 

liposomes better than the WT (Fig. 4-5C, Table 4-1). These observations suggest that 

regions that undergo random coil-to-helix transitions in the presence of membranes are 

not the only ones contributing to binding and that additional regions must contribute to 

binding as well. For example, residue A855 may be located either in the region that 

directly interacts with the membrane or in the region that indirectly contributes to 

membrane interaction. 

 

4.3.8 The Membrane-bound Conformation of the Cytodomain is Protease-

resistant 

To better map the structural changes that occur in the presence of liposomes, we used 

limited proteolysis with three proteases with different specificities: trypsin, 

chymotrypsin, and V8. In the absence of liposomes, the soluble WT cytodomain was 

highly susceptible to degradation by all three proteases (Fig. 4-6), which all cleaved 

throughout the length of the protein. In the presence of liposomes, however, the 

cytodomain was significantly protected from all three proteases (Fig. 4-6). Specifically, 

the entire cytodomain was resistant to V8 cleavage whereas residues 801 to 875 were 

resistant to trypsin cleavage. Membrane-bound protein was more sensitive to 

chymotrypsin than to trypsin, with cleavage sites after residues 807, 849, and 872 (Fig. 4-
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Figure 4-6: The membrane-bound gB cytodomain conformation contains a 

proteolytically resistant core. (A to C) Digest patterns of soluble WT or syn point mutant 

gB cytodomains in the absence or presence of anionic LUVs with trypsin (A), V8 

protease (B) or chymotrypsin (C). Representative gels are shown. The protease-to-

protein ratio is indicated above each lane. ND, nondigested. (D) Sequence of WT or the 

R858H mutant HSV-1 gB cytodomain with superimposed syn point mutations and 

locations of experimentally determined protease cleavage sites in the absence or presence 

of LUVs. The proposed secondary structure is shown beneath the sequences. 
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6A,C,D). Interestingly, residue Y849, located in the middle of the predicted helix h2, was 

the site of chymotrypsin cleavage with or without membrane, suggesting that helix h2 

likely contains a break near this residue.  

 

Protection from proteolysis implies that the membrane-bound conformation of the 

cytodomain includes a proteolytically resistant core that encompasses residues 807 to 872 

(Fig. 4-6D). The alternative explanation, that protection is achieved solely by association 

of the cytodomain with the membrane, e.g., via liposome shielding or insertion of 

protected residues into the lipid bilayer, is less likely, considering the extent of 

protection. Surprisingly, residues 818 to 844 were protected from proteolysis under all 

conditions (Fig. 4-6D), despite the presence of five potential V8 protease cleavage sites 

within this region. This region is likely concealed within the cytodomain trimer even in 

the absence of membrane.  

 

The C terminus of the cytodomain remained proteolytically susceptible even in the 

presence of the membrane and is probably not a part of the protein core. Nevertheless, the 

C terminus also changed its conformation in the presence of the liposomes. Trypsin 

cleaved after residue R882 in the absence of liposomes but after residue R885 in the 

presence of liposomes (Fig. 4-6D). Additionally, in the presence of liposomes, a new 

chymotrypsin cleavage site appeared after residue Y889 (Fig. 4-6D). Thus, membrane 

interaction likely induced a conformational change within the C terminus of the 

cytodomain that shielded residue R882 and exposed residues R885 and Y889. 
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4.3.9 The R858H Mutation Altered Protease Resistance of the Membrane-

bound Cytodomain 

In the absence of membrane, the protease cleavage pattern of each of the point mutants 

was either the same as or very similar to the WT pattern (Fig. 4-6A- C). The A855V and 

A874P mutants were somewhat more susceptible to trypsin cleavage than the WT, but 

their cleavage products matched those observed for the WT by SDS-PAGE analysis (Fig. 

4-6A). Mutant R858H lost three trypsin cleavage sites after residues K862, K866 and 

K875 but gained an additional cleavage site after residue K807 (Fig. 4-6D). Thus, while 

the mutants possibly had slightly different conformations in solution relative to the WT, 

in the absence of membrane they all were still significantly susceptible to proteolysis. 

 

In the presence of LUVs, all point mutants, like the WT, were significantly protected 

from proteolysis (Fig. 6A-C). This suggested that in both the WT cytodomain and the 

point mutants, membrane binding induced large conformational changes resulting in 

formation of a protease-resistant core. A855V and A874P mutants had cleavage patterns 

similar to the WT patterns with all three proteases (Fig. 4-6A-C), which indicated that 

their membrane-bound conformations were similar to that of the WT. In contrast, the 

R858H mutant was more susceptible to trypsin digestion, being cleaved at two additional 

sites, after residues K807 and R844 (Fig. 4-6A,D). Increased protease susceptibility of 

R858H likely stemmed from mutation-induced conformational changes in the membrane-

bound form. 

 

4.3.10 Hyperfusogenic Point Mutations Do Not Affect the Cytodomain Stability  
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Increased proteolytic sensitivity of the R858H mutant could reflect a more loosely packed 

protein core. We tested the overall stability of the WT, A855V and R858H mutant 

cytodomains by CD using chemical denaturation with urea (Fig. 4-7). Interestingly, both 

point mutants were as stable as the WT (Fig. 4-7), with similar free energies of folding 

(Table 4-1). While the WT stability of the A855V mutant is consistent with its WT-like 

resistance to proteolysis, the WT stability of the R858H mutant suggests that this 

mutation has a local rather than a global effect on the membrane-bound conformation of 

the cytodomain.  

 

Taken together, our results suggest that point mutations R858H and A874P cause local 

conformational changes in the membrane-bound cytodomain, detected by limited 

proteolysis and CD, respectively, that could potentially contribute to the hyperfusion 

phenotype. The A855V mutation may also cause a local conformational change that 

manifests itself as 2-fold-higher binding to SUVs. We hypothesize that, while altered 

membrane binding could contribute to the hyperfusion phenotype of the A855V and 

A874P mutants, the hyperfusion phenotype of all mutants is likely caused by local 

perturbation of the cytodomain conformation. 

 

 

4.4 DISCUSSION 

 

Previous studies of hyperfusogenic gB mutants from several herpesviruses, including  

HSV-1, HSV-2, and EBV (14, 24, 25, 45, 53, 56, 60, 62, 73, 127), suggested that the  
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Figure 4-7: Stability of the WT, A855V and R858H syn mutant gB cytodomains as 

assessed by CD with urea denaturation. The percentage of the protein unfolded at each 

concentration of urea is plotted against the urea concentration. 
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cytoplasmic domain of gB plays a regulatory role in fusion. To gain insight into the 

mechanism by which the cytoplasmic domain of HSV-1 gB regulates membrane fusion, 

we took advantage of a panel of previously identified C-terminal truncations and point 

mutations in the cytodomain that alter the extent of fusion. Our previous work identified 

a correlation between certain biochemical properties, namely membrane association and 

concomitant changes in regular secondary structure, and the hyperfusion phenotype of 

several syn truncation mutants of HSV-1 gB (33). Here, we expanded our mutant analysis 

to syn point mutants, several of which occur spontaneously, to test whether this 

correlation extended to this different class of cytodomain mutants. 

 

4.4.1 Syn Mutations Do Not Affect gB Surface Expression or the Conformation 

of the Ectodomain 

All tested syn mutants, truncation and point, were hyperfusogenic, exhibiting a 2-to-3-

fold increase in fusion relative to the WT. The hyperfusion phenotype of all five tested 

syn mutants required the presence of gD and gH/gL, even though some mutants mediated 

low-level fusion in the absence of gH/gL or gD. 

 

The most obvious explanation for the hyperfusion phenotype of gB mutants would be 

their increased expression on the cell surface. Previously, it was proposed that the 

hyperfusion phenotype of the EBV gB truncation mutant gB� 816 was due to increased 

surface expression (127), presumably because the truncation eliminated the putative ER 

localization signal (RKRR) (73, 127). We did not find this to be the case for any of the 

tested syn mutants, truncation or point, consistent with previous observations of HSV-2 
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syn mutants, including mutations in the YXX�  endocytosis motif (56, 134, 156). While 

increased surface expression may cause the hyperfusion phenotype in this EBV gB 

mutant, it does not underlie the hyperfusogenicity of the HSV-1 gB syn mutants. 

 

We next hypothesized that syn mutations in the cytodomain of gB may alter the 

conformation of the ectodomain. This type of communication between domains separated 

by membrane, often referred to as inside-out signaling, has been observed for other viral 

fusion proteins such as the F protein from Paramyxoviruses PIV5 (197) and Nipah virus 

(2), Env from several retroviruses, including MoMLV (1, 119), HIV (202), and simian 

immunodeficiency virus (SIV) (173), and possibly two HSV-1 gB insertion mutants 

(115). Inside-out signaling also exists in nonfusion proteins such as integrins (162, 203). 

In all these cases, mutations in the cytoplasmic domain result in an altered conformation 

of the ectodomain and, as a consequence, its altered function. For HSV-1 gB, a viral 

fusion protein, this altered conformation could mean that the ectodomain is more 

fusogenic because it adopts an intermediate conformation along the path from the 

prefusion to the postfusion conformation. We found no significant differences in the 

antigenic properties of the WT and several syn mutant gB ectodomains and conclude that 

they all adopt similar conformations. Therefore, syn mutations in the gB cytodomain do 

not appear to convert its ectodomain into a more fusogenic conformation. Nevertheless, 

we cannot exclude the possibility that inside-out signaling may take place during the 
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fusion process or require other entry glycoproteins.4 Future research will address these 

and other possibilities. 

 

4.4.2 The Fusion-null Phenotype of gB851 is Due to Poor Expression 

The gB truncation mutant gB851 and the corresponding truncation gB829T in HSV-2 

were previously described as null with respect to fusion due to their inability to 

complement a gB-null virus (25, 56), which led to the idea that residues 851 to 868 in 

HSV-1 were essential for fusion. We found that the gB851 mutant was expressed on the 

surface of CHO cells at 10% of WT levels due to poor overall protein expression. This 

may have been due to low-level expression of the gene or to expression of a misfolded 

protein that is rapidly degraded. Interestingly, the fusion-null HSV-2 truncation mutant 

gB829T displayed punctuate immunofluorescence staining near the center of the cell, 

indicative of a misfolded protein, yet surface-expressed gB829T reacted with the 

conformation-specific MAb DL16, suggesting that the limited gB829T protein that 

reaches the cell surface is properly folded (56).We propose that limited protein 

expression and the resulting poor incorporation of the HSV-1 gB851 mutant into virions 

likely accounts for its inability to complement a gB-null virus. Given that the gB851 

mutant mediated 30% of WT fusion despite being expressed at only 10% of WT levels, it 

should not be referred to as fusion null. These results highlight the importance of 

���������������������������������������� �������������������
4 We also cannot exclude the possibility that such signaling or other properties of the cytodomain mutations 
may alter the kinetics of gB-mediated fusion, which may contribute to the hyperfusion phenotype. 
However, we do not believe this is likely, as a mutation in the ectodomain known to increase the rate of 
viral entry does not alter the extent of fusion (see Fig. 5-2B, p.157). Nonetheless, it may be interesting to 
verify this hypothesis by testing the cytodomain mutants in a kinetic cell-cell fusion assay. 
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conducting mechanistic studies with point mutants, as point mutations, unlike 

truncations, typically have a less severe effect on protein expression. 

 

4.4.3 The Cytoplasmic Domain Adopts its Fully Folded Conformation Only in 

the Presence of Membrane 

According to secondary structure predictions, the gB cytodomain is approximately 50% 

� -helical. However, this secondary-structure content is achieved only in the presence of 

anionic membrane mimetics (33). We also showed previously (33) and confirmed here 

that the cytodomain stably associates with membranes. To characterize the membrane 

bound conformation of the ectodomain in more detail, we used limited proteolysis. In the 

absence of membrane, the soluble WT cytodomain was highly susceptible to degradation 

by multiple proteases. These proteases have different sequence specificities, but all 

cleave throughout the length of the protein. In the presence of membrane, however, the 

bulk of the cytodomain was significantly protected from all three proteases, with only its 

C terminus remaining proteolytically susceptible. While such protection could, in 

principle, be explained simply by association of the cytodomain with the membrane, e.g., 

via liposome shielding or insertion of protected residues into the lipid bilayer, it is more 

likely that the membrane-bound conformation of the cytodomain includes a stable, 

proteolytically resistant core that encompasses residues 807 to 872. We propose that the 

cytodomain is fully folded only in the presence of the membrane. Considering that in the 

viral envelope or in cellular membranes, the cytodomain of gB is always in proximity to 

the membrane, the fully folded, membrane-bound form of the cytodomain likely 

represents its native conformation. 
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Surprisingly, we found that residues 818 to 844 were not susceptible to proteolytic 

cleavage in either the absence or presence of membrane, despite the presence of five 

potential V8 protease cleavage sites within this region. A large portion of this region, 

residues 819 to 835, is not predicted to have any defined secondary structure and is 

mostly hydrophilic. This region is probably shielded from proteolysis by other regions of 

the cytodomain. Of note, only one syn point mutant, D836A in HSV-2, falls within this 

range. In contrast, the majority of the cytodomain sequence contains a number of point 

mutations that induce hyperfusion. We hypothesize that residues 818 to 844 may be 

important for the overall stability of the cytodomain such that mutations in this region 

may be deleterious to viral replication and, therefore, selected against. 

 

4.4.4 A Model for the Fully Folded Conformation of the Cytodomain  

Combining our proteolysis and CD data with secondary structure predictions, we propose 

the following model for the native, membrane-bound conformation of the cytodomain 

(Fig. 4-8). The N terminus of the cytodomain, residues 796 to 817, is predicted to form a 

continuous helix with the transmembrane region. However, helix h1 may have a kink or a 

break near residue M806, which is cleaved by chymotrypsin even in the presence of the 

membrane (Fig. 4-6D), and is therefore shown as helices h1a and h1b in the model (Fig. 

4-8). Because we found that attaching a small trimerization domain to the N terminus of 

the cytodomain resulted in misfolded protein (see A.2.2 p.187), the N termini of the 

cytodomain are shown as not interacting. This result also implies that the TM helices 

probably do not interact within the plane of the membrane. Interestingly, the crystal 

structure of the prefusion form of VSV G suggests that its transmembrane segments are 
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Figure 4-8: Model of the native, membrane-bound conformation of the gB cytodomain. 

Three protomers are shown in different colors. Helices are depicted as cylinders and 

labeled with one protomer. 
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too far apart to interact (153).  

 

Further along the cytodomain polypeptide, residues 818 to 844 are resistant to protease 

cleavage and appear protected regardless of whether the membrane is present. Since no 

secondary structure is predicted for this region, our model shows it as a random coil core 

in the middle of the cytodomain trimer. The predicted helix h2 is shown as two helices, 

h2a and h2b, in our model (Fig. 4-6D, 4-8) because residue Y849 is susceptible to 

chymotrypsin cleavage even in the presence of membrane. Interestingly, the R858H 

mutation within putative helix h2b makes residue R844 within putative helix h2a 

sensitive to trypsin cleavage. It is tempting to speculate that these helices may interact, 

possibly through salt bridges that could be formed by many positively and negatively 

charged amino acids within both putative helices. Disruption of a putative salt bridge by 

the R858H mutation could potentially explain why R844 is more accessible to trypsin. 

Helices h2a are predicted to form a coiled-coil (Paircoils (20)) and so are shown as part 

of the trimer contacts in our model. 

 

The putative helix h3 is predicted to include residues 870 to 883; however, due to the 

presence of protease cleavage sites after residues 872, 875, and 885, we hypothesize that 

helix h3 encompasses residues 876 to 885. This helix is likely involved in membrane 

interaction, because its removal decreases membrane binding (33). It is also possible that 

helix h3 interacts with other regions of the protein. Finally, the C terminus of the 

cytodomain likely remains unordered but may associate with the membrane.  
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Although our model incorporates several important observations, it does not explain the 

nature of the extensive conformational changes within the cytodomain that accompany 

membrane binding. This model underscores the need to determine the structure of the 

cytodomain, which would help identify precisely which residues are part of the protein 

core and which are available to associate with membrane. The structure would reveal 

which regions of the protein interact, perhaps explaining the mechanism by which 

mutations R858H and A874P may induce local conformational changes. The structure 

would also clarify why residues 818 to 844, which are predicted to be unstructured, are 

proteolytically resistant. Finally, the structure may also provide some insight into why 

naturally occurring syn mutations are confined to two “hot spots” within the cytodomain 

sequence and why mutations in other regions of the protein, e.g., residues 818 to 844, are 

selected against. Our results highlight the importance of determining the structure in the 

presence of membrane to ensure that the native conformation is being studied. 

 

4.4.5 Altered Membrane Binding May Play a Role in the Mechanism of Fusion 

Deregulation 

We previously observed a correlation between the hyperfusion phenotype, reduced 

membrane binding, and lower helicity in the presence of membrane in the syn truncation 

mutants gB876 and gB868 (33). Unlike syn truncation mutants, none of the syn point 

mutants showed reduced membrane association. On the contrary, two mutants (A855V 

and A874P) bound membrane better than the WT, while one point mutant (R858H) 

displayed WT membrane association. Thus, while reduced membrane binding may be a 

part of the mechanism by which syn truncation mutants deregulate fusion, this is not the 



146 

�

case for the syn point mutants. Altered membrane binding by four of five syn mutants 

suggests that membrane binding, specifically with WT affinity, may play a role in the 

mechanism of fusion regulation. One can envision an “on/off mechanism” whereby the 

cytodomain is required to release its association with membrane to some extent during 

the fusion process. 

 

These differences in the extents of membrane binding by four syn mutants were detected 

by coelution with SUVs but not by cofloatation with LUVs. An alternative explanation, 

which places more weight on the cofloatation results, is that altered membrane binding is 

not a part of the mechanism by which syn mutations deregulate fusion. While we do not 

favor this conclusion due to the qualitative nature of the coflotation results as opposed to 

the quantitative data obtained using coelution experiments, we concede that altered 

membrane binding probably plays only a small role in fusion deregulation by the syn 

mutants. 

 

4.4.6 Preservation of the WT Conformation is Necessary for Fusion Regulation 

The three point mutants studied here differed from the WT cytodomain in different ways, 

which initially suggested that they may deregulate fusion by completely different 

mechanisms. Specifically, only mutant R858H demonstrated increased proteolytic 

sensitivity, only mutant A874P had lower � -helical content, and only mutant A855V 

showed a dramatic increase in extent of binding to SUVs. Importantly, however, all 

mutations appear to induce conformational changes within the cytodomain.  
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Point mutant R858H displayed differences in proteolytic sensitivity in predicted helices 

h1b and h2a, which points to local conformational changes caused by the R858H 

mutation, which is located in predicted helix h2b. Therefore, the hyperfusion phenotype 

of the R858H mutant could potentially be explained by the altered cytodomain 

conformation.  

 

The lower � -helical content in the point mutant A874P was initially attributed to the 

helix-disrupting effect of the proline introduced in the middle of the predicted helix h3 

(60). Our proteolysis data suggest, however, that residue A874 lies outside putative helix 

h3. If this is, indeed, the case, the A874P mutation could reduce helicity by reorienting 

helix h3 in a way that would render it unable to interact with another region of the  

cytodomain required for its stabilization. 

 

Better binding of SUVs by the A855V mutant could be explained by the increased 

hydrophobicity of residue 855. According to our model (Fig. 4-8), this mutation lies 

within predicted helix h2b, and although our model does not depict helix h2b interacting 

directly with membrane, it is possible that altered hydrophobicity of helix h2b could 

disturb other intramolecular contacts important for membrane binding. 

 

Taken together, these data suggest that while the precise mechanisms by which syn point 

mutants deregulate fusion may differ somewhat, the underlying theme that unites these 

mechanisms is a perturbation of interactions within the cytodomain itself. We have found 

evidence of conformational changes in each of the three syn point mutants studied here: 
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increased proteolytic sensitivity of helices h1b and h2a in the R858H mutant; decreased 

overall helicity of the A874P mutant due to a possible destabilization of predicted helix 

h3 as well as other helices; and increased binding of SUVs by the A855V mutant, which 

may have resulted from increased hydrophobicity within the predicted helix h2b. Each of 

these mutations likely alters the intramolecular contacts of the cytodomain, and we 

hypothesize that these perturbations of the fully folded, membrane-bound cytodomain  

conformation lead to fusion deregulation.  

 

The conformational changes induced by these mutations may affect the cytodomain in 

other ways that, while not detected by our assays, can influence the fusion phenotype. For 

example, these mutations may alter contacts with predicted helix h1a, which is predicted 

to be contiguous with the transmembrane helix but may not be fully folded in its absence. 

Additionally, the cytodomain may undergo functionally-important structural changes as 

the ectodomain proceeds from the pre- to postfusion conformation (an outside-in 

signaling mechanism) which may be affected by these mutations. Obtaining the structure 

of the membrane-bound cytodomain will be necessary to fully understand the effect of 

syn point mutations on the structure of the cytodomain and, therefore, its function. 

 

Cytoplasmic domains of several viral fusion proteins have been shown to regulate fusion 

through regulating stability of the cytoplasmic tail. For example, in Paramyxovirus fusion 

protein F, fusion is regulated by the length of its cytoplasmic tail such that viral isolates 

with longer cytoplasmic tails are less fusogenic than those with shorter tails (197). 

Fusogenicity is controlled by the stability of the F protein trimer, with a longer 
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cytoplasmic tail repressing fusion by increasing the stability of F protein trimer and a 

shorter cytoplasmic tail promoting fusion by reducing the trimer stability (197). 

Similarly, in MoMLV Env, the C-terminal R-peptide represses fusion, presumably by 

stabilization of the Env trimer (183). Our data show that syn mutations do not affect 

cytodomain stability, and thus this model does not apply to the HSV-1 gB cytodomain. 

Furthermore, unlike the other viral cytodomains, which consist of relatively short, 

somewhat unstructured tails, our data show that the cytodomain of HSV-1 is an 

independently folded domain. 

 

Our data do not support the presence of inside-out signaling mechanisms or the trimer 

stabilization mechanisms employed by some paramyxoviruses and retroviruses. Instead, 

the intimate association of the gB cytodomain with the membrane and the large 

conformational changes induced by membrane association hint at a unique mechanism. 

Direct structural information on the cytoplasmic domain will be indispensable for full 

elucidation of this mechanism, which, in turn, may aid the development of antiviral 

therapeutics aimed at preventing herpesvirus entry. 
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Chapter 5: Effect of gH Cytotail Mutations on the Fusion Activity of gB 
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5.2 INTRODUCTION 

 

The HSV fusion machinery is subject to a multi-level regulatory mechanism. In addition 

to activation by the gD/receptor interaction and by gH/gL, the fusion activity of gB 

appears to be restricted by its cytoplasmic domain. The 14-amino-acid cytoplasmic tail 

(cytotail) of gH may also be involved in fusion, as its deletion, replacement, or 

acquisition of an insertion mutation abolished fusion without altering surface expression 

(77, 87, 94). Additionally, mutations within residues 830-832 in the gH cytotail (“SVP 

motif”; Fig. 5-1) suppressed syncytia formation in cells infected with the syn HSV-1 

strain ANG (23, 199), which contains the mutation A855V in the gB cytodomain (157). 

Truncation after residue 832 (gHSVP) (Fig. 5-1) had a mild inhibitory effect, suppressing 

syncytia formation <2-fold compared to WT gH (199). However, when coupled with the 

mutation V831A, this new mutant (gHSAP; Figure 5-1) inhibited syncytia formation 

~15-25-fold (199). The effect of the point mutation alone on fusion was not tested. 

 

We hypothesize that the gH cytotail mutation gHSVP and gHSAP suppressed the 

syncytial phenotype of HSV-1 strain ANG by reducing the fusogenicity of gB. The 

ectodomains of gB and gH/gL are thought to interact (8, 9, 32), so this suppression could 

result from direct interaction of the gH cytotail with the gB cytodomain. However, 

previous experiments were conducted in infected cells with a complex mix of viral 

proteins, any of which may contribute to this effect. Therefore, we wished to exclude 

potential contributions of other viral proteins when evaluating whether these mutations in 

the gH cytotail were sufficient to alter the fusion activity of gB. To do so, we used two 
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virus-free quantitative cell-cell fusion assays in which fusion occurs only in the presence 

of gB, gD, gH, gL and a cellular gD receptor. We generated and tested three gH cytotail 

mutants, including gHSVP and gHSAP, as well as the V831A mutation in the context of 

the full-length cytotail (gHV831A), which has previously not been characterized (Fig. 5-

1). We asked whether these mutations in the gH cytotail were sufficient to alter the fusion 

activity of gB in this minimal system. Additionally, we used soluble gB and gH 

cytoplasmic domains in an in vitro pull-down assay to assess whether these domains 

interact, potentially pointing to a direct regulatory mechanism for gB by the gH cytotail. 

 

 

5.3 RESULTS 

 

5.3.1 Choice of gH Cytotail Mutants 

Mutations within residues 830-832 (“SVP motif” (23)) in the gH cytotail affected fusion 

of cells infected with a syncytial strain of HSV-1 (23, 199). A V831A mutation coupled 

with truncation after residue 832 had the strongest phenotype in suppressing syncytia 

generated by the gB syn mutant A855V (gBA855V). Suppression of syncytia formation 

by the single V831A point mutant has not been evaluated, but we expected it to be as 

substantial as that of the gHSAP mutant. We generated the original truncation at residue 

832 (gHSVP) and this truncation mutant coupled with the V831A point mutation 

(gHSAP) as well as the single V831A point mutant (gHV831A) (Fig. 5-1).  
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Figure 5-1: gH cytotail mutant constructs used in this work. Point mutation V831A is 

denoted in bold. 



155 

�

5.3.2 gH Cytotail Mutations Do Not Suppress Fusion in a Virus-free  

 Cell-cell Luciferase Fusion Assay 

To evaluate the effect of the gH cytotail mutations on gB fusogenicity, the contribution of 

other viral proteins expressed in infected cells had to be excluded. To achieve this, we 

tested the effect of these mutations on fusion in a quantitative virus-free cell-cell fusion 

assay that uses luciferase expression as a readout of cell-cell fusion (38, 138, 144) (Fig. 

1-11A, p.30). In this setting, only four viral proteins (gD, gH, gL, and gB) and a cellular 

gD receptor are required for fusion of transfected cells. This assay has been extensively 

used to study the cell-cell fusion mechanism. 

 

We tested the effect of gH cytotail mutants on both WT gB fusion and on hyperfusion 

due to the syn gB mutation A855V (gBA855V) found in the HSV-1 ANG strain (157). 

None of the mutants suppressed fusion in the presence of WT gB, although gHSVP 

generated a mild hyperfusion phenotype (~150% fusion relative to WT gH) (Fig. 5-2A). 

In contrast, gHSVP suppressed hyperfusion in the presence of gBA855V, reducing it 

from ~200% to ~150%, consistent with the mild (less than two-fold) suppression of the 

HSV-1 ANG syn phenotype observed earlier (199). Surprisingly, in the presence of 

gBA855V, neither the gHSAP mutant nor the gHV831A mutant suppressed the 

hyperfusogenic phenotype of gBA855V (Fig. 5-2B), despite the ~15-25-fold suppression 

of HSV-1 ANG syncytia formation by gHSAP reported previously (199). 

 

The HSV-1 ANG strain carries an additional gB mutation, V553A, which increases the 

rate of viral entry (24, 157). Its effect on cell-cell fusion has not been characterized. The  
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Figure 5-2: Effect of gH cytotail mutations in the virus-free luciferase cell-cell fusion 

assay. In all experiments, transfected glycoproteins are indicated below each bar (BDHL), 

and are WT unless otherwise indicated. (A) Luciferase production was used to quantify 

fusion of CHO cells transfected with gB (WT or A855V, as indicated below the bars), gD, 

gL, and either WT or mutant gH, as indicated by the key. (B) Fusion of CHO cells 

transfected with either WT gB, single mutants gBA855V or gBV553A, or the double 

mutant gBV553A/A855V, as indicated by the key, and WT gD, gL and either WT gH or 

gHSAP, as indicated below the bars. In each experiment, the vector control was subtracted 

from each sample (performed in triplicate) and the values expressed as a percentage of 

WT. Reported values represent an average of at least three experiments.  
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presence of the single V553A point mutation in gB did not affect fusion (Fig. 5-2B). 

Likewise, the fusion phenotype of the double gB mutant V553A/A855V was similar to 

that of the single mutant gBA885V, regardless of whether WT gH or the gHSAP mutant 

was tested (Fig. 5-2B).  

 

5.3.3 When Cell-cell Fusion is Measured Directly, gHSAP Suppresses Both 

Fusion and Hyperfusion 

The lack of fusion suppression by the gHSAP mutant in transfected cells was surprising. 

While our quantitative luciferase assay recapitulates the hyperfusion phenotype of several 

known syn gB mutants, including gBA855V (Fig. 4-2, p.117), it measures cell-cell fusion 

indirectly. By contrast, the fusion suppression phenotypes of this and other gH cytotail 

mutants were previously assessed by directly counting syncytia generated in infected 

cells (199). To ensure that the apparent lack of fusion suppression by the gHSAP mutant 

was not an artifact of the indirect fusion readout in the luciferase assay, we also measured 

the effect of the gH cytotail mutants on fusion by counting syncytia formed upon fusion 

of transfected cells (Fig. 1-11B, p.30). For this assay, C10 cells derived from B78H1 cells 

and expressing the gD receptor nectin-1 (107) were transfected with gB and gH/gL, and 

fusion between neighboring cells was triggered with soluble gD306 as described 

previously (7). We used soluble gD306 instead of additionally transfecting C10 cells with 

full-length gD because the use of the latter strategy yielded a high amount of fusion in all 

samples, which could not be accurately counted (data not shown). Therefore, to better 

quantify any potential differences in the fusion phenotypes of the gH cytotail mutants, we 

chose to reduce the overall amount of fusion by triggering fusion with soluble gD306. 
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Immunofluorescence with the anti-gH pAb R137 was used to visualize the cell surface, 

while nuclei were visualized by DAPI staining, and cells were imaged by confocal 

microscopy. Images were collected at X20 magnification (Fig. 5-3A, B), and syncytia 

(Fig. 5-3C) were quantified in each image (Table 5-1, Fig. 5-3D).  

 

As with the luciferase assay, no significant suppression of either WT fusion or gBA855V 

hyperfusion was observed with either the gHSVP or gHV831A mutants (Table 5-1, Fig. 

5-3D). But when the gHSAP mutant was present, we observed more than 2-fold 

suppression of fusion with WT gB and more than 3-fold suppression of hyperfusion with 

gBA855V (Table 5-1, Fig. 5-3D). Reduced fusion was evident both in the reduced 

number of syncytia and the reduced average number of nuclei per cell (Table 5-1). Thus, 

when cell-cell fusion was measured directly, the gHSAP mutant recapitulated the fusion 

suppression phenotype observed in infected cells, even if to a lesser extent. 

 

5.3.4 C-terminal Truncation Slightly Decreases Surface Expression of gH in 

CHO Cells but Not in C10 Cells 

To determine the effect of surface expression of the gH cytotail mutants on fusion, we 

measured the expression of WT and mutant gH on the surface of transiently transfected 

CHO or C10 cells using an FACS protocol (165). Surface levels of gHSAP and 

gHV831A were indistinguishable from WT gH levels in both cell types as judged by both 

the percentage of positive cells and by their mean fluorescence intensity (Fig. 5-4A-C), 

but the truncation mutant gHSVP was expressed at only 60% of WT levels in CHO cells 

(Fig. 5-4A,C). Lower expression of gHSVP was observed in CHO cells regardless of 
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Figure 5-3: Effect of gH cytotail mutations in the virus-free syncytia counting cell-cell 

fusion assay. Fusion of C10 cells transfected with gB (WT or A855V, as indicated at left), 

gL and gH (WT or a cytotail mutant, as indicated above the images) was triggered with 

soluble gD306 and the cells stained with the anti-gH pAb R137 and a FITC-conjugated 

secondary antibody. Nuclei were stained with DAPI. Ten images for each sample were 

collected at X20 magnification on a Nikon A1R confocal microscope and quantified. (A) 

Representative images for each sample are shown with gH staining (green) alone to 

highlight the general syncytia morphology. (B) Merge images of both gH (A) and DAPI 

staining. (C) A typical syncytium, in which the nuclei display a “necklace” pattern. (D) 

Quantification of syncytia from C10 fusion assay samples. C10 cells were transfected with 

gB (WT or A855V, as indicated below the bars), gL, and either WT or mutant gH, as 

indicated by the key, and incubated with soluble gD306. Syncytia were defined as 

fluorescent membranes containing three or more nuclei, and only nuclei that were more 

than 85% enclosed by the membrane were counted. Fusion is expressed as the product of 

the total number of syncytia and the average number of nuclei per syncytium. Data are 

normalized to fusion with WT gB, gH, gL, and gD. Reported values represent the mean of 

two experiments.  
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TABLE 5 -1: Quantification of cell-cell fusion of C10 cells transfected with gH cytotail 
mutants  
 

Transfected 
glycoproteinsa 

Total 
syncytia 

Avg. no. nuclei/ 
syncytium 

Total fusion 
events 

% of WT 
fusionb 

BLH 265 6.4 1696 100 
 169 5.0 845 100 
 234 5.7 1334 100 
     
BL gHV831A 300 5.3 1590 93.8 
 241 5.0 1205 90.3 
     
BL gHSVP 286 5.0 1441 85.0 
 215 5.3 1140 85.4 
     
BL gHSAP 142 3.9 554 32.7 
 111 3.8 422 49.9 
     
gBA855V LH 407 8.0 3256 192.0 
 264 5.9 1558 184.3 
     
gBA855V L gHV831A 385 5.5 2118 124.9 
 329 6.1 2007 150.5 
     
gBA855V L gHSVP 446 5.9 2631 155.2 
 304 5.8 1763 132.2 
     
gBA855V L gHSAP 179 5.0 895 52.8 
 123 4.5 554 65.5 
 

a All proteins are WT unless otherwise indicated. 
bDifferent amounts of fusion were observed for some sample replicates due to the confluency of 
cells at the time of transfection. To account for these differences in overall fusion, samples were 
normalized to the corresponding WT sample prepared on the same date. 



162 

�

 whether it was coexpressed with gL alone or with gL, gB (WT or A855V), and gD (Fig. 

5-4A,C).  

 

5.3.5 gB Surface Expression is Not Altered by gH Cytotail Mutations  

We tested whether the reduced fusion phenotype of gHSAP was due to altered surface 

expression of gB by measuring binding of the anti-gB pAb R68 to gB (WT or A855V) 

expressed in transiently transfected CHO or C10 cells in a FACS assay. To mimic the 

fusion assay conditions, CHO cells were additionally transfected with gD, gL and gH 

(either WT or one of the three mutants), while C10 cells were transfected with gL and gH 

(WT or mutant). The surface levels of gB, as judged by both the percentage of positive 

cells and by their mean fluorescence intensity, were similar whether WT or mutant gH 

was expressed together with gB (WT or A855V), WT gL and, in CHO cells, gD (Fig. 5-

4D-F), indicating gH cytotail mutations do not exert their effect on fusion by altering 

surface levels of gB. 

 

5.3.6 The gB Cytodomain and the gH Cytotail Do Not Interact In Vitro  

Mutations in the gH cytotail can potentially influence the fusion activity of gB through a 

direct interaction between the gB cytodomain and the gH cytotail, which we evaluated by 

testing binding of the purified gB cytodomain to strep-tagged gH cytotail peptides (Fig. 

5-5A) in an in vitro pulldown assay.  

 

In an attempt to induce folding of its native conformation (165), gB cytodomain protein 

was incubated with LUVs before being applied to a streptactin column pre-loaded with
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Figure 5-4: gH cytotail mutations have a minimal effect on cell surface expression of gB 

and gH, as assessed by FACS. (A) Surface expression of gH/gL on CHO cells, as assessed 

by FACS with the pAb R137. CHO cells were transfected with either 2 � g each of gH 

(WT or mutant, as indicated by the key) and WT gL DNA, or 1 � g each of gB (WT or 

A855V, indicated below the bars), WT gD, WT gL, and either WT or mutant gH DNA, as 

indicated by the key. For each sample, the number of transfected cells that bound R137 

(“R137+”) was quantified and normalized to WT, and the average of at least three 

experiments is shown. (B) Surface expression of gH/gL on C10 cells as assessed by 

FACS. C10 cells were transfected with gB (WT or gBA855V), WT gL and either WT or 

mutant gH as indicated by the key. The percentage of R137+ cells is shown. (C) Surface 

expression of gH/gL on CHO or C10 cells was also assessed by measuring the mean 

fluorescent intensity (MFI) of R137+ cells. Cells were transfected as described in (A) and 

(B) with WT gL and either WT gB or gBA855V (as indicated below the bar) and either 

WT gH or a gH cytotail mutant (as indicated above the bars). CHO cells were also 

transfected with WT gD. The MFI of each R137+ population was calculated and the 

results of at least three experiments averaged and presented here. (D) Surface expression 

of gB on CHO cells, as assessed by FACS with the pAb R68. CHO cells were transfected 

with gB (WT or gBA855V), WT gD, WT gL and either WT or mutant gH as indicated by 

the key. The percentage of R68+ cells is shown. (E) Surface expression of gB on C10 

cells as assessed by FACS. C10 cells were transfected with gB (WT or gBA855V), WT 

gL and either WT or mutant gH as indicated by the key. The percentage of R68+ cells is 

shown. (F) Surface expression of gB on CHO or C10 cells as assessed by FACS. The MFI 

of R68+ cells are shown. Bars are labeled as in (C).  
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Figure 5-5: The gH cytotail and gB cytodomain do not interact in vitro. (A) Sequences of 

the N and C terminally strep-tagged gH cytotail peptides used in the pulldown assays. (B) 

Coomassie stained Tris-tricine gel of collected fractions from a streptactin column loaded 

with C-terminally strep-tagged gH peptide. MW: molecular mass standards (kDa); *: 

purified gB cytodomain, LUVs and gH-s peptide; gBcyto: gB cytodomain; gH-s: C 

terminally tagged gHcyto-strep peptide. (C) Coomassie stained Tris-tricine gels of 

collected fractions from streptactin column loaded with N-terminally tagged gH cytotail 

peptide. Gel is labeled as in (B), except for the following. gB+LUVs: gB 

cytodomain/LUV mixture loaded onto the column; s-gH: N-terminally tagged strep-

gHcyto peptide. 
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gH cytotail peptide. No interaction was observed between the gB cytodomain and the gH 

cytotail, regardless of whether the strep tag was attached to the N (Fig. 5-5B) or the C 

terminus (Fig. 5-5C) of the gH cytotail.5 While no interaction was observed in vitro, we 

cannot rule out the possibility that the gB cytodomain may interact with the gH cytotail in 

vivo in the context of full-length gB and gH/gL. 

 

 

5.4 DISCUSSION 

 

In this study, we show that the gH cytotail mutation V831A, when combined with 

truncation at residue 832 (gHSAP), reduced cell-cell fusion of transfected cells by 2-3 

fold. This effect is independent of whether the WT or a syn gB allele is used suggesting 

that the gHSAP mutation reduces gB fusogenicity rather than suppresses hyperfusion 

alone.  

 

5.4.1 Possible Mechanisms By Which the gH Cytotail Could Affect gB Fusion 

 Activity 

Reduced fusion in the presence of the gHSAP mutation is not due to diminished surface 

expression of either gH/gL or gB. Additionally, no interaction was detected between the

���������������������������������������� �������������������
5 We also performed this experiment with N-terminally FLAG-tagged gH cytotail peptide. While it 
appeared by Coomassie staining of eluate fractions on an SDS-PAGE gel that there was no interaction 
between the two proteins, we could not accurately verify which fractions contained the FLAG peptide. The 
peptide migrated close to the LUVs used in the experiment, which were surprisingly also stained by 
Coomassie. We attempted to verify these conclusions by Western blot, but the anti-FLAG antibody was 
unable to recognize the FLAG tag on the peptide, despite recognizing other FLAG-tagged controls. 
Presence of the FLAG tag on the peptide was verified by mass spectrometry analysis.  
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gB cytodomain and the gH cytotail in vitro, suggesting that the gHSAP mutant may 

suppress the fusogenicity of gB through a different mechanism. The gH cytotail is 14 

amino acids in length and is predicted to be unstructured at physiological temperatures 

(96), such that gH cytotail mutations are unlikely to function by disrupting its secondary 

structure. But, being short, the gH cytotail is positioned close to the membrane and may 

control the function of the gH/gL ectodomain across the membrane by affecting its 

conformation through “inside-out” signaling, which occurs in the fusion proteins of some 

retroviruses (1, 119, 197). In this way, the mutations in the gH cytotail may prevent gH 

from efficiently activating gB, leading to reduced activation of fusion. Alternatively, the 

gH cytotail could influence the clustering of gH/gL or gB in the membrane, which has 

been found to restrict syncytia formation by HIV Env (155). Nevertheless, we cannot 

exclude the possibility that the gB cytodomain and the gH cytotail may interact in vivo in 

the context of the full-length, membrane-anchored gB and gH/gL. Further research is 

needed to discriminate between this and other possible mechanisms leading to reduced 

fusion in the presence of the gHSAP mutation. 

 

Although the gHSAP mutation suppresses fusion of transfected cells, the extent of this 

suppression, ~2-3 fold, is much more modest than the ~15-25-fold suppression of 

syncytia formation previously observed in both a transient transfection/virus 

complementation system (199) and a significant, albeit not quantified, suppression in 

cells infected with recombinant viruses (23). Our assays were carried out in the presence 

of only four viral proteins, gB, gH/gL, and gD, while previous studies (23, 199) were 

conducted with infected cells in which all viral proteins were present. This suggests that 
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although the gHSAP mutation can reduce the fusion activity of gB under the “minimal” 

conditions of virus-free cell-cell fusion, this effect is heightened in infected cells, 

possibly due to its effect on other viral proteins absent from our assays. We propose that 

the gH cytotail mutation gHSAP may additionally suppress cell-cell fusion in infected 

cells, i.e., syncytia formation by syn gB, by acting on other viral proteins involved in cell-

cell fusion. For example, glycoproteins gE, gI, and gM appear necessary for the syncytial 

phenotype (16, 41, 91) due to syn gB, so perhaps the gHSAP mutation reduces syncytia 

by influencing the function of one or several of these or other proteins. Nonetheless, we 

cannot exclude the possibility that the differences in fusion suppression observed in our 

assay versus infected cells may be influenced by higher surface levels of gD receptor in 

transfected cells (106). 

 

Importantly, we show that the gH cytotail affects the fusion activity of gB during cell-cell 

fusion even in the absence of such potentially regulatory proteins. Insertion of five amino 

acids immediately preceding the N-terminus of the gH cytotail has been reported to 

abolish cell-cell fusion (87), suggesting that the gH cytotail is critical for cell-cell fusion. 

Although the TM anchor and the cytotail of gH are not absolutely required for this 

process, in their absence the extent of fusion is greatly reduced (7, 77). Our results further 

confirm the important function of the gH cytotail in cell-cell fusion. 

 

5.4.2 Comparison of the Luciferase and Syncytia counting Cell-cell Fusion 

Assays 

This study provides a side-by-side comparison with HSV glycoproteins of the two  
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commonly used quantitative virus-free cell-cell fusion assays in transfected cells, the 

luciferase assay and the syncytia counting assay (Fig. 1-11, p.30), and demonstrates a 

difference in their dynamic ranges. In the syncytia counting assay, fusion is measured 

directly, while in the luciferase assay, fusion is measured indirectly by luciferase signal. 

We show here that both assays measure a two-fold increase in fusion with the known syn 

mutant gBA855V, suggesting that both assays are capable of detecting comparable 

differences in fusion in the upper range of their signal. Yet, our inability to detect the 

fusion suppression phenotype of the gHSAP mutant by using the luciferase assay 

suggests that this assay may be insensitive to differences in fusion below a certain 

threshold level. These results indicate the importance of caution when interpreting the 

results of this indirect assay for fusion. 

 

Our findings reinforce the idea that cell-cell fusion of infected cells is a complex 

phenomenon in which viral glycoproteins other than gD, gB, and gH/gL play a 

significant role. In cells transfected with the four WT glycoproteins, we detect cell-cell 

fusion that is increased 2-3-fold with syn gB (Fig. 4-2, p.117). By contrast, no cell-cell 

fusion is observed during a typical infection with HSV-1 encoding WT gB, and extensive 

syncytia form only in the presence of syn gB. This suggests that cell-cell fusion is 

negatively regulated during a WT HSV infection and may be positively regulated or de-

repressed when syn gB is present. We surmise that in transfected cells, there are only a 

few levels of regulation: the positive effect of the gD/receptor interaction and of gH/gL 

plus the negative effect of the gB cytodomain. Additional regulatory mechanisms must be 

present in infected cells to prevent cell-cell fusion under WT conditions and to generate 
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the high levels of fusion observed with syn gB. Our results suggest additional, but as yet 

not well understood, levels of regulation that govern fusion of infected cells. 
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Chapter 6: Conclusions and Future Directions 
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6.1 SIGNIFICANCE OF WORK 

 

The results obtained in this work have advanced our understanding of the complex 

regulatory mechanism of HSV membrane fusion and informed our approach to future 

studies in several ways. Most notably, these findings suggest that the cytodomain adopts 

its folded conformation only in the presence of membrane, and that the membrane-bound 

conformation represents its native form. We provide the first detailed structural model 

based on both experimental data and bioinformatic analysis of this native structure. We 

also present evidence that structure determination efforts must be carried out in an 

anionic-lipid-based membrane environment. We propose that alterations to the 

membrane-bound cytodomain conformation and possibly also its membrane binding 

properties may be a common mechanism by which syn gB mutants deregulate fusion. Our 

model also makes apparent previously unidentified similarities between the newly 

described regulatory mechanisms of the VZV gB and HIV Env cytodomains, which may 

be of interest for future study.  

 

Our findings also contribute to a growing body of work that implicates the gH 

cytoplasmic tail as an important component of the complex, multi-level regulatory 

mechanism of HSV membrane fusion. Mutations in the gH cytoplasmic tail diminished 

the fusion activity of gB in our minimal transfected cell system, supporting the model 

that gH/gL activates gB during fusion. While the mechanism of this activation remains 

elusive, our experiments allow us to speculate on several likely candidates.  

 



173 

�

Finally, our experiments with insertion mutants in the gB ectodomain further support the  

prevailing hypothesis that the postfusion conformation of gB is highly stable. Our 

observations, along with previous work from others, also suggest that the elusive 

prefusion conformation is not likely to be captured in soluble form, as the soluble gB 

ectodomain appears to adopt the postfusion conformation upon expression, even in the 

face of extensive mutagenesis (84, 175, 192).  

 

Together, these experiments show that a membrane environment is integral to future 

structural and functional studies of gB that will continue to advance our understanding of 

the complex regulatory mechanism of HSV membrane fusion. 

 

 

6.2 FUTURE DIRECTIONS 

 

6.2.1 Fusion Regulation by the gB Cytodomain: The Next Frontier  

Syn mutations in the gB cytodomain have been described in several herpesviruses, but 

little was known about how these mutations deregulate fusion. Combining biochemical 

and functional assays with two different classes of HSV syn mutants, point and 

truncation, we show that each of these mutants demonstrated evidence of local 

conformational changes and altered membrane association as compared to the wild type 

cytodomain. These results suggest a shared mechanism for deregulating fusion, namely 

perturbing the native wild type cytodomain conformation, which may also impact 

membrane association. We generated the first detailed structural model of this native, 
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membrane-bound cytodomain conformation and suggested several structural features that 

may be important to the fusion regulation mechanism, including a proteolytically-

resistant core and several regions potentially involved in membrane association. In light 

of this model, two recent discoveries regarding the regulatory functions of the 

cytodomains of VZV gB and HIV Env present exciting new directions for future 

mechanistic studies of the gB cytodomain. 

 

6.2.1.1 Regulation of VZV gB fusion activity by phosphorylation of the cytodomain 

Unlike other herpesviruses, VZV normally causes cell-cell fusion, which requires its core 

fusion machinery, gB and gH/gL (36, 37). The cytodomain of VZV gB appears to play a 

role in modulating fusion, as removal of this domain generated increased fusion without 

altering gB expression (81). The cytodomain is also known to regulate VZV gB 

intracellular transport via several endocytic and ER retention motifs (Fig. 1-14B, p.40) 

(82). However, like the HSV gB cytodomain, the regulatory mechanism of the VZV gB 

cytodomain is not well characterized. 

 

An immunoreceptor tyrosine-based inhibition motif (ITIM) was recently identified 

between residues 879-884 of the VZV gB cytodomain (139). ITIMs are loosely 

conserved six-residue motifs containing a tyrosine at position 3 and are found in the 

cytoplasmic domains of diverse membrane-anchored proteins in many tissues (40). 

ITIMs negatively regulate activating cellular signaling cascades primarily related to 

immune functions (40). The only ITIM-containing protein for which the cytodomain 

structure is known is platelet endothelial cell adhesion molecule 1 (PECAM-1) (140), and 
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this structure reveals an interesting regulatory mechanism. In this protein, sequential 

phosphorylation of serines at its C-terminus destabilizes the regions of the cytodomain 

interacting with membrane by altering their net charge and exposes the ITIM tyrosine for 

phosphorylation, leading to signaling inhibition in hematopoietic cells (140). Oliver and 

colleagues recently demonstrated that residue Y881 within the ITIM motif in VZV gB is 

phosphorylated (139). A mutant incapable of being phosphorylated at this site exhibited 

increased syn formation in vitro and decreased viral propagation and pathogenesis in 

vivo, suggesting this modification contributes to fusion regulation. The authors suggest 

that phosphorylation of this residue regulates fusion by controlling membrane association 

of the � -helix containing residue Y881, analogous to what is observed in PECAM-1.  

 

Oliver et al. note that there is a predicted ITIM motif in the HSV gB cytodomain 

surrounding residue Y849 (139). Interestingly, according to our model of the HSV 

cytodomain structure, residue Y849 is located between predicted helices h2a and h2b 

(Fig. 4-8, p.143) and is accessible to protease. Thus, this residue may also be accessible 

to kinases for phorphorylation. Additionally, Y849 is situated next to one of the “hot 

spots” for syn mutations in HSV gB (Fig. 1-14A, p.40). It is tempting to speculate that 

phosphorylation of Y849 may play a role in fusion regulation, perhaps by mediating 

cytodomain membrane association in a manner similar to PECAM-1. One could further 

suppose that this regulation may be impaired in nearby syn mutants that could alter the 

local conformation such that Y849 is not longer accessible for phosphorylation (139). 

However, there is no evidence to suggest that Y849 is phosphorylated in HSV. HSV-1 

contains two serine/threonine kinases, UL13 and US-3 (99), the latter of which has been 
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shown to regulate gB surface expression via phosphorylation of residue T887 (98). gB 

immunoprecipitated from infected cells was also shown to be phosphorylated at T887 

and, to a lesser extent, at residues T814, T821, and S873 (200). Residue Y881 in VZV 

was shown to be phosphorylated in vitro by E. coli or cellular tyrosine kinases (139), 

suggesting that if such a mechanism were to occur in HSV gB, this phosphorylation 

would likely be mediated by a cellular kinase prior to gB incorporation into virions that 

perhaps was not identified in previous studies. Additionally, our model predicts that 

neither residue Y849 nor the residues in its immediate vicinity, including the syn 

mutation hot spot, are directly in contact with membrane. Thus in our model, 

phosphorylation of Y849 would be unlikely to directly perturb membrane interaction of 

the cytodomain through altered charge interactions, as is proposed for PECAM-1 and 

VZV gB. Nonetheless, it would be interesting to investigate the effect of phosphorylation 

of gB at residue T887, and perhaps residue Y849, on the regulatory activity of the 

cytodomain during fusion. 

 

6.2.1.2 The HIV Env cytodomain regulates membrane mobility 

Like HSV gB, the HIV fusion protein Env is trafficked to the plasma membrane before 

incorporation into virions (98, 155). While there, Env engages the CD4 receptor on a 

neighboring cell to promote virus transmission (93). However, this receptor engagement 

must not trigger Env for fusion, as cell-cell fusion hinders the spread of HIV (155). 

Therefore, the structural viral protein Gag sequesters Env into clusters localized near 

CD4, which prevents its premature activation and promotes incorporation of Env into 

virions (31, 155, 171). The cytoplasmic domain of Env is important for this sequestration 
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process, as it regulates the mobility of Env within the membrane. The wild type 

cytodomain allows Gag to promote formation of Env clusters, which immobilizes Env; 

however, without the cytodomain, Env mobility is unrestricted and increased cell-cell 

fusion is observed (155).  

 

It is possible that the gB cytodomain may similarly regulate membrane mobility and gB 

clustering in HSV. Recent cryo-electron microscopy and tomography studies showed that 

the soluble gB ectodomain associates with liposomes, coating them in a non-random 

arrangement (126). Additionally, this study implies that the ectodomain associates via 

domain I with only the outer leaflet of the liposome bilayer (126). From these data, the 

authors propose a model whereby gB clusters during fusion, stabilizing the fusion pore 

and promoting its expansion (126). The cytodomains of other viral fusion proteins such 

as influenza HA and MLV Env have been shown to facilitate fusion pore expansion, 

likely via membrane interaction (54, 105). We have shown that membrane association is 

a key component of the regulatory mechanism of the gB cytodomain, and our model of 

the cytodomain structure suggests certain helical regions may be in direct contact with 

the membrane. Thus, one could envision that in the gB clustering model, the gB 

ectodomain fusion loops promote merging of the outer leaflets of the two membranes 

while the cytodomain may associate with the inner leaflet to form of the fusion pore, 

analogous to what is observed in MLV Env (Fig. 1-5B, p.15).  

 

Distinct clusters of gB spikes are observed on HSV virions, unlike the diffuse coat seen 

on liposomes (125, 126), suggesting additional tegument proteins may be required to 
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organize gB on the viral envelope, similar to the role played by HIV Gag in Env cluster 

assembly (155). In this case, it is possible the cytodomain of gB may function like that of 

HIV Env in regulating mobility of gB within the membrane. It will be interesting to 

further probe the arrangement of gB on the virion surface and whether the cytodomain is 

important for this architecture. 

 

6.2.2 The Role of the gH Cytotail in Fusion  

Several previous studies have identified the importance of the gH cytotail to the fusion 

process (77, 87, 94). Fusion in trans experiments suggest that while not absolutely 

required for fusion to occur, the gH cytotail promotes efficient fusion (7). Here, we show 

that one function of the gH cytotail during fusion may be assisting in activation of gB. 

Although the ectodomains of gB and gH appear to interact (8), we were unable to identify 

an interaction between the gH cytotail and gB cytodomain in vitro. However, we cannot 

rule out the possibility that such an interaction may occur in vivo in the context of full-

length proteins. Nonetheless, our data suggest that the gH cytotail affects the activity of 

gB via an indirect mechanism. While we ruled out an effect on gH expression, other 

possibilities for an indirect regulatory mechanism by the gH cytotail include activation of 

the gH ectodomain via inside-out signaling, perturbation of the viral envelope, or 

facilitating the arrangement of gB and gH/gL oligomers within the membrane. 

Additionally, the gH cytotail may mediate interactions with other viral proteins absent 

from our transfected cell system but present in infected cells, as the effect of gH cytotail 

mutants is heightened in infected cells.  
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Several indirect mechanisms for activation of gB by the gH cytotail can be envisioned.  

However, like the gB cytodomain, a membrane environment, if not the full-length, 

membrane-bound gH protein, will likely be required to investigate these possibilities. The 

membrane-proximal portion of the gH ectodomain contains a long polypeptide or “flap” 

(Fig. 1-10C, p.28) that is sensitive to mutagenesis in several herpesviruses (61, 193, 201) 

and is proposed to relocate during fusion, allowing interaction of the underlying region 

with membrane (11). Although neither the relocation of the flap, nor membrane 

association, have been demonstrated, mutations in the gH cytotail could, perhaps, alter 

the ability of the flap to associate with membrane and properly position the ectodomain 

for activation of gB. Additionally, the neutralizing antibody 52S prevents fusion but does 

not disrupt the interaction between the gB and gH ectodomains (32), suggesting it may 

inhibit a conformational change in gH necessary for gB activation (174). Mutations in the 

gH cytodomain may similarly function to prevent a conformational change in the 

ectodomain of gH that is necessary for gB activation, analogous to the inside-out 

conformational signaling observed in the fusion proteins of some retroviruses (1, 173). 

Mutations in the gH cytotail have also been shown to prevent hemifusion (88), so perhaps 

the gH cytotail may perturb the inner leaflet of the membrane promoting early stages of 

fusion. Finally, similar to the above discussion regarding membrane mobility and the gB 

cytodomain, the gH cytotail may be important for recruitment of additional gH molecules 

or other proteins involved in fusion, or migration of gH in the membrane to the site of 

fusion. It would be interesting to test the ability of the gH cytotail to bind to membrane to 

investigate these possible mechanisms. 
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Unlike previous studies, our experiments with gH cytotail mutants were conducted in  

transfected cells, and the use of this system suggests some additional roles for the gH 

cytotail in the fusion process. Several studies have implicated the gH cytodomain in 

controlling the kinetics of fusion, as mutations in the gH cytotail slow the rate of viral 

entry (23, 87, 199). We show that the gB ROE mutation V553A, which increases the rate 

of viral entry, does not influence the extent of fusion, suggesting that rate of entry and 

extent of fusion are regulated independently. However, it stands to reason that a mutant 

with slower entry kinetics may mediate fewer fusion events in the same time as WT gH, 

effectively appearing to suppress syncytia formation. The fact that gB, gH/gL, gD and a 

cellular receptor are all required for both viral entry and cell-cell fusion suggests these 

glycoproteins may perform similar roles in each type of fusion (55). Yet even if this is the 

case, cells infected with a syn mutant virus will undergo both viral entry and cell-cell 

fusion, while our transfected cell assay only captures cell-cell fusion. Therefore, if gH 

cytotail mutations do, in fact, reduce the kinetics of both processes, this effect would be 

magnified in infected cells, as compared to transfected cell fusion, consistent with the 

difference in the extent of fusion suppression observed previously (23, 199) and in our 

study.  

   

 

6.3 CONCLUDING REMARKS 

 

The experiments presented in this work were carried out with purified, soluble proteins 

and transfected cell systems. While these tools have provided valuable insight into the 
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function of the HSV fusion machinery, they cannot fully recapitulate the conditions these 

proteins experience in infected cells, where many additional proteins likely influence 

their function. We have established that the way forward in understanding the regulatory 

mechanisms of gB and gH requires us to delve further into the role of membrane in 

dictating the structures and functions of these proteins, particularly their cytoplasmic 

domains. By integrating these new insights with assays that preserve the native context of  

these glycoproteins, we will take our understanding of the regulatory mechanism of HSV  

fusion to the next level.  
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Appendix A: Structural Characterization of the gB Cytodomain 
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A.1 INTRODUCTION  

 

The ectodomain crystal structures of the four proteins required for HSV entry (gB, gD, 

gH and gL) and their cellular receptors provided significant insight into the sequence of 

events that occur during membrane fusion. However, the structures of the transmembrane 

and cytoplasmic domains of these proteins have not been solved. The cytoplasmic 

domain of gB appears to restrict membrane fusion, as mutations in this domain lead to 

increased fusion. We propose that this regulatory activity is mediated in part by 

membrane association and accompanying structural changes in the cytodomain, although 

the mechanism by which these characteristics contribute to fusion regulation remains 

unclear. Therefore, we sought to determine the structure of the gB cytodomain. This 

structure will provide a unifying platform for all of the biochemical and functional data 

gathered for both the wild type and syn mutant gB cytodomains and lead to a better 

understanding of their regulatory mechanisms.  

 

Previous attempts by our lab to crystallize the soluble cytodomain protein have been 

unsuccessful. Neither the full-length cytodomain, truncated proteins, nor constructs 

stabilized with trimerization tags or the gB ectodomain were sufficient to generate 

ordered protein crystals. To overcome this barrier, we employed solution nuclear 

magnetic resonance (NMR) but were still unable to solve the cytodomain structure. We 

now know that the cytodomain requires membrane to adopt its native, fully folded 

conformation, and this conformation became our new target. However, in working with 

some of these soluble constructs, we still learned valuable lessons about the native 
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 cytodomain structure, as discussed below.  

 

To pursue the membrane-bound cytodomain conformation, we returned to X-ray 

crystallography and generated a new target protein, TMcyto. In addition to the 

cytodomain, this protein contains the gB transmembrane domain which we hypothesize, 

along with the detergent necessary to solubilize this membrane protein, will promote 

formation of the native cytodomain conformation. Purification of this membrane protein 

requires careful selection of detergents that can gently extract the protein from E. coli 

membranes and preserve its conformation upon solubilization and subsequent 

purification steps. Ideally, this process produces one protein per detergent micelle, or a 

monodisperse protein detergent complex, which is then suitable for crystallization. By 

carefully optimizing this process, we hope to obtain monodisperse TMcyto protein and 

solve its structure. 

 

 

A.2  RESULTS 

 

A.2.1 NMR Spectra of the Soluble gB Cytodomain 

Solution NMR has previously been used to show that the EBV gB cytodomain undergoes 

significant structural changes upon binding of detergent micelles (141). Therefore, we 

used these conditions as the foundation for our NMR studies with the soluble HSV-1 gB 

cytodomain protein. We first used 15N-labeled soluble wild type gB cytodomain protein 

to collect two-dimensional (2D) 1H 15N Heteronuclear Single Quantum Coherence 
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(HSQC) spectra. This experiment measures the connectivity of 1H and 15N nuclei and is 

indicative of whether 3D experiments, which are necessary for a protein of this size (38 

kDa), are likely to be fruitful. Initial spectra were collected in 20mM Na3PO4 pH 7, 

10mM NaCl, and 100� M PMSF, which are very close to the conditions used to study the 

EBV gB cytodomain (141). However, the HSV-1 gB protein appeared too disordered in 

our initial spectra for structure determination (Fig. A-1A).  

 

CD spectra previously indicated the cytodomain adopts a more ordered, � -helical 

conformation in the presence of anionic membrane mimetics such as small unilamellar 

vesicles (SUVs) composed of PC/PA (Table 4-3, p.130) or SDS micelles (data not 

shown). While NMR is incompatible with the use of SUVs because of their large size, 

detergent micelles have been used in the determination of numerous protein structures by 

NMR (97). We observed by CD that SDS can induce partial ordering of the protein (~7% 

increase in helicity with 9 mM SDS); therefore, we also recorded 2D 1H 15N HSQC 

spectra in the presence of increasing amounts of SDS up to 40 mM (Fig. A1-B). 

However, the protein was still not sufficiently ordered for structure determination, so we 

continued to optimize our buffer conditions by varying the pH, salt concentration and 

temperature. We also tried a different detergent, LMPG, which is an anionic detergent 

previously used to determine the structure of several membrane proteins, including the 

influenza M2 channel (97, 195). We hypothesized LMPG could be a better membrane 

mimetic than SDS, which may denature the protein. However, none of these additives 

improved the spectra quality, with the exception of decreased temperature (10°C), which 

resembled the SDS spectrum. Finally, we tested various truncations of the cytoplasmic  
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Figure A-1: NMR spectra of the soluble gB cytodomain. Chemical shifts for glycine 

(green), the NH2 group of glutamines and asparagines (red) and the fingerprint region of 

the spectra (blue) are circled, indicating areas where resolution is improved upon 

addition of SDS.  (A) 2D 1H 15N HSQC spectrum of the soluble wild type gB 

cytodomain (residues 801-904) in buffer containing 20mM Na3PO4 pH 7, 10mM NaCl, 

and 100� M PMSF. (B) The same experiment as in (A) with the addition of 40 mM SDS 

to the buffer. 
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domain with or without membrane mimetics in the hopes that a slightly smaller protein, 

which tumbles faster in solution, would improve the spectrum resolution. Although the 

truncation mutant gB868 displayed a slightly more ordered spectrum, similar to those 

obtained with SDS or low temperature, these data were still insufficient for structure 

determination.  

 

Together, these spectra confirm our previous conclusion that the cytodomain is not fully 

folded without the presence of membrane (33). However, although the quality of the 

protein spectrum improved in the presence of SDS micelles, it was still not sufficiently 

ordered to proceed with 3D structure determination experiments. Additionally, the fact 

that the spectrum quality improved at lower temperature may point to an equilibrium in 

the protein oligomeric state. Increased temperature generally causes a protein to rotate 

faster, thus increasing the resolution of the spectrum. However, an increase in spectrum 

quality with lower temperature may indicate the protein undergoes a monomer to trimer 

interconversion in solution, which is slowed at lower temperature (personal 

communication with J. Chou). Preliminary analytical ultracentrifugation data also 

suggested such an equilibrium in the soluble gB cytodomain (E.E. Heldwein unpublished 

data), furthering the idea that the protein is less stable in the absence of membrane. Thus 

although these spectra were not sufficient to determine the structure of the gB 

cytodomain, they provide support for our model that the native cytodomain conformation 

is membrane-bound.  

 

A.2.2 Foldon-gBcyto  
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Our NMR data indicated the soluble cytodomain was not suitable for structure  

determination efforts using this method, as the trimer contacts may be weak in the 

absence of membrane. Secondary structure prediction (JPred) suggested there may be a 

contiguous helix between the transmembrane domain and the N-terminal portion of the 

cytodomain (h1; Fig. 1-14A, p.40). We hypothesized that without the transmembrane 

domain, predicted helix h1 may not be fully folded, thus eliminating some stabilizing 

trimer contacts. However, addition of the transmembrane domain would generate a 

membrane protein of ~49 kDa that, in addition to the detergent micelles required to 

solubilize it, would be too large for structure determination with simple solution NMR 

techniques. Therefore, we generated a soluble cytodomain construct for NMR studies that 

contained an N-terminal foldon tag in lieu of the native transmembrane domain (Fig. A-

2A) that we believed would serve the same purpose of stabilizing predicted helices h1 

and additional trimer contacts.    

 

Prior to examining the foldon-cytodomain fusion protein by NMR, we used CD 

spectroscopy to determine whether the construct was properly folded. This fusion protein 

is predicted to be 39% helical. If the foldon tag did stabilize trimer contacts in solution, 

we predicted that unlike the soluble wild type cytodomain, this protein should possess 

helical content approaching this predicted value without a membrane mimetic. However, 

we found the protein was only 23% helical in solution (Fig. A-2B), comparable to the 

soluble wild type cytodomain which is ~27% helical in solution (Table 4-3, p.130). 

Addition of a 30-fold molar excess of PC:PA SUVs to the sample only increased its 

helicity to 27% (Fig. A-2B), which is still far below the predicted helical content and a 
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Figure A-2: The foldon-cytodomain fusion protein does not adopt the native 

cytodomain conformation, as measured by CD. (A) Schematic of the fusion protein 

construct, which contains an N-terminal foldon tag fused to residues 796-904 of the gB 

cytodomain with a C-terminal His6 tag. (B) CD spectra of the soluble wild type gB 

cytodomain (residues 801-904) in the absence of membrane (   ) and the foldon-gB 

cytodomain fusion protein in the absence (   ) or presence (   ) of membrane.  :�
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significantly lower increase in helicity than the 19% increase observed with the wild type 

cytodomain protein (Table 4-3, p. 130).  

 

These data indicated that the cytodomain could not adopt the native conformation with an 

N-terminal trimerization tag, even in the presence of membrane. Forcing the N-terminal 

region of the cytodomain protomers to associate via an artificial trimerization tag appears 

detrimental to the protein’s overall stability and conformational flexibility. This suggests 

that while there may be contiguous helices between the transmembrane region and 

predicted cytodomain helix h1, these helices likely do not pack together. Therefore 

despite its lack of proper folding, the foldon-cytodomain construct provided valuable 

information that helped shape our model of the membrane-bound cytodomain structure 

(Fig. 4-8, p.143).  

  

A.2.3 Purification of Monodisperse TMcyto 

The NMR data discussed above, along with additional biochemical and functional 

experiments discussed in chapter 4, indicate that the gB cytodomain requires membrane 

to be fully folded. Therefore, we designed a protein expression construct containing both 

the cytodomain and the native transmembrane domain with a C-terminal His6 tag 

(gBTMcyto, Figure A-3A). This construct also contains the signal sequence from the E. 

coli maltose binding protein (MBP) at the N-terminus in order to promote homogeneous 

insertion of the protein into E. coli membranes during expression. We hypothesized that 

the presence of the native TM domain and the detergent required to solubilize this 

membrane protein would preserve the native cytodomain conformation and allow the 
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Figure A-3: TMcyto appears monodisperse in � -OG but may not be properly folded. 

(A) Schematic of the TMcyto construct containing the signal sequence of E. coli 

maltose binding protein (MBP, colored green), linked to the last three residues of the 

ectodomain (770-773, yellow), the transmembrane domain (TM, gray) and 

cytodomain (pink). (B) SEC chromatogram on a 3mL S200 column of TMcyto 

solubilized in 4.4% � -OG in TNE. The protein elutes at the expected size of a single 

trimer in a detergent micelle, 47 – 67 kDa, indicating it is monodisperse. Molecular 

weight standards are indicated above the chromatogram; units are kDa. (C) CD 

spectra of TMcyto solubilized in � -OG, Zwitterionic detergents LDAO or Fos-12, or 

the anionic detergent LMPG. For comparison, the CD spectrum of WT gB 

cytodomain protein incubated with a 30M excess of SUVs (WT gBcyto + SUVs) is 

shown, which represents the native conformation. 
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protein to be crystallized.   

 

In order to determine the structure of TMcyto, we first needed to optimize its purification. 

We screened numerous detergents commonly used for structure determination of 

membrane proteins by X-ray crystallography, such as glycosides, polyoxyethylenes and 

Zwitterionic detergents, and determined that the glycoside � -octylglucoside (� -OG) was 

best able to both extract the protein from E. coli membranes and render it monodisperse 

upon solubilization (Fig. A-3B). However, crystallization screens with � -OG-solubilized 

TMcyto did not yield any reproducible hits, and CD analysis later revealed that the 

protein may not be properly folded when solubilized in this mild, uncharged detergent 

(Figure A-3C). We hypothesized that, since the soluble cytodomain only undergoes 

conformational changes in the presence of anionic membranes, an ionic or, perhaps, a 

Zwitterionic detergent, may be required to induce full folding of TMcyto. Therefore, we 

exchanged the � -OG detergent for either a Zwitterionic detergent (LDAO or Fos12) or an 

ionic detergent (LMPG) and measured folding using CD spectroscopy. Yet, despite 

producing monodisperse protein (data not shown), these charged detergents also appeared 

unable to promote full folding of the helices in TMcyto (Fig. A-3C). However, these 

spectra must be interpreted with caution, as it is difficult to accurately determine the 

concentration of TMcyto in the samples due to the presence of detergent and a lack of 

tryptophans in the amino acid sequence. Without another method to assess the relative 

protein content of these samples, such as Coomassie-stained SDS-PAGE gels, we cannot 

rule out the possibility that the differences in the spectra result from inaccurate 

measurement of the concentration rather than true structural differences. 
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A.3 CONCLUSIONS 

Although the atomic structure of the cytodomain remains elusive, these experiments 

provided significant insights into the model of the native, membrane-bound cytodomain 

structure. Solution NMR studies support our earlier conclusions that the cytodomain 

adopts a more ordered conformation in the presence of membrane. First, the quality of the 

protein spectrum improved with addition of membrane mimetics, suggesting the protein 

is somewhat more ordered in the presence of membrane. Second, the quality of the 

spectrum in the absence of membrane improved at lower temperature, hinting at a 

possible equilibrium between the trimer and monomer in solution. Additionally, the 

foldon-cytodomain fusion protein revealed that although membrane is needed to stabilize 

the cytodomain, this stability does not appear to come from bundling of predicted helices 

h1. Therefore, we hypothesize that these helices do not interact, as shown in our model of 

the native cytodomain structure (Fig. 4-8, p. 143). Finally, our work with the TMcyto 

construct suggests that the protein requires a lipid membrane mimetic that better 

approximates the viral envelope, rather than a detergent micelle, in order to properly fold.  

 

To address this need, we attempted to create bicelles, which are small discs of membrane 

generated from combination of long-chain phospholipids and short chain detergents 

(158). Bicelles have been employed to determine membrane protein structures by both X-

ray crystallography and NMR (97, 189). While reliable protocols exist for the preparation 

of nonionic bicelles (147, 188, 196), preparation of acidic bicelles remains challenging 

(100, 178). Despite extensive efforts, we were unable to successfully generate bicelles 

containing both PC and PA to mimic the composition of SUVs and LUVs known to 
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induce proper folding of the cytodomain. However, further optimization of this or 

additional membrane mimetics, such as nanodiscs, lipidic cubic phase or reverse micelle 

encapsulation (101), may still capture the native cytodomain for structural studies.   
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Appendix B: Additional Mutagenesis Studies with the gB Cytodomain 
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B.1 INTRODUCTION 

 

As discussed in chapter 4, biochemical and functional characterization of gB cytodomain 

mutants has contributed significantly to our understanding of the gB cytodomain 

regulatory mechanism. These studies point to the importance of preservation of the 

membrane-bound cytodomain conformation for proper fusion regulation, as all syn 

mutants studied in chapter 4 displayed evidence of local conformational changes. 

Additionally, they suggest that membrane association by the cytodomain likely plays a 

role in the regulatory mechanism. We hypothesize that other syn point mutants will also 

display local conformational changes and altered membrane binding, consistent with 

these observations.  

 

Our model of the membrane-bound gB cytodomain structure (Fig. 4-8, p.143) highlights 

several regions of the protein that may be important for achieving its native 

conformation. Residues 817-836 are part of a proteolytically-resistant core and are 

completely shielded from proteolysis in both the soluble and membrane-bound 

conformations. Interestingly, no syn mutants have been identified in this region (Fig. B-

1), suggesting it may be important for the integrity of the protein. Additionally, newly 

defined helices h2a and h2b may be held together via a salt bridge that could play a role 

in properly positioning these or other regions of the protein. Finally, several candidate 

regions of the protein may mediate an interaction with membrane, including predicted 

helices h3 and h2b (33) or positively-charged clusters such as the three lysines following 

helix h2b (Fig. B-1). We hypothesize that mutagenesis of these important structural  
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features would disrupt the native cytodomain conformation, deregulating fusion and 

generating a syn phenotype. 

 

 

B.2 RESULTS 

 

B.2.1 Mutations Designed to Destabilize gB Cytodomain Membrane 

Association 

It has been proposed that predicted helices h2b and h3 in the HSV-1 gB cytodomain 

mediate membrane association (33) (Fig. 1-15, p.46), but the nature of this association is 

unknown. Interestingly, predicted helix h3 contains two arginines (R882 and R884) that 

are highly conserved in herpesviruses (Fig. 1-14B, p.40). These residues are also 

surrounded by positively charged lysine (K883) and arginine (R885) residues in several 

HSV-1 isolates. Additionally, though less conserved, HSV-1 contains another stretch of 

lysines (residues 864-866) at the C-terminal end of predicted helix h2b (Fig. B-1). 

Proteins such as HIV matrix (85) can associate with membranes via a charge interaction 

between anionic lipid head groups and positively charged basic residues, including 

arginines and lysines. Additionally, arginines and lysines participate in “snorkeling,” or 

penetration of charged segments into the membrane, when present in or near membrane-

embedded amphipathic helices (177, 205). Therefore, we hypothesized that residues 

R882 and R884 or possibly K864, K865 and K866 may be important for mediating 

association of helix h3, h2b or other regions of the protein with membrane. If so, 

mutation of these residues may interfere with this association, causing unregulated  
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Figure B-1: New gB cytodomain mutants. The amino acid sequence of the gB 

cytodomain is shown, overlain with all known hyperfusogenic mutations, including point 

mutations (indicated by a letter), C-terminal truncations (arrow) and insertions (carrot) 

(14, 24, 25, 53, 56, 60, 62, 115, 133, 134, 156, 190, 194). Mutations isolated from clinical 

strains are in blue, while engineered mutations are in red. Predicted secondary structural 

elements are indicated below the sequence. Positions of proposed mutations are indicated 

by a star with the mutated residue(s) listed below the secondary structure prediction. 
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fusion.   

 

We first chose to mutate conserved arginine residues R882 and R884 to alanines to 

inhibit their ability to associate with membrane via charge interactions. A similar mutant 

in HSV-2, R860A (corresponding to R882A in HSV-1), was previously generated and 

exhibited wild type fusion activity and surface expression in transfected cells (156). 

However, we hypothesized that mutation of both residues may be required to fully 

abolish membrane contacts and generate a fusion phenotype. The HSV-1 gB double 

mutant R882A, R884A had a hyperfusogenic phenotype, but it was not possible to assess 

its association with membrane because the protein aggregated in solution (data not 

shown), likely due to the creation of an exposed hydrophobic patch. When the conserved 

arginines were instead mutated to serines, generating the double mutant R882S, R884S 

(Fig. B-1) and eliminating aggregation, we observed no significant change in membrane 

association (46% of protein bound to liposomes, versus 44% for the wild type) or 

accompanying helix formation (Table B-1). Surprisingly, however, this mutant exhibited 

a hyperfusogenic phenotype (Table B-1). Although the mutant was expressed on the 

surface of transfected cells at ~1.5X WT levels (Table B-1), we and others have shown 

there is no consistent correlation between altered surface expression and the hyperfusion 

phenotype (56, 127, 156). 

 

We then used limited proteolysis to look for any local conformational changes that were 

not detected when analyzing membrane association. Limited proteolysis of the soluble 

R882S, R884S mutant protein with trypsin generated different cleavage sites than the 
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wild type cytodomain, both in the absence and presence of membrane (Table B-1). In the 

absence of membrane, the R882S, R884S mutant was cleaved at two additional sites, 

K807 and K883, but was not cleaved at the wild type site K865. The mutant was also not 

cleaved at R882, which is mutated to serine and thus no longer a recognized trypsin 

cleavage site. In the presence of membrane, the mutant was cleaved only at K875 and not 

at the wild type site R885. The loss of the cleavage site after residue R885 may be due to 

disrupted recognition of the R885 cleavage site as the result of mutating the two nearby 

arginines to serine. However, it is also possible that this region within the mutant protein 

may adopt a conformation distinct from the wild type. Without additional structural 

information about this mutant, we cannot determine whether it supports our observed 

correlation between local conformational changes and deregulation of fusion. 

 

We also mutated the lysines at the C-terminus of predicted helix h2b to serine, generating 

the triple mutant K864, K865, K866 (Fig. B-1), to test whether these residues are 

important for membrane association. This mutant was initially generated in the full-

length gB gene in order to test its fusion phenotype in the luciferase cell-cell fusion assay 

before biochemical characterization. However, this mutant exhibited only ~50% of WT 

fusion and was poorly expressed in transfected cells (Fig. B-2), which may indicate it was 

not properly folded. Given these results, we did not pursue biochemical characterization 

of this mutant. 

 

B.2.2 Mutations Designed to Test the gB Cytodomain Structure Model  
 
To test the importance of several features of our model of the native cytodomain structure 
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Figure B-2: Fusion activity and expression of new gB cytodomain mutants. (A) Fusion 

activity was assessed using the quantitative luciferase transfected cell-cell fusion assay. 

Effector cells were transfected with WT gD, gH, gL and either WT or mutant gB, as 

indicated below the bars. These results represent either one experiment (samples present 

in triplicate; no error bar) or the average of two or more experiments (with error bar). (B) 

Expression of full-length gB mutant proteins was assessed by Western blot of whole cell 

lysates from CHO cells transfected with either WT or mutant gB, as indicated above each 

lane. The pAb R68 detects gB (indicated by the red arrow), and � -actin is included as a 

loading control. 
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(Fig. 4-8, p.143), we generated five additional cytodomain mutants. Each of these 

mutants asks a different question, as discussed below. Functional and biochemical studies 

with these mutants will help refine our understanding of the cytodomain structure and 

those elements directly involved in fusion regulation. 

 
The new gB cytodomain mutants consist of two clinical isolates, L817H and E857D, and 

three engineered mutants: E830S, E831S; E842S; and E845S (Fig. B-1). We hypothesize 

that alterations to the membrane-bound cytodomain conformation correlate with the syn 

phenotype. Therefore, we expect to find evidence of local conformational changes in the 

previously described syn mutants L817H and E857D. Additionally, L817 is located near 

the N-terminus of the cytodomain in a region that we have not yet explored by 

mutagenesis, so this mutant may provide additional information to inform our structural 

model. Residues E830 and E831 are conserved among alphaherpesviruses (Fig. 1-14B, 

p.40) and are located in the proteolytically-resistant core, which may be important for the 

structural integrity of the cytodomain protein. We predict that mutation of these residues 

is likely to destabilize the cytodomain trimer and, thus, alter the fusion activity of gB. 

Finally, our previous studies with the syn mutant R858H indicated there may be a salt 

bridge between predicted helices h2a and h2b. E842 and E845, along with R844 in h2a 

and E857, R858 and E860 in helix h2b, are conserved among HSV-1 and 2 isolates and 

may be involved in this bridge. If so, we would predict that mutation of residues E842 

and E845 to serine would break this connection and likely alter the cytodomain 

conformation and the fusion activity of gB.       
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These mutants were cloned into the full-length gB gene and tested in the quantitative 

luciferase cell-cell fusion assay. All mutants exhibited less than 50% WT fusion in 

preliminary experiments (Fig. B-2A). Each of these mutants was found to be poorly 

expressed in transfected CHO cells (Fig. B-2B), suggesting they exhibited lower fusion 

due simply to lack of expression. These preliminary experiments indicate their poor 

expression will hinder efforts to study their effects on fusion and biochemical 

characteristics of the cytodomain. 

 

 

B.3 CONCLUSIONS 

 

The mutants described above were designed to test different features of our model of the 

native gB cytodomain structure and our noted correlation between local conformational 

changes to this structure and increased extent of fusion. We first analyzed regions thought 

to be important for membrane association, including two conserved arginines and a string 

of lysines. The R882S, R884S double mutant suggests that these conserved arginines are 

not directly involved in membrane association, as mutating these residues to serine did 

not alter membrane association. However, these residues appear to play some role in 

fusion regulation, as the mutant exhibited a hyperfusion phenotype. Our limited 

proteolysis data with trypsin suggests it is possible this mutant exhibits local 

conformational changes in the vicinity of these residues; however, our data were not 

sufficient to rule out the possibility that there are no conformational differences, only a 

difference in a trypsin recognition site due to the mutations. The triple mutant K864S, 
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K865S, K866S, also designed to test membrane association, was poorly expressed and 

possibly misfolded, so we were unable to determine the importance of these residues in 

membrane association.  

 
Along with this triple mutant, three additional engineered mutants designed to test 

structural features of our cytodomain structure model were poorly expressed in 

transfected cells. These engineered mutants have never been previously described or 

characterized, so it is possible that these mutations destabilize the proteins and/or 

interfere with their expression. Interestingly, the L817H mutation has also never been 

tested for cell fusion activity or expression. This mutant was derived from a syncytial 

virus but only shown to give comparable pathology in mice to the syncytial parent; no 

fusion or expression assays appear to have been performed (53). Therefore, it is possible 

that this mutant may not actually be syn, although its poor cellular expression precludes 

such a conclusion from our data. Finally, the E857D mutation has not been characterized 

in HSV-1 but corresponds to the syn mutant E835D in HSV-2 for which surface 

expression was not assessed (133). A similar mutant, E835A in HSV-2, was shown to be 

mildly hyperfusogenic (~125% fusion with WT HSV-2 glycoproteins) but only expressed 

at ~25% WT HSV-2 gB levels (156). Thus, perhaps it is not surprising that the similar 

E857D mutation in HSV-1 gB also reduces expression. Expression of all six new mutants 

should be re-evaluated in CHO and perhaps an additional cell type to confirm whether 

there really is a defect in expression or folding of each individual mutant rather than a 

global experimental error. Following this necessary step, these mutants may still prove 

fruitful. � 
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