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Abstract

Herpesviruses are a diverse family of envelopedtnstranded DNA viruses that infect
a wide range of animal hosts, including humansséharuses enter cells by fusion of the
viral envelope with a host cell membrane using eorexd fusion glycoprotein B (gB) and
its heterodimeric activator gH/gL plus additionaheonserved proteins. This complexity
sets herpesviruses apart from most other envelapeskes, which require only one or

two proteins for entry, and resembles cellulardagprocesses. However, the mechanism

of herpesvirus entry is not well defined.

Herpes Simplex virus (HSV) causes mucocutaneoisniesis well as severe conditions
such as ocular infections and encephalitis. HSVphnagided an excellent system for
studying herpesvirus entry. Structural, biochemaral functional characterization of the
four viral proteins required for HSV membrane fusigD, gB and gH/gL, has defined

their functions, but the mechanism remains elusive.

In this work, we set out to answer several questatrout how gB and gH/gL are
regulated. It is presumed that gB catalyzes fubipnndergoing conformational changes
that provide the energy for this process, andgkhHgL plays a role in activating gB,
likely via direct interaction of their ectodomaimsdditional sources of regulation may
come from the intraviral cytoplasmic domain of gBich is thought to repress fusion,
and the short cytoplasmic tail of gH, which mayimelved in activating gB, possibly

via a direct interaction with the gB cytoplasmiawhin. However, the potential



regulatory mechanisms of these intraviral domagmsains unknown.

Here, we show that the cytoplasmic domain of gBeeges its fusion activity via a
unique mechanism requiring sequences that exhimblonane binding activity and
preservation of the membrane-bound conformationpvdeide the first structural model
of this native conformation and propose that stmadtstudies of the cytoplasmic domain
must involve membrane. Additionally, we proposé tha gH cytoplasmic tail regulates
the fusion activity of gB via an indirect mechanjgmarhaps involving membrane
interaction. Finally, we show that the postfusiomformation of gB tolerates several
mutations believed to destabilize this conformatspporting previous conclusions that
the postfusion form of gB is highly stable. Mostpiontantly, these experiments tell us

that membrane plays a critical role in gB function.
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Chapter 1: Introduction



11 ENTRY OF ENVELOPED VIRUSES AND THE ROLE OF
MEMBRANE FUSION

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

into the host cell and access its protein prodaati@chinery. Host cells are guarded by a
lipid bilayer, which prevents non-specific entryesfen the smallest viral particles. Non-
enveloped viruses lack a lipid bilayer and so hewaved a variety of different strategies
for entry, some of which are not well understoo85)1 Enveloped viruses, however, take
advantage of the similarity between viral and loagit membranes by fusing them
together, creating a direct lipid channel throudtiol the capsid can be delivered. This
fusion event requires deformation of the host embrane at great energetic cost, and
this energy is provided by viral fusion proteinshiM there are many mechanisms used
by enveloped viruses to accomplish membrane fugioal] 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 mameldsy one of two processes:
endocytosis; or fusion at the plasma membrane {Fij. Some viruses, like influenza
and dengue, can only enter cells via endocyto8isiZ5). Others, such as retroviruses
and herpesviruses, can use either route of enpgrakng on the virus and cell type (50,
83). For both routes, entry begins with contactMeen a viral glycoprotein and a cellular
receptor. In the case of plasma membrane fusianl(fi, left panel), this contact

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

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

(right).
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contact initiates a signaling cascade within thst leell that prompts the cell to take up
the virus using the host endocytic machinery. Aswuinion is trafficked through the host
cell within the endosome, it receives a signahg@itreceptor interaction or low pH) and
fuses its envelope with the vesicle membrane, dehig the capsid (122, 132). Timing of
this fusion trigger is crucial, as continued acddifion of the endocytic vesicle will lead

to destruction of its contents, including the uiri1.68).

1.1.2 Mechanism of Viral Membrane Fusion

1.1.2.1 Role of viral fusion proteins

Both routes of enveloped virus entry require fussbtbwo membranes. Due to repulsive
electrostatic forces, the resting distance betvieerhydrophobic membranes is 10 to 20
nm (30), which is not close enough for fusion tawrc In order to bring the membranes
into proximity and overcome the activation energyrier to membrane fusion, viruses
utilize a fusion protein, or fusogen, expressedhaviral envelope (79). Fusogens are
not unique to viruses; they are found in all cafe=ellular membrane fusion such as
exocytosis, vacuole fusion and cell-cell fusion3)L2/iral fusion proteins are
glycosylated transmembrane proteins that form aligs (50) (Fig. 1-2A). These
proteins consist of an ectodomain expressed owitio& surface, a transmembrane
domain and a C-terminal cytoplasmic domain (cytodimnresiding within the virion.
The ectodomains contain peptide sequences, knofwsias peptides or loops (Fig. 1-
2A, marked with asterisks), which can insert disettto the host cell membrane (50).
Fusion proteins are expressed on the viral envetopanetastable or “spring-loaded”

state, termed the "prefusion” conformation (Fi@¢A)-(79). By undergoing a series of
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Figure 1-2: Steps in viral membrane fusion. The generic \firalon protein is shown in
red and blue, with fusion peptides highlighted @igw and marked in panel A with
asterisks. Domains are indicated by brackets. Edimdomain; TM: transmembrane
domain; cyto: cytoplasmic domain. Intermediate stagf fusion are labeled above each

panel. Adapted from (79).



conformational changes, as described below, fysioteins act as catalysts, liberating

the energy required to overcome the thermodynasaricdy to membrane fusion.

Upon receiving a signal, such as receptor bindimg drop in pH, the fusion protein
oligomer is destabilized and begins to undergordacmational change, exposing the
previously hidden fusion peptides. The protein thdapts an extended intermediate
conformation and inserts its fusion loops intoltlest cell membrane (Fig. 1-2B),
bridging the two membranes. This insertion dehydraind perturbs the lipid membrane,
lowering the energetic barrier to lipid mixing (5@pllowing fusion peptide insertion, the
protein collapses back on itself into a hairpireimediate, dragging the host and viral
membranes together (Fig. 1-2C). As the fusion pmatentinues to fold back onto itself,
the outer leaflets of the two membranes are joingxda hemifusion intermediate (Fig. 1-
2D). Finally, the inner leaflets of the two membeariuse, creating a lipid pore between
the virion and the cellular cytoplasm through whilea viral capsid is delivered (Fig. 1-
2E). This final fusion event requires a conformaibchange in the viral fusion protein
that ultimately brings its transmembrane domairetogr with the fusion peptides, a

conformation referred to as "postfusion.”

Viral fusion proteins are grouped into three cladsased on similarities in their
structures, fusion triggers and fusion mechanigdhsss 1 fusion proteins, such as
hemagglutinin (HA) from influenza (Fig. 1-3A), anemotrimeric glycoproteins that are
proteolytically processed during virion assemblgémerate the metastable prefusion

conformation (50). Upon entry by endocytosis, loi destabilizes the HA trimer,
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Figure 1-3: Postfusion structures of representative viraidingproteins from each class
(79, 84). Membranes are shown in gray, and trandireme and cytodomains are
represented by cylinders and lines, respectivedghEprotomer is a different color (A)
or colored by domain (B and C). (A) Postfusion Hé&n influenza virus, containing
the characteristic class | trimeric helical hairgimthe case of HA, this hairpin contains
a six-helix bundle at its N-terminus. (B) PostfusgE from Dengue virus, comprised
primarily of -sheets. (C) Postfusion gB from HSV-1, containimg ¢haracteristic

class Il trimeric helical core as well assheets containing the fusion peptides.



allowing it to dissociate slightly and expose thsién loops (102). Following the hairpin
intermediate, HA adopts its postfusion conformatontaining a trimeric helical core
(Fig. 1-3A), the defining feature of class | fusimroteins. Class Il fusion proteins, such
as glycoprotein E (gE) from dengue virus, are dsreemposed primarily of-sheets

(102) (Figure 1-3B). Unlike class | fusion proteimshich contain N-terminal fusion
peptides (similar to Figure 1-2A), class Il progeoontain concealed internal fusion loops
(12). Low pH triggers a dimer to monomer to trinransition of gE, also causing
exposure of its fusion loops (102, 113). In corittaghe -helical core of class |

proteins, the postfusion conformation of classiflibn proteins consists of a bundle of

sheet hairpins (102).

The recently discovered class 1l viral fusion jgios show similarities in their structures
and fusion mechanisms to both class | and Il pnsteClass Il fusion proteins are set
apart by their architecture, consisting of five dons of mixed - and -secondary
structural elements, as well as their central dedeil motif (12). Examples of known
class Il fusion proteins include glycoprotein Grfr rhabdoviruses such as vesicular
stomatitis virus (VSV), gp64 from baculovirus adgogprotein B (gB) from
herpesviruses (12). The postfusistructures of VSV G, gp64 and gB from both Herpes
Simplex virus type 1 (HSV-1) (Fig. 1-3C) and Epst8iarr virus (EBV), have been

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

! The crystal structure of VSV G was identified astfusion for two reasons (152). First, the pogitid
the fusion loops near the transmembrane domairdisative of the postfusion hairpin fold. Second,
conversion of G from the pre- to postfusion forneurs with low pH. Although the VSV G crystal
structure was determined at neutral pH, compangtinthe length of the related rabies virus G pirote
measured by EM under acidic conditions (64.) indisa/SV G is in the postfusion conformation.

8



1-4A), suggesting a common evolutionary ancestsi \1Their central coiled coils
resemble the trimeric helical hairpins of clasadién proteins, while the presence of
internal fusion loops instead of N-terminal fusgeptides liken them to class Il proteins
(13, 84, 95, 152). Like both class | and Il virasion proteins, the fusion loops in class
[l postfusion structures are adjacent to the tna®brane domain, suggesting the

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

Understanding the fusion mechanism of class IRMwmsion proteins, including the
nature of their conformational intermediates, reggicomparison of the pre- and
postfusion structures. This knowledge can be aalddusource of therapeutic targets, as
peptides that inhibit viral entry by binding fusiprotein intermediate conformations,
such as the HIV drug Fuzeon (4), are emerging a&@al antivirals. However, to date,
the only prefusion structure of a class Ill protéiat has been solved is that of VSV G
(Fig. 1-4B). Comparison of the pre- and postfusitactures of VSV G shows that the
fold of individual domains is largely preservedt their relative orientation is
significantly altered (153). It is hypothesizedttdamains | and Il undergo rigid-body
rotation to form an extended intermediate (151y.(E+4B), allowing the fusion loops to
transit a large distance of ~16 nm from their vir@mbrane-proximal location in the
prefusion conformation to the host cell membrart8}1Some domains do undergo
slight refolding. For example, domain Il contailevaral disordered residues that
rearrange to extend an existing helix (Fig. 1-4I)ngating the molecule so that the
fusion loops can reach their target (151). Theredee intermediate is then thought to

undergo the hairpin fold, which repositions thedadoops near the transmembrane

9
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Figure 1-4: Structural insights into the mechanism of clds&ukion proteins. (A)
Comparison of domain arrangement in the four knpastfusion structures of class Il
viral fusion proteins: HSV-1 gB; EBV ¢gB; VSV G; abdculovirus gp64 (12). Proteins
are shown as monomers, and domains are coloredttthrthose of HSV-1 gB in (25,
84). VSV G lacks a domain corresponding to domaicdlored red) in the other three
structures shown. (B) The trimeric pre- and postiustructures of VSV G, colored by
domain as in (153), along with the postulated $tmecof an extended intermediate
shown as a monomer (with domains labeled) (151aptet from (151). (C) Refolding
of domain Il of VSV G (labeled as domain Ill in (&) show its similarity to domains
[l of other class lll viral fusion proteins) (153regions of domain Il whose
conformations do not change in the pre- to postfusiansition are shown in blue,

while those that refold or are repositioned arenshim green.
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domain and forms a central coiled coil with theeexted helices from domain 1l (Fig. 1-
B, right panel), thus generating the signatureufiest of the postfusion structure (151,

153).

While the gp64 and gB pre- to postfusion conforpratransitions may resemble that of
VSV G, there will undoubtedly be differences giveenme of the structural and functional
distinctions between these three proteins. For threeectodomains of gp64, EBV gB and
HSV-1 gB are larger than that of VSV G, containd@®, 732 and 773 amino acids,
respectively, compared to only 445 for VSV G (18, 85, 152). Structurally similar
domains in gB are larger than the correspondingaiiesnin G, and gp64 and gB also
contain an additional domain, V, which was not présn the VSV G structure (Fig. 1-
4A) (13, 84, 152). VSV G and gp64 are unique amarg] fusion proteins in that
triggering of the pre- to postfusion transitiontwibw pH is reversible (95, 153).
However, like most other viral fusion proteins, @lagp64 are the only proteins required
for entry of rhabdo- and baculoviruses, respeggivibley function to both bind receptors
and carry out fusion (12). gB is notably differémam these two proteins because
triggering the postfusion conformation is not resiiele (84), and gB requires at least two
additional glycoproteins to accomplish entry (83)us, more prefusion structures are

necessary to fully understand the fusion mechanddrttss new class of fusion proteins.

1.1.3 Regulation of Viral Membrane Fusion
Viral membrane fusion is a tightly regulated pra;emd the mechanisms for regulating

fusion vary among different viruses. Regulatorynalg may include low pH and receptor
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binding (as discussed above), as well as intemrastigth additional cellular or viral
proteins or even the presence of specific lipids 69). For example, in addition to its
cellular receptor CD4, human immunodeficiency vifid$v) requires a cellular co-
receptor, either CCR5 or CXCR4, to mediate entB8f1Some viruses require more than
one viral glycoprotein to mediate fusion. For exdénparamyxoviruses require two viral
proteins: a receptor-binding protein (H, HN or @&)d the class | fusion protein, F (197).
Finally, some fusion proteins, such as influenza Ry require cooperation between
multiple oligomers via an unknown mechanism to agglessh fusion (112). Recent
evidence suggests the lipid composition of a calladlembrane may also play a role in
regulating viral fusion, as it does in cellularitus processes. For example,
phosphatidylethanolamine (PE) plays a critical inl&usion of mitotic Golgi
membranes, recruiting the protein complex requioedusion and facilitating protein-
protein interactions (142). Similarly, membranemegts enriched in certain lipids,
known as lipid rafts, may facilitate viral fusioy teracting with viral fusion proteins
such as Nipah virus F protein (2), increasing meméifluidity or concentrating viral
receptors on the cell surface (50). Most envelopeges are not limited to just one of
these regulatory signals but instead integraterakt@ensure proper timing and

sequential progression of membrane fusion.

1.1.3.1  Viral cytodomains
An additional source of fusion regulation in sonreises comes from the cytoplasmic
domain of the fusion protein. The ectodomain afisidn protein contains the fusion

peptides or loops and is responsible for physidaligging the viral and cellular
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membranes together. However, somehow the cytoptagomain of many fusion
proteins is able to influence this process fronossithe viral membrane, in some cases
inhibiting fusion while in others promoting it. Té® general models for fusion regulation
by cytodomains emerge from the literature: assmeiavith membrane; inside-out
signaling; and modulation of trimer stability. Tkeemodels are discussed in more detail

below.

Fusion proteins from several retroviruses, sucHI®& Moloney murine leukemia virus
(MoMLV) and simian immunodeficiency virus (SIV), Yelong cytoplasmic tails that
keep the fusion protein inactive until they areagked by a viral protease (1, 129, 202).
The mechanism of this repression has been welbchaiized for the MoMLYV fusion
protein, Env, and association of the cytodomairnhe viral envelope plays a critical
role. The cytoplasmic tail of MOMLV Env consists®f amino acids (Fig. 1-5A). The N-
terminal 20 amino acids form a membrane-destabditielix (membrane-proximal
peptide), while the C-terminal 17 amino acids faminhibitory peptide (the R peptide)
(54). The R-peptide inhibits the initial stagedusion prior to pore formation (129), but
upon proteolytic cleavage of the R peptide, the brame-proximal peptide becomes free
to exert positive curvature on the viral envelopg(1-5B). The fusion peptide in the
Env ectodomain simultaneously induces negativeature in the cellular membrane,

facilitating formation of the hemifusion stock anltimately fusion (54).

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

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

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

membrane proximal peptide in brackets and the Rigeepnderlined. The ectodomain

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

proximal peptide in the Env cytodomain and thedaogeptide in the ectodomain

induce opposite curvature in the viral and cellmembranes, facilitating hemifusion

stalk formation.
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contains three amphipathic helices, lentivirusclyteptide 1 (LLP1), LLP2 and LLP3
(Fig. 1-6A) (202). It has been proposed that LLRR2siently penetrates the viral
membrane and binds the cellular membrane, inhipftision (202). Recent evidence
suggests, however, that while LLP2 is transierntiyosed to the cellular membrane
during hemifusion, it instead acts as a positivpitator of fusion by binding the

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

In several cases, cleavage of retroviral fusionganocytodomains has also been shown to
alter the conformation of the fusogenic ectodon{&jr89, 172, 202). This effect is not
limited to retroviruses but is also seen, for exemim the emerging zoonotic pathogen
Nipah virus (2). These observations point to anothedel for fusion regulation by
cytodomains: signaling between the cytodomain aedettodomain via conformational
changes, or so called “inside-out signaling.” Thechranism of inside-out signaling,
while not well understood in viral fusion proteimgs been extensively studied in the
cellular adhesin family, integrins. Integrins exastheterodimers, and much like viral
fusion proteins, it is the ectodomains that carrytbeir attachment function (162). In
their inactive form, the transmembrane alpha helafehe integrin heterodimer are
crossed over each other, the cytodomains are bloyiad inhibitory ligand (Fig. 1-7),
and the ectodomain is folded in on itself (203)obglissociation of the inhibitory ligand,
the cytodomain undergoes a conformational chareging the transmembrane helices
apart and sending a conformational signal to thedeenain (Fig. 1-7), which extends
into its active form (203). A comparable mechanismolving signaling from the

cytodomain to the ectodomain via the transmembdaneain may occur in viral fusion
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Figure 1-6: Regulation of membrane fusion by the HIV-1 Envocigmain (120). (A)
Schematic of the Env cytoplasmic domain, showirgglytic peptides (LLP1, LLP2 and
LLP3) on the intraviral face of the membrane. (B)dél for regulation of fusion by the
LLP2 domain. During hemifusion, the Env ectodonTfalds in on itself, forming a 6-
helix bundle. LLP2 may act as a positive regulatidiusion by penetrating the viral

envelope to interact with this region during hersiun.

17



I. Extra-cellular Membrane

II. Hydrophobic Membrane Core

I1I. Intra-cellular Membrane
Inhibitory Ligand

¥ Activation Ligand (e.g. Talin F3)

Figure 1-7: Integrin activation is regulated by inside-outrsiting (203). Upon release
of an inhibitory ligand (pink oval), the cytoplassidomains of the integrin heterodimer
undergo a conformational change, which is propabatethe transmembrane helices
and results in ectodomain activation (not showhjs Rctive state is maintained by

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

Finally, modulation of fusion protein trimer statylis a third model of fusion regulation
by cytodomains. Different strains of paramyxovikibave F proteins with either long or
short cytodomains (197). Long cytodomains inhibgién, most likely because this
confers increased stability to the three-helix berad the F-trimer prefusion
conformation, thus raising the energy requiredissatiate the trimer during fusion
(197). Similarly, short F protein cytodomains magrote fusion by destabilizing the F
trimer and lowering the energy barrier to furthenformational changes. A comparable
effect is observed in the Nipah virus class | fagiootein F. Mutations in a polybasic
motif in the F cytodomain alter the rate of fornoatof the six helix bundle in the
postfusion conformation (2), suggesting the preflagionformation has been either
stabilized or destabilized. Interestingly, sevefahese mutants also display altered
recognition by monoclonal antibodies when expressethe surface of transfected cells,

indicating that inside-out signaling may also oc@)t

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

fusion.

1.2 MECHANISM AND REGULATION OF HSV ENTRY

HSV is a member of the diverse ordherpesviraleswhich includes over 200 double
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stranded DNA (dsDNA) viruses (42). These virusésana wide range of animals, from
fish, frogs and mice to reindeer, cows and humd8s [The hallmark of herpesviruses is
their ability to establish latent, life-long infemts. Current antivirals target viral
replication, which does not occur to a significartent in latently infected cells (109),
and are, thus, ineffective at eradicating herpasvimfections. The entry process is
emerging as a successful new therapeutic targenfezloped viruses (37, 50, 184).
While the crystal structures of several human r®npes entry proteins are now
available (13, 27, 32, 84, 104, 108, 124), a dedaiinderstanding of the herpesvirus

entry mechanism and its regulation is lacking.

In addition, herpesvirus entry is more complex tttaat of most enveloped viruses,
requiring the coordinated action of at least thglgeoproteins, and understanding this
mechanism may shed light on the inner workingsetititar fusion processebusion of
cellular membranes such as endosomes or synagiesis mediated by cellular fusion
proteins that, like viral fusion proteins, provithe energy for membrane fusion by
undergoing conformational changes (123). Theseleelfusion proteins even resemble
viral fusion proteins in certain ways. For exampte, SNARE family of cellular fusion
proteins contains a four-helix bundle in the pagtin conformation (167, 170),
reminiscent of the trimeric helical hairpin in ddsand 11l viral fusion proteins.

However, unlike most enveloped viruses, cells emplamerous core and accessory
proteins to accomplish fusion. For example, syrmaygsicle fusion mediated by
SNARES also requires synaptotagmins, which mayrobhinding to yet more accessory

proteins or facilitate membrane binding and defdroma(123). Thus, while much
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essential information about membrane fusion haa gathered by studying the relatively
simple entry process of enveloped viruses suchfagnza, HIV, and Ebola, HSV adds

another level of complexity by requiring multipleogeins to accomplish fusion.

1.2.1 Introduction to Herpesviruses

There are eight herpesviruses known to infect hemahese viruses are classified into
three herpesvirus subfamilies based on their seguamilarity: thealphaherpesviruses
HSV-1, HSV-2 and Varicella zoster virus (VZV); thetaherpesvirusdsuman
cytomegalovirus (HCMV) and human herpesvirusesda(HHV-6, HHV-7); and the
gammaherpesvirusdsBV and Kaposi's sarcoma herpesvirus (KSHV). kstimated
that 20 — 25% of North American adults are sertpesfor HSV-2 (57), while the
prevalence of HSV-1 may be as high as 68% (16%sélviruses usually present as
mucocutaneous lesions but can progress to mordisagr diseases including ocular
herpes and herpes simplex encephalitis (5). VZA¥iescausative agent of chickenpox.
Incidence of this familiar childhood disease hasrbgreatly reduced due to effective
vaccination campaigns with a live attenuated stf@i). Reactivation of VZV in older
adults causes shingles, which is followed, in scases, by a painful sensitization of
nerves known as post-herpetic neuralgia (67). Axprately 59% of American adults
are seropositive for HCMV (176). While HCMYV is asgtamatic in many adult carriers,
HCMV infection can cause congenital disease argsociated with multi-organ
infections in transplant patients (22, 176). HH&& HHV-7, also known as
roseoloviruses, cause a rash in infants (28). Atingrto the Centers for Disease Control,

more than 90% of American adults are seropositiwvé&BYV. EBV causes infectious
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mononucleosis, typically in adolescents, but is alssociated with both Burkitt's and
Hodgkins's lymphomas, nasopharyngeal carcinomatsoter lymphomas (37). Finally,
KSHYV is less common, with less than 10% of Amerschaing seropositive, and

primarily infects immunocompromised patients cagsiarcinomas (3).

Herpesviruses share a unique virion morphologyclvkets them apart from other
enveloped viruses (42), as well as a common lifiecyderpesviruses contain a dsDNA
genome, between 125-290 kb in size, packaged wathicosahedral capsid (42) (Fig. 1-
8). Surrounding the capsid is a collection of prigecalled the tegument, which serve
numerous functions, e.g., maintaining structurtdgnty of the virion and trafficking of
the capsid within the host cell (131). Finally, ttegpsid and tegument are encased within

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

The first step in a herpesvirus infection is fusadrthe viral envelope with the host cell
membrane (Fig. 1-9, number 2), which is mediateddmeral glycoproteins (131). This
results in delivery of the capsid into the host cglosol, where it is trafficked along the
microtubule network to the nucleus (Fig. 1-9, numsi84). The genome is released into
the nucleus, viral genes are transcribed and therge is replicated (Fig. 1-9, numbers
5-6). New viral capsids containing one copy of dls®NA genome are assembled in the
nucleus and surrounded by a layer of tegument in{€ig. 1-9, numbers 7-8). To reach
the cytosol, each capsid buds into the nuclear mameb where it briefly acquires a
membrane coating (Fig. 1-9, numbers 9-10). Thaa,miembrane coat is left behind

during fusion with the outer nuclear membrane, yedcapsid is released into the cytosol
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Figure 1-8: Composition of an HSV virion. (A) Schematic shogite capsid and
dsDNA genome, tegument layer (blue shading) anelepe glycoproteins (yellow
spikes). Representative depictions of the corefusiachinery, gB, gD and gH/gL are

also shown. (B) Electron micrograph of an HSV wvirigcale bar = 100nm) (131).
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Figure 1-9: Overview of the herpesvirus lifecycle (131). $&« for description of

numbered steps.
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(Fig. 1-9, number 11). The capsid is then diretteslans Golgi network (TGN)-derived
tubular vesicles, where it acquires the remaindénetegument proteins and its lipid
envelope studded with viral glycoproteins (Fig.,.la@mbers 12-13). During this
envelopment step, the virion actually acquires layers of host-derived membrane — the
interior layer which will ultimately serve as itavelope, and a second exterior layer that
will allow the virion to exit the cell. The doubkxveloped virion is trafficked once again
along the microtubule network to the plasma menmdyramere it is released using the

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

The primary site of herpes infections in humargeiserally epithelial cells (37). The
virus then spreads to deeper tissues infectingomsyB-lymphocytes or hematopoietic
cells (37). In these cells, under the right condisi, transcription of the infecting viral
genome is suppressed and the virus becomes |Bxarng the latent phase, viral
replication and production of lytic genes are sepped, and the patient is asymptomatic

(109).

There are currently no cures for any human or an@gesvirus. The difficulty in
designing an effective cure lies in targeting tba-neplicating population of latent virus.
Antiviral therapies commonly used to treat herpeseés, such as Acyclovir and Famvir,
are nucleoside analogues. Upon incorporation ima¢plicating viral genome, they
inhibit DNA polymerase and cause premature ternonatf the DNA chain. However,
these drugs are only effective against activelyicapng viral particles, and replication is

suppressed in latent herpesviruses (109). Theratasenecessary to look upstream in
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the infection process for new antiviral targets] &imal entry machinery has emerged as
an excellent candidate (37, 184). Numerous pephdee been shown to inhibit viral
membrane fusion by binding fusogenic regions arimediate conformations of viral
fusion proteins (4, 50, 117). Monoclonal antibochesl small molecules can also target
the fusion process by inhibiting conformationakmbediates such as the extended
intermediate or formation of the six-helix bundbesiome class | fusion proteins (50).
Targeting the herpesvirus entry machinery would/@né the virus from ever infiltrating
the host cell and eliminate all possibility of geateng a latent, incurable population.
However, designing such antivirals requires dedaiil@owledge of the herpesvirus entry

mechanism, and this information is currently lagkin

1.2.2 Current Understanding of HSV Entry

Herpesviruses bring a unique level of complexityhiir viral entry process because,
unlike most other viruses, they require at leasélviral proteins to mediate entry by
either plasma membrane fusion or endocytosis [@8).entry mechanism of each of the
eight human herpesviruses is slightly differentwegard to the specific glycoproteins
required (83). However, each virus requires two immm components: the gH/gL
heterodimer, and the conserved fusion protein,&8. HSV requires four glycoproteins
to accomplish entry, and the current understandfrige HSV entry mechanism is
presented below. Although the crystal structurethefectodomains of these four
glycoproteins have now been solved, the mechanyswhich they cooperate to mediate
fusion remains unclear. While other herpesvirusay utilize fewer proteins for entry,

the same questions still remain unanswered: homultple glycoproteins interact to
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cause fusion, and how is the fusion process regnfat

1.2.2.1 Glycoproteins Essential for HSV Entry: gB, gD, ghtlagL

HSV virions bear up to 13 types of glycoproteinstlogir surface (118), but only four are
absolutely required for viral entry: gD, gB, gH agid (83) (Fig. 1-10A). Each of these
proteins, with the exception of gL, is a transmeanierprotein. These four proteins, along
with a cellular receptor, are also sufficient todmae fusion of transiently transfected
mammalian cells in the absence of any other viraigins (187), referred to herein as a
“cell-cell fusion assay” (Figure 1-11). These fglycoproteins also play important roles

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

An abundance of structural work has shed some tighthe functions of gB, gD, gH and
gL in fusion. Crystal structures of the solubleoglcdmains of all four HSV proteins have
recently been solved (27, 32, 84, 108); howeveucsires of their transmembrane and
cytoplasmic domains remain unknown. gD is a homedicrprotein that binds one of
three cellular receptors: herpesvirus entry mediatotein (HVEM), expressed primarily
on immune cells; the adhesion molecule nectin-fressed on epithelial and neuronal
cells; and widely expressed 3-OS-modified hepaudfate (51, 164). Crystal structures
of gD alone and bound to either nectin-1 or HVEMeaed that gD receptor interaction
requires displacement of its auto-inhibitory C-teras from the N-terminal receptor-
binding domain (27, 44, 108, 110) (Fig. 1-10B). ysteine mutant that restricts
movement of this C-terminus was able to bind remeptit could not mediate fusion,

suggesting that movement of the C-terminus upoeptec binding exposes residues that
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Figure 1-10: Structures of the four glycoproteins requiredHi&V entry: gD, gH/gL and
gB. (A) Scale diagram of the HSV entry machinengluding the crystal structures of
the ectodomains of HSV-1 gD and gB, HSV-2 gH (omngllow and green) and gL
(dark blue) and two gD receptors, HVEM (blue) aedtm-1 (purple) (51). gD need only
bind one of these receptors to facilitate entry. $Bhematic of the gD conformational
change upon receptor binding. The inhibitory C-teahflap moves away from the N-
terminus, exposing the receptor binding region J1(8) The crystal structure of HSV-2
gH (colored by domain) and gL (blue). The locatudrihe putative gB binding site is
indicated by a dashed oval, and the flap domashasvn as a bold orange ribbon (174).
This flap may move to modulate membrane associatigi during fusion (11). (D)

The ectodomain of HSV-1 gB, highlighting heli in domain Il (shown in magenta
and magnified in the inset), which is believeddon during fusion to generate the post-

fusion trimeric helical hairpin, analogous to VSMBg. 1-4C). Adapted from (192).
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Figure 1-11: Quantitative transfected cell-cell fusion assaith WSV glycoproteins.

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

both measure the extent of fusion mediated by dine SV fusion machinery in a virus-

free environment. (A) Transfected cell fusion camteasured using a quantitative

luciferase read out. One group of Chinese hamstydCHO) cells (“effector cells”) is

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

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

receptor HYEM and the gene for firefly luciferagévdn by a T7 polymerase-dependent

promoter. Upon fusion, the firefly luciferase gesexpressed, and fusion is quantified

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

directly counting syncytia. B78H1-derived cellstdyaexpressing the HSV receptor

nectin-1 (C10 cells) (107) are transfected withag8l 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 presanimostalphaherpesviruselsut is not
found inbeta or gammaherpesvirusesome of which utilize other accessory proteins to

facilitate entry and determine cell tropism (83).

Glycoproteins H and L form a heterodimer (gH/gL)thwgH anchoring the complex to
the viral envelope and gL bound to its N-termind®)((Fig. 1-10A). gH requires gL for
proper folding, localization and incorporation isioions (51). gH is conserved among
all herpesviruses, with the sequences of the memehpeoximal domains H2 and H3
being more conserved than the gL-binding domair{31)} (Fig. 1-10C). Domain H3
contains a long polypeptide or “flap” (Fig. 1-10@at is sensitive to mutagenesis in
several herpesviruses (61, 193, 201) and has bbepnged to move during fusion to
facilitate interaction of the underlying region Wwinembrane (11). It was previously
proposed that gH/gL was a viral fusogen due tgtiesence of predicted fusion peptides
in gH (69, 150) and reports of cell-cell fusionlwHSV-1, HCMV or VZV gH/gL in the
absence of gB (49, 103, 121, 181). However, thstahgtructures of HSV and EBV gH,
as well as that of gH from the porciaphaherpesvirupseudorabies virus (PRV), share
no structural homology with known fusion proteimglahow these alleged fusion
peptides to be buried (11, 32, 124). Additionatigll-cell fusion assays showing gH/gL
fusion independent of gB in VZV and HSV were ngiraelucible (88, 182), and soluble
HSV gH/gL alone does not associate with membra6g {ogether, these data suggest

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

The crystal structure of the gB ectodomain wasrssingly similar to that of postfusion
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VSV G, as discussed above, such that gB has beeptad to be the fusion protein of
herpesviruses (84). gB is highly conserved amompds¥iruses (150) and contains two
fusion loops per protomer that are thought to daseevith membranes (75), similar to
other fusion proteins. A portion of the ectodomagenmed the “membrane proximal
region” (MPR), was not present in the protein thas crystallized, and its structure
remains unknown. This region is hypothesized twoileag fusion by masking the fusion
loops in the prefusion structure until a fusiogger is received, similar to the function of
membrane proximal regions in other viral fusiontpites such as influenza HA (76, 79,
163). Recently, it was shown that soluble gB ectoaio proteins containing the full-
length or truncated MPR were unable to associdi® nvembrane, despite the presence
of intact fusion loops, suggesting that only thistffew residues of the MPR are required
to shield the fusion loops and prevent their premeainsertion into target membranes

(163).

The available crystal structure of gB is believeddpresent the postfusion conformation.
While numerous attempts have been made to captenerefusion conformation, its
structure remains elusive. One reason for this beathe stability of the postfusion
conformation. In our lab, a panel of mutants wasated designed to either stabilize the
gB prefusion form or destabilize the postfusiomipfor example with point mutations in
regions that should not be able to tolerate thesedan the available postfusion crystal
structure (192). One promising region for postfasi@stabilizing mutations is helb>C

in domain Il (Fig. 1-10D). This helix is analogotgsa helix in VSV G domain Il that is

unfolded in the prefusion conformation but formstgd the trimeric helical core in the
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postfusion conformation (Fig. 1-4C). Mutations elik C of gB that should not be
tolerated in the tightly packed trimeric helicalrpan of the postfusion conformation may
prevent conversion of the protein to the postfusionformation. However, upon
expression of these soluble gB constructs in inseltd, mutants in the vicinity of helix

C, as well as all other mutants, adopted the psistiuconformation as assessed by
monoclonal antibody binding and electron microscdpese data suggest that gB
expressed as a soluble protein bypasses the mefasnformation during folding and
adopts only the postfusion conformation, whicheimarkably tolerant of mutated

residues (192).

However, another study using mutagenesis of tHéength gB protein identified
mutations that may lock gB in the prefusion or meimediate conformation. A panel of
insertion mutants in full-length gB was generatgddndom insertion of five amino
acids at residues throughout the ectodomain aratioytain (115). The effect of these
mutations on cell surface expression and fusiowiacbf gB was then evaluated.
Several mutants in the ectodomain abolished fusabivity but were still expressed on
the cell surface to at least 30-50% of wild typeels. These mutants also displayed
altered binding of monoclonal antibodies as compéwethe wild type, suggesting they
may adopt different conformations than wild type (B5). These mutants were located
within a cavity above the fusion loops in domaiad,well as domains 3 and 5, which
form part of the trimeric helical core of the pasibn conformation (Fig. 1-4A).
Analysis of the available crystal structure of gigjgested these insertions could not be

accommodated in the postfusion structure withagrtitcant steric clashes (115), leading
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to the hypothesis that these mutants may be umalléopt the postfusion conformation
because they are locked in the elusive prefusi@nother 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 miediasion has presented a great
challenge to the field. Several groups have takkelwehemical approach, attempting to
capture complexes between soluble ectodomainsawitHicting results. Complexes
between the ectodomains of gD and gH/gL and gDgiwere reportedly isolated by
immunoprecipitation from lysates of transfectedscé8), though other biochemical
assays such as gel filtration have been unablepiduce these results (Heldwein lab
unpublished data). Additionally, a complex betw#snectodomains of gB and gH/gL
was isolated at low pH by liposome coflotation (28pwever, the significance of these
biochemically isolated complexes is unclear, gitreat gB, when expressed as a soluble
ectodomain, appears to adopt the postfusion cortoom (84, 192). Nonetheless, these
results suggest that the interactions betweendheentry glycoproteins are transient or

require the full-length proteins.

Bimolecular complementation in transfected cellsroemes some of the limitations of
biochemical assays, such as using truncated sgbubleins and requiring stable
interactions. In this method, two “halves” of algel fluorescent protein (YFP) are
attached to the cytoplasmic domains of the glyctgong, and YFP fluorescence is

assumed to indicate an interaction between thelentains of the glycoproteins. These

34



interactions can be further probed by blocking tiveith monoclonal antibodies against
each ectodomain (8, 9). Using this assay, an ictierabetween gB and gH/gL that is
dependent on the presence of gD and a cellulapteceas observed (8). The virus-
neutralizing anti-gH antibody LP11 blocked botlstmiteraction and fusion, suggesting
that the binding site of gB to gH/gL is locatedhe vicinity of the LP11 epitope (32)
(Fig. 1-10C). Interestingly, gH/gL is able to tregdow levels of fusion in the cell-cell
fusion assay when provided either on differentscilan gB (“fusion in trans”) or as a
soluble protein (7). However, to mediate this fasigH/gL must be either pre-exposed to
an activated, truncated form of gD or provided aslable protein, preferably along with
soluble gD. These data suggest that triggeringHdfjlg by gD must occur prior to the

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

Together with the structural data discussed ahitrese biochemical and functional
studies provide the following model for the cooated action of gB, gD and gH/gL
during membrane fusion. HSV fusion is initiateddyinteraction between gD and a
receptor on the host cell (Fig.1-12, panel 2) (&ther non-essential interactions
between gC and gB with cell surface heparan suffedeeoglycans or between gB and
the paired immunoglobulin-like type 2 receptofPILR ) also serve to tether the virion
to the cell (150, 160) (Fig. 1-12, panel 2). Upeanaptor binding, gD undergoes a
conformational change that may expose residuewialgpit to interact with gB and/or
gH/gL to promote fusion (Fig. 1-12, panel 3) (11hile it was thought that
conformational change may also activate gB to ingefusion loops into the host cell

membrane (9), recent evidence suggests gB fusamitsertion occurs in a gD-
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Pro-fusion domain

Figure 1-12: Putative sequence of glycoprotein interactiomgil@ing HSV viral membrane

fusion (37, 98).
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independent manner (6). Fusion loop insertion app® be followed by an essential
interaction between gB and gH/gL, which allows @usfo proceed (7). gB is then
believed to undergo a conformational change fromektended intermediate to the
postfusion form (Fig. 1-12, panel 4), supplying émergy required to drive fusion of the

two membranes (84).

An HSV infection can propagate by virus-cell fusesdescribed above, direct cell-to-
cell spread or, in rare cases, fusion of infecetscand gB, gD, gH and gL are essential
for all of these processes (25, 41, 86, 154). éstimgly, this core fusion machinery is not
sufficient for the latter two routes of viral spdeas other viral proteins such as gE, gl,
gM, and UL45 have been shown to be required (1674192). This suggests that while
viral entry, cell-to-cell spread and cell-cell fosiare related processes due to their
dependence on the core fusion machinery, thersaane mechanistic differences (136).
Nonetheless, studying cell-cell fusion of trandietriansfected cells has provided

valuable information about the fundamental functiohgB, gD, gH and gL.

1.2.3 Regulation of HSV Fusion by the Cytoplasmic @main of gB

1.2.3.1  Syncytial gB cytodomain mutants

In addition to pH and glycoprotein interactionsadissed above, HSV membrane fusion
appears to be regulated by the gB cytodomain. Waden of infected cells is the
primary route of viral spread in VZV (121), cellicrision is generally not observed
during a normal HSV infection (Fig. 1-13A, left pdn(21, 52, 161). However, some
clinical isolates exhibit extensive fusion of inted cells, generating multi-nucleated
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bodies termed polykaryocytes or syncytia (Fig. &.3ght panel) (25, 43, 134, 194).
Additionally, several lab strains have acquired syncytial §yn) phenotype after
passaging (53, 70, 133, 190), chemical mutagef@®jsL49) or engineered mutations
(14, 15, 17, 89, 115, 159). While sosynstrains contained mutations in non-essential
entry proteins, including gK, UL20 or UL24 (15, 48R, 146, 149, 159, 186), the
majority contain mutations in the cytodomain of g®gether, these mutations suggest
that the gB cytodomain normally represses fusiom thus inhibition is relieved in the

presence of aynmutation.

Synmutations consist of point, truncation and ingertnutations that span most of the
cytodomain sequence (Fig. 1-14A). The majority wdentified assynby observing
polykaryocyte formation in cell monolayers infecteih gB mutant HSV virions (14,
24, 25, 43, 45, 53, 56, 62, 134, 194). Others wetified using transfected cell-cell
fusion assays (56, 60, 115, 133, 156), in wisighmutations are referred to as
hyperfusogenic because they generate more celfusatin than wild type gB (Fig. 1-
13B). Additionally, one fusion-abrogating mutati@nC-terminal truncation at residue
851 (gB851), has also been reported (25). This mdigdls to complement an HSV-1 gB-
null virus, as does a comparable truncation in FHES)B, gB829T (56). gB829T is also
non-functional in fusion of transfected cells (5®)estigating how thesgynand fusion-
null mutations alter fusion regulation will providgsight into the properties of the gB

cytodomain important for wild type regulation.

At 109 amino acids, the cytodomain of gB is theglest C-terminal tail of any of the
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A. Virus-mediated syncytia formation B. Fusion oftransfected cells

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

Cells infected with &ynHSV-1 strain (green) can fuse with neighborindszébrming
syncytia. Syncytia formation is minimal in a wilgpbe infection (left) but enhanced with
a syncytial mutation in the gB cytodomain (right4). (B) Two populations of cells
transfected with the core HSV fusion machinery ftee. Population 1 expresses
HVEM (red), while population 2 expresses gD (blyB,(green), gH (dark red) and gL
(dark blue). Cell-cell fusion is more extensivelwat hyperfusogenic mutation in the gB

cytodomain (right), compared to wild type gB (IftB4).
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Figure 1-14: Syncytial mutations and trafficking motifs in tR&SV gB cytodomain. (A)
The amino acid sequence of the HSV-1 gB cytodonsasmown, overlain with syncytial
point (letters) and truncation (arrows) mutatiob4, (24, 25, 53, 56, 60, 62, 133, 134, 156,
190, 194) Syninsertion mutations are denoted by a trianglewele sequence (25, 115).
Mutations identified from clinical isolates arebiue, while engineered mutations are in
red. Brackets denote double mutants. Predictechsl@cy structure elements are shown
below the sequence in blue. The dashed lines iteda&caredicted helix contiguous with
the transmembrane domain. Adapted from (165). (B)rnent of the gB cytodomains
from prominent representatives from @dpha (HSV-1, HSV-2, PRV, VZV)beta

(HCMV) andgammabherpesvirukSHV, EBV) families. Identical residues are
highlighted yellow, while conserved residues arad&lul grey. Putative endocytosis motifs
(56, 63, 139, 191) are highlighted pink, while dess previously shown to be

phosphorylated (59, 98, 139, 200) are circled uebAdapted from (84).
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three transmembrane glycoproteins required for [#8W%y. Its amino acid sequence is
fairly conserved amonglphaherpesviruselsut less so amonggeta-and
gammabherpesvirus€gig. 1-14B). Nonetheless, several common traiffiglsignals are
predicted, including YXX and LL endocytosis motifs, ER-retention signald an
phosphorylation sites (Fig. 1-14B). Some of theséifisiplay a role in regulating cell
surface expression of gB in several herpesvirugepbtrolling its trafficking from the
plasma membrane to the TGN or endoplasmic reticieiR) during virion packaging

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

SeverakyngB mutants in HSV and EBV disrupt or eliminate soofi these motifs,
leading to speculation that tegnphenotype may correlate with altered surface
expression of gB. For exampkynmutant gB 816 in EBV lacks two putative endocytic
motifs and an ER retention signal and is overexga@®n the surface of transfected cells
(127). This mutant can even generate cell-celbtusvithout the required gH/gL

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

and PRV gB show increased surface expression witheynphenotype (17, 56, 63, 73,
127, 137). Additionally, severaynHSV gB mutants outside of trafficking signals dui n
show altered surface expression (115, 134, 156)s Tthappears that although sosya
mutations may increase both gB expression andsisgenic activities, these factors are

not always related and the mechanism(s) besynd)B mutants are likely more complex.

With the exception of the fusion-null mutant gB84ll,of the mutants shown in Figurel-

14A increase the extent of fusion. This suggests thhile the system is capable of
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greater amounts of fusion, the wild type cytodomrastricts fusion (33, 56, 149).
Additionally, increased fusion appears to be selkeigainsin vivo, since relatively few
of the knownsynmutations were identified in clinical isolatgst, 134). It is unclear how
increased fusion alters the pathogenicity of heripeses, asn vivo studies withsyn
herpesvirus strains, including animal herpesvirued increased pathogenicity in some
cases but reduced virulence in others (46, 90,134,190, 198). Thus, perhaps
increased cell-cell fusion is selected againsotber reasons, such as promoting more
efficient viral spread. For example, extensive-cell spread is deleterious to HIV
because it hinders efficient viral spread throughtinued contact by an infected cell
with new target uninfected cells (155). Increaseltteell fusion in VZV gB has also
been proposed to hinder viral propagation due gqoiesstration of endosomes and TGN in
large polykaryocytes (139). Nonetheless, syncytiatations deregulate the repression
normally imposed by the wild type gB cytodomaing dittle is known about how this
diverse panel of mutants accomplishes this deréguolar whether they use a common

mechanism.

1.2.3.2 Proposed model for fusion deregulationyayldSV gB truncation mutants
Previous studies with gBynmutants from several herpesviruses point to siratt
features of the cytodomain that may be importanfdsion regulation. In HSV-1, the
cytodomain is predicted to contain three alphacksl(Fig. 1-14A) with a net predicted
helicity of approximately 46% (33). It is interewgito note that in HSV, all of theyn
mutations cluster around the three predicted helitavas previously observed that

truncation of part or all of predicted helix 3 riéed in increased cell-cell fusion,

43



suggesting this helix in particular may play a rnoléusion regulation (14, 60). The point
mutation A874P, which presumably causes a bre#hkisrpredicted helix, also generates
a hyperfusogenic phenotype (60), as does truncafiportions of predicted helix h2
(56). Helices are also predicted in the cytodomafrgB in PRV, VZV, EBV and KSHV
(63, 137, 139, 141, 180). Interestingly, it waswhahat although the cytodomain of
EBV @B is predicted to contain fourhelices (141) with an estimated helical content of
56%, in buffer alone, the soluble cytodomain proschieves only ~23% helicity. Upon
exposure to anionic membrane mimetics, howeverpitbein adopts a compact structure
with helical content approaching the predicted gdll41). Truncation of the two C-
terminal helices in EBV or KSHV gB or one C-termihelix in PRV or VZV gB
generates increased fusion, suggesting that negamulation of membrane fusion may

rely on these common structural features (63, I3187, 143).

A model for fusion regulation by the HSV-1 gB cytmdain hinging on the function of
predicted helices h2 and h3 has been proposeddgm(33). This model is based on an
observed correlation between the structural andhgimical properties afyntruncation
mutants lacking portions of h2 and h3 and theirdinphenotypes. The HSV gB
cytodomain behaves similarly to that of EBV gB: ogmnding anionic membranes or
membrane mimetics, the protein undergoes a stialdransition nearly doubling its
helical content from 28% to 44% (33). Given thadicted helices h2 and h3 have been
implicated in fusion regulation, our lab examineldether membrane binding and
concomitant structural changes were altered uporcation of these helices in

cytodomain mutants. Mutants studied includedsyremutants gB876, which truncates a
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portion of h3, and gB868, which truncates h3 asdall portion of h2, as well as the
fusion-null truncation mutant gB851, which trunsahs8 and half of h2. Membrane
association of these mutants expressed as solyiol@arnain proteins was assessed by
size exclusion chromatography, and accompanyingtstral changes were measured by
circular dichroism (CD) spectroscopy (33). Inteirggly, syntruncation mutants showed
reduced membrane association and reduced extéetinfformation upon membrane
binding (33). Further, the fusion null mutant wamshble to bind membranes and did not

show any conformational change in the presenceenfilbnane (33).

These observations led to a model in which assoniaf predicted helices h2 and h3
with membrane is important for repression of fugibig. 1-15) (33). H3 and part of h2
may associate with the membrane, maintaining girepressed state (Fig. 1-15, center).
Truncated cytodomains in tisgnmutants studied lack h3 and portions of h2, winngty
reduce the extent of h2 association with the meneand perhaps alleviate some
repression, allowing increased fusion (Fig. 1-dp, tight). However, further truncation

of the cytodomain to residue 851, situated in thedie of h2, may eliminate all
association of the cytodomain with the membrang.(E15, bottom right). Without at

least some membrane association, fusion may bdeutwproceed.

While this model may explain deregulation of fuslysyntruncation mutants, point
mutants, which are more clinically relevant, weog tested in this assay, and their
mechanism of deregulation remains unexplained.llkely that additional forms of

regulation observed in other viral cytodomainsgigsussed in section 1.1.2.2, may be at
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Figure 1-15: Proposed model for repression of HSV gB fusionhgycytodomain and
deregulation of fusion bgyntruncation mutants (33). In the wild type cytodam@enter),
h3 and a portion of h2 associate with membranentaiaing the ectodomain in an inactive
state. Truncation of h3 and a portion of h2 mayicedhis membrane association, thereby
releasing the ectodomain from its repressed staperight). However, further truncation of

h2 may abolish all membrane association (bottommt)ighus inhibiting fusion.
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play in gB and could be disrupted by point mutahts.example, several studies suggest
inside-out signaling may be occurring between ti8/HgB cytodomain and the
ectodomain. Perhaps the strongest evidence foathiseveral insertion mutants in the
HSV-1 gB cytodomain that displayed altered antiggmoperties of their ectodomains as
measured by cell-based enzyme-linked immunosoidesay (CELISA) with transfected
cells (115), indicating mutations in the cytodomaiay affect the conformation of the
ectodomain. Additionally, a point mutation at resdA851 in the gB cytodomain was
shown to decrease the rate of viral entry, andoféntry mutations also exist in the
ectodomain, suggesting that the cytodomain anddeatain may communicate during
fusion (62). Finally, replacement of the gB transmbeane and cytoplasmic domains with
a glycosylphosphatidylinositol (gpi) anchor rendgBsincapable of mediating fusion of
cells transfected with the HSV fusion machinery)(94bgether, these experiments
suggest that signaling may occur between the HS¥yg&lomain and ectodomain,

possible via the transmembrane domain, thus infiugnfusion.

1.2.3.3 Potential effect of gH on the regulatoryivaty of the gB cytodomain

The cytoplasmic tail (cytotail) of gH appears torbguired for fusion. The 14-amino acid
gH cytotail is predicted to be unstructured at phiggical temperature but may become
structured upon binding the tegument protein VPWéng viral assembly (72, 96).
Deletion or replacement of this tail with a simitlomain from human CD8 or a gpi
anchor abolished fusion activity without altering gurface expression (77, 94).
Insertion of five amino acids at the N-terminughe gH cytotail likewise abolished

fusion and the ability to complement a gH-null @ir(37).
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Interestingly, two previous studies identified @gfic region within the gH cytotail that
may be important for the function of gB during fusi Cells infected with HSV-1 strain
ANG, which contains theynmutation A855V in the gB cytodomain, are knowridonm
syncytia (135, 157). However, C-terminal truncasiafter either residue 832 (gHSVP) or
829 (gH SVP) of the gH cytotail suppressed syncytia fororailmost 2-fold and ~35-
fold, respectively, in cells infected with HSV-1 AN(23, 199). Suppression by gHSVP
was greatly enhanced (~15-25 fold) by the additibthe point mutation V831A

(gHSAP) (199). The effect on syncytia suppressiotiis point mutation in the gH
cytotail alone was not tested. A qualitative anialyd cell surface expression of these gH
mutants did not indicate obvious differences frowa wild type (23, 199), suggesting
their lower fusion phenotype was not the resufpp@dr gH expression. Instead, these data
suggest the gH cytotail may interact with the gBdpmain to affect fusion (130),

although this interaction has not been evaluated.

To fully understand how all classessyinmutants deregulate fusion, it is necessary to

determine the mechanism of fusion regulation bywhe type cytodomain of gB.

1.3 UNANSWERED QUESTIONS IN HSV-1 FUSION REGULATION

Structural and functional studies of gD, gB andglHhave provided significant insight
into the HSV entry mechanism; however, exactly hlog/fusion process is regulated

remains unknown. Based on similarities with othesih\fusion proteins, it appears likely
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that gB undergoes a conformational change fronpteision to postfusion form during
fusion, but the nature of these conformational gearcannot be resolved without the
prefusion structure. Several interesting gB ineartnutants were identified that may be
locked in the prefusion form, and more detailed@at#on of their conformation may

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

Additionally, like several other fusion proteingetcytodomain of gB appears to play a
role in activating gB to undergo this conformatibclaange. However, the mechanism by
which the cytodomain regulates fusion from acrbgsviral membrane remains unknown
and may be more complex than those mechanisms kfovather viruses because of
gB’s dependence on gD and gH/gL for activation.ivetse panel ofynmutants in the
HSV gB cytodomain has been identified and sugdesdtthe wild type cytodomain
represses fusion. While a mechanism linking men#essociation and structural
changes to increased extent of fusion has beergeddor truncation mutants, it is
unclear whether this mechanism can be applied glotelly to explain additional
classes of fusion-deregulating cytodomain mutgragjcularly, point mutants.
Investigating whether this and additional mechasiemployed by other viral fusion
protein cytodomains to regulate fusion are at playSV gB may help to better
understand these mutants and, therefore, the ¢bastics of the wild type cytodomain
that are important for fusion regulation. Additilgaobtaining the as yet unknown
structure of this important regulatory domain, dedpwith functional studies afyn

mutants, will shed light on its function.
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Filling these gaps in our knowledge of herpesvensy is essential to fully understand
its complex mechanism. Armed with this knowledge,a@n design more effective
therapeutics for currently incurable herpesvirusmas better understand the fundamental

cellular fusion processes that regulate our lives.
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Chapter 2: Materials and Methods
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2.1 CLONING

All gB and gH sequences in this work were derivedthe HSV-1 KOS strain.
Additionally, the fidelity of all constructs to thetended sequence was verified by

sequencing.

21.1 gB Cytodomain Mutants

Ten separate point mutants of the gB cytodomairewenstructed: L817H; E830S,
E831S; E842S; E845S; A855V; E857D; R858H; K864HHKH K866S; A874P; and
R882S, R884S. Four of these mutants (A855V, R8ZETAP and R882S, R884S) were
cloned into both the full-length gB gene for cedised assays and a soluble gB
cytodomain expression construct for biochemicalkwd®he remaining mutants were
only cloned into the full-length gB gene. Additidiyathree gB cytodomain truncation
mutants previously characterized as soluble prst(8) were cloned into the full-length
gB gene for further study: gB876 (amino acid resegl801 — 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{9@4ever, soluble cytodomain
protein is proteolytically cleaved after residu®&ring expression iBscherichia coli
Therefore, all soluble cytodomain constructs is thork (with the exception of the
foldon-cytodomain construct discussed below) be&gth residue 801, preceded by a

methionine. For expression of soluble cytodomaotein inE. coli, mutants were
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generated from plasmid pKH52, which encodes thegBTytodomain nucleotide
sequence (residues 801 to 904) with a C-termingttdg in a pET24b background (33).
Point mutations in the cytodomain were generatesiteydirected mutagenesis of
pKH52 using the following primers. Forward primerere 5'-
CCTGGTGTCGGTCATGGAGCGC-3' (A855V mutation), 5'-
GGCCATGGAGCACACGGAACAC-3' (R858H) and 5'-
ATGGTCATGAGCAAGAGCCGCAACACC-3' (R882S, R884S), whithe reverse
primers were 5-GCGCTCCATGACCGACACCAGG-3' (A8558);
GTGTTCCGTGTGCTCCATGGCC-3' (R858H) and 5'-
GGTGTTGCGGCTCTTGCTCATGACCAG-3' (R882S, R884S). Tasulting plasmids

were pJLS7 (A855V), pJLS6 (R858H) and pJLS4 (R8FZEAS).

The soluble gB cytodomain expression constructibgdhe A874P point mutation
(PKH63) was created by E. Heldwein. A soluble espien construct generating a fusion
protein consisting of a foldon tag fused to theeltinus of the gB cytodomain (residues

796-904) with a C-terminal Higag (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 cefisitants were generated from
plasmid pPEP98 (gift of P.G. Spear), which cartiesfull-length HSV-1 gB gene in a
pCAGGS background. Point mutations in the cytodomare generated from pPEP98
using “splicing by overlap extension” polymerasaialreaction (SOE PCR) (80).

Forward primer (5-CTTTGACGAGGCCAAGCTAGTG-3', Nhel site is underlined)
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was used to generate the 5’SOE PCR fragment inngasf four constructs. The reverse
primers were 5-GCGCTCCATGACCGACACCAGG-3' (A855V tation), 5'-
GTGTTCCGTGTGCTCCATGGCC-3' (R858H), 5'-
ATGTCGGTGACCTTGGGGCTGAGCA-3’ (A874P) and 5'-
GGTGTTGCGGCTCTTGCTCATGACCAG-3' (R882S, R884S). Fardvprimer (5'-
TCCCACGTACGTGCCGGTCGC-3', Pmll site is underlined) was usedenerate the
5'SOE PCR fragment of all additional clones. Theerse primers were 5'-
TGGGGTTCTTGTGCTCCTTGGTGG-3' (L817H mutation), 5'-
GTCAAAGTCACCGCCCGAACTGCCCTC-3' (E830S, E8315S), 5
TATCATCTCCCTCGCACTCGCTAGCT-3' (E842S), 5'-
GTACCGTATCATAGACCTTGCCTCGGC-3' (E845S), 5'-
CCTTGTGTTCCGTGCGGTCCATGGC-3' (E857D) and 5'-
GCTCGTGCCTGAACTGCTGGCCTT-3' (K864S, K865S, K866Bgverse primer (5'-
CAGAGGGAAAAAGATCTGCTAGAC-3', Bglll site is underlined) was used to
generate the 3' SOE PCR fragment in cloning otatistructs. 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);
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TGCTCAGCCCCAAGGTCACCGACAT-3' (A874P) artal-
ATGGTCATGAGCAAGAGCCGCAACACC-3' (R882S, R884S). Tresulting PCR
products were subcloned into Nhel and Bglll retititsites of pPCAGGS (gift of R.J.
Eisenberg and G.H. Cohen) to yield plasmids pJLE&827H), pJLS21 (E830S, E831S),
pJLS23 (E842S), pJLS25 (E845S), pJLS9 (A855V), RILES57D), pJLS8 (R858H),

pJLS29 (K864S, K865S, K866S), pJLS3 (A874P), anBpR882S, R884S).

Truncations of the cytodomain were PCR amplifiedhrfrthe full-length gB gene in
pPEP98. The same forward primer (5'-AGGAGGGCGGCGATGACGA-3') was
used for all constructs. The reverse primers (Bgjtd is underlined) were 5'-
AAGATCTTCAGACCTTGGCGCTG-3' (gB876), 5'-
GGAAAAAGATCTTCAGGTGCCCTTCT-3' (gB868), and 5'-
GGAAAAAGATCTTCAGGCCATGTACCG-3' (gB851). The resulting PCR protdu
were subcloned into Nhel and Bglll restriction sitd pPCAGGS to yield plasmids

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

2.1.2 gB TMcyto

For structural studies, the native HSV-1 gB transinene (TM) and cytoplasmic
domains were expressed as a fusion protein withexr@inal Hig tag (TMcyto). This
fusion protein was generated in a pET24b backgrdonexpression ifE. coli. The
signal sequence of tle coli maltose binding protein (SS-MBP) followed by a KEF
linker, which contains an EcoRl restriction siteggedes the fusion protein, while the

Hisg tag is linked to the C-terminus of the cytodomiaynLE, which contains a Xhol
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restriction site. The SS-MBP domain was includedrisure homogeneous insertion of
the fusion protein into thE. colimembrane during expression. This construct was
generated by sequential subcloning. First, the TiMéysion protein was obtained from
plasmid pKH81, which carries the TM and cytoplasdoenains followed by the LE
linker and a Histag in a pET24b background. An EcoRl restrictitbe was
simultaneously added to the N-terminus of the Tivhdm using forward primer (5'-
ATACATGAATTCATGTCCAACCCCTTTGG-3, EcoRl site is underlined) amderse
primer (5-ATATATCTCGAGCAGGTCGTCCTCGTC-3', Xhol site is underlined). The
resulting PCR product was subcloned into EcoRDanall restriction sites in pET24b to
yield plasmid pJLS13a. Then, the SS-MBP fragmers sudbbcloned from pMalp2 (gift of
S.B. Levy) using the forward primer 5'-CGCGCGCATAASAATAAAAACAGGTG-

3' (Ndel site is underlined) and the reverse prigter

ATATATGAATTC TTTGGCGAGAGCCGAG-3' (EcoRl site is underlined). The
resulting PCR product was subcloned into Ndel acaR# restriction sites in pJLS13a to

generate pJLS13 (TMcyto).

2.1.3 gB Ectodomain Mutants

The rate-of-entry (ROE) point mutation, V553A (24/as introduced into the
ectodomain of full-length gB using SOE PCR (80)isTinutation was introduced alone
or in conjunction with the A855V mutation in thetogomain. The same forward (5'-
GGAGGCGTTCCACCGGACG-3, Agel site is underlined) and reverse (5'-
CCGGCACGCACGT&AGACGG-3', Pmll site is underlined) primers werged to

generate the 5’ and 3’ SOE PCR fragments, respdygtifor both constructs. The
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forward primer 5-CCATCGCCTCGGCCACCGTGGG-3' and tlewerse primer 5'-
CACGGTGGCCGAGGCGATGGC-3' were used to generateth®3A mutation. The
resulting PCR product was subcloned into Agel amdl Restriction sites in either

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

Five additional ectodomain mutants were also caontd by E.E. Heldwein: E187i5,
T665i5, V667i5, 1671i5, and L673i5. Each mutantiésignated using the amino acid
residue preceding the insertion; “i5” indicatesein®n of five residues. These mutants
were designed to recapitulate insertion mutatioesipusly identified by random
mutagenesis (115). The E187i5 mutant contains miberacid insertion DSLNK
following residue E187, the T665i5 mutant contartsamino-acid insertion MFKHT
following residue T665, the V667i5 mutant conta@nS-amino-acid insertion MFKHV
following residue V667, the 1671i5 mutant contamS-amino-acid insertion DLLNI
following residue 1671, and the L673i5 mutant camtaa 5-amino-acid insertion NSLNI
following residue L673. The 1671i5 mutant containe DLLNI insertion instead of the
original DCLNI insertion (115) due to a cloning@rrThe E187i5 mutant has DSLNK
sequence instead of the original DCLNK (115), dmallt673i5 mutant has NSLNI
sequence instead of the original NCLNI (115) toidwotroducing an unpaired cysteine.
These mutations were generated in a pFastBacln@mttaining the WT gB ectodomain
sequence (residues 1-730; gB730) hwedsignal sequence from honeybee mellitin, rather
than the endogenous gB signal sequence, for imgreeeretion in insect cells. The
resulting plasmids are pKH28 (E187i5), pKH38 (TE5pKH39 (V667i5), pKH26
(1671i5), and pKH40 (L673i5).
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214 gH Cyototail Mutants

Three mutations were generated in the full-lendgdtggne: the point mutation V831A
(gHV831A); a C-terminal truncation at residue 88RIEVP); and a mutant with both the
V831A point mutation and truncation at residue §R2SAP) (199). The gHV831A
mutant was made using SOE-PCR (80) in pPEP100dfgitG. Spear), which carries the
full-length HSV-1 gH gene in a pCAGGS backgrounde 5’ SOE PCR fragment was
generated using forward primer 5’-CAGCCCGTGGCCGCAAILG-3' (Mfel site is
underlined) and reverse primer 5’- CCAAAAAAACGGGGCATGTCCGGAG -3..

The 3' SOE PCR fragment was generated using forwander 5’-
CTCCGGACAAGTGCCCCGTTTTTTTG -3’ and reverse primér 5
CTGCTAGCTCGAGGCATGCTGCA - 3' (Sphl site is underlined). The resultP@R
product was subcloned into Mfel and Sphl restritdes of pPCAGGS producing
plasmid pJLS14 (gHV831A). The gHSVP and gHSAP migtarere generated by
introducing stop codons into pPEP100 and pJL14$ews/ely. The same forward primer
5-CAGCCCGTGGCCGCAATT®&G-3' (Mfel site is underlined) was used for both
mutants, while the reverse primers were 5’-TAGCTCERCATGCCTACGGGACA-3
(gHSVP) and 5'-CTCGAGGCATGCTTACGGGGCACTT -3’ (gHSAF he resulting
PCR products were subcloned into Mfel and Sphticsin sites of pPEP100 or pJLS14

producing plasmids pJLS15 (gHSVP) and pJLS16 (gHSAERpectively.

2.2 CELL-BASED ASSAYS
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CHO cells were grown in Ham’s F-12 media supplementith 10% fetal bovine serum
(FBS), and C10 cells were grown in Dulbecco’s MiedifEagle medium (DMEM)
supplemented with 5% FBS and 250 pg/mL Geneticimitflogen). Antibiotic pressure
(500 pg/mL of penicillin and streptomycin) was ntained on both cell lines during
passaging but was omitted during seeding and &atigh. Both cell lines were grown at

37°C with 5% CQ and were generous gifts of J.M. Coffin.

221 Antibodies

A hybridoma cell line expressing the anti-HSV-1 gBuse monoclonal antibody (MAD)
DL16 was a gift from R.J. Eisenberg and G.H. Cofidm corresponding IgG was
purified from supernatants of hybridoma cells ugngtein A resin at the GRASP
facility at Tufts Medical Center. IgGs for the ag8 MAbs C226, SS10, SS144, and
SS55, the anti-gB rabbit polyclonal antibody (pA98, and the anti-gH pAb R137 were
also a gift from R.J. Eisenberg and G.H. Cohen. ®isla non-neutralizing antibody that
recognizes a discontinuous, trimer dependent epith®). C226 recognizes an epitope
located in domain Il (18). SS10 recognizes a pseaitkinuous epitope encompassing
residues 640 to 670, within domain IV (18). SS5ogmizes a discontinuous epitope
within domain | (18). SS144 recognizes a pseudagoatis epitope within domain V
(18). MAbs C226, SS10, SS144, and SS55 are algs mgutralizers (18). Goat anti-
rabbit horseradish peroxidase (HRP)-conjugate aad gnti-mouse HRP-conjugate
antibodies were purchased from Bio-Rad. Anti-Hig$R4conjugate antibody was
purchased from Qiagen, and an anti-actin mouse Madba gift from J. Mecsas. Goat

anti-rabbit fluorescein isothiocyanate (FITC)-carmgted pAb was purchased from MP
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Biomedicals, and Alexa-Fluor 488-conjugated goaitimmouse IgG antibody was
purchased from Invitrogen. Monoclonal anti-FLAG Miuse antibody was purchased

from Sigma.

222 Luciferase Reporter Cell-cell Fusion Assay

Cell-cell fusion was assessed using a lucifergserter gene activation assay (38, 138,
144) (Figure 1-11, p.30). CHO cells growing in 2élvplates were transfected with 200
ng each of gB (pPEP98, pJLS3, pJLS5, pJLSS, pJhB%10, pJLS11, pJLS12,
pJLS19, pJLS21, pJLS23, pJLS25, pJLS27 or pJLYERJpPEP99), gH (pPEP100,
pJLS14, pJLS15 or pJLS16), gL (pPEP101), and Tympetase (pCAGT7; qift of P.G.
Spear) in 200 pl of Opti-MEM with 5 pl of Lipofectane 2000 (Invitrogen) (“effector
cells”). CHO cells seeded in 6-well plates werasfacted with 800 ng each of the firefly
luciferase gene (pT7EMCLuc; gift of P.G. Spear) &&ipes virus entry mediator
(HVEM) (pSC386; gift of R.J. Eisenberg and G.H. €ohin 1ml of Opti-MEM with 10
pl of Lipofectamine 2000 (“target cells”). Five hawpost-transfection, media were
replaced with Ham’s F12 medium. After 1 h, targatscwere trypsinized and

cocultivated with effector cells growing in 24-welates for 18 h.

Cells were washed with phosphate buffered saliBS{Rnd lysed in 200 pl of 1X lysis
reagent (Promega). Lysate (190 ul) was combineld 60 pl of luciferase substrate
(Promega), and luciferase production was assesskniinometry. As a control for
background levels of fusion, all plasmids excepA@GS and pCAGT7 were omitted

(“vector control”). In each experiment, light outdgtom the vector control was
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subtracted from each sample (performed in tripfatalues are expressed as a
percentage of wild type (WT). Values reported hhegresent averages of the results of at
least three experiments. To test whether hyperrsogoint or truncation mutants could
fuse in the absence of other glycoproteins, plagpRiEP99 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 alss@ssed by counting syncytia generated
from fusion of C10 cells using a modification gpeeviously published method (7) (Fig.
1-11, p.30). C10 cells, which express the gD rearepéctin-1, were seeded at a density
of 2 x 10 cells/well in a 24-well plate onto 12 mm coverslifCoverglass for Growth by
Fisher Scientific). The next day, cells were transfected with 12&ach of gB (pPEP98
or pJLS9), gH (pPEP100, pJLS14, pJLS15 or pJLSAé)gh (pPEP101) in 500 pl
serum-free DMEM with 4 pl Lipofectamine 2000. Af&h, media were changed to
DMEM supplemented with 5% FBS containing 250 pgéoluble gD306 (purified
according to a previously published protocol (18} fusion was allowed to proceed for
18 hours. Immunofluorescence staining was carngas follows. Using a multichannel
pipette, cells were fixed in 3% paraformaldehyd®B6 (500 pl/well) at room
temperature for 20 min, washed three times with RS the reaction quenched for 10
minutes with 50 mM NECI (500 pl/well). Cells were again washed threessmwith

PBS, blocked with 10% goat serum (Invitrogen) irSFBr 30 min and the PBS washes

repeated. Next, cells were incubated in the prinaatibody, R137 diluted 1:1000 in PBS

2| also attempted to use 12 mm micro cover glass YWR, but cells adhered poorly to these covesslip
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with 10% goat serum (300 pl/well), for 1 h, folloavby three PBS washes. Cells were
then incubated in the secondary antibody, goatrabbit FITC-conjugated pAb diluted
1:500 in PBS with 10% goat serum (300 pl/well), Ian in the dark, followed by three
PBS washes and two additional washes with watecleNwere stained with 1 pg/ml 1,6-
diphenyl-1,3,5-hexatriene (DAPI; gift of J. Mecsds)ing the secondary antibody
incubation. Coverslips were mounted onto slideag8ipl of ProLong Gold Antifade
reagent (Invitrogen) and allowed to cure overnigtthe dark. Slides were stored at 4°C

in the dark prior to imaging.

Two replicates for each sample were prepared aadechwith a Nikon A1R confocal
microscope at the Tufts Imaging Facility. Ten immger slide were collected at X20
magnification, and syncytia in each image were tfiad. Syncytia were defined as
fluorescent membranes containing three or moreenuanhd only nuclei that were more
than 85% enclosed by the membrane were countethrFgsexpressed as the product of
the total number of syncytia and the average nurabeuclei per syncytium. Data are

normalized to fusion with WT gB, gH and gL.

224 Cell-based Enzyme-linked Immunosorbent ASSaELISA)

Surface expression of full-length gB bearing hypsoigenic point mutations was
assessed using CELISA (65, 75). CHO cells wereeskrd96-well plates and grown for
24 hin Ham’s F12 media. Cells were then transteatith 50 ng each of gB (pPEP98,
pJLS3, pJLS5, pJLSS8, or pJLS9), gD (pPEP99), gHERIF®O), gL (pPEP101), and T7

polymerase (pCAGT?7) in 50 pl of Opti-MEM media wiitb ul of Lipofectamine 2000.
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All plasmids except pCAGGS were omitted as a vectmtrol. After 5 h, media were
replaced with 100 pl of Ham’s F12 media, and csltse grown for 48 h before being
fixed with 3% paraformaldehyde in PBS overnignd&. Fixed cells were washed twice
in PBS and incubated in primary antibody R68 (&itlii:1,000 in PBS supplemented
with 10% FBS (CELISA buffer)) for 1 h at room tematere. Cells were washed three
times with PBS and incubated in secondary antil{gdat anti-rabbit HRP conjugate
diluted 1:1,000 in CELISA buffer) for 1 h at 4°Cftér three washes with PBS, cells
were washed with 20 mM sodium citrate (pH 4.5)-AZno-di(3-ethylbenzthiazoline)
sulfonic acid (ABTS) peroxidase substrate was addexells, the plate was incubated in
aluminum foil at room temperature for 2 h, andabsorbance at 405 nm was recorded.
In each experiment, absorbance from the vectorclomnas subtracted from each sample
(present in triplicate). The results of triplica@mples were averaged, and the absorbance
is expressed as a percentage of WT. Averages oésdts 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 (A3 cas well as the ectodomain
conformation of gB expressed in CHO cells, weresssd by fluorescence activated cell
sorting (FACS) (106). For all assays, cells werse at a density of 0.6 x 2€ells/well

in 6-well dishes 24 h prior to transfection.

For expression and conformation studies with hyserfienic gB mutants, CHO cells

were transfected with 2 pg of gB (pPEP98, pJLSBSpJ pJLS8, pJLS9, pJLS10,
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pJLS11, or pJLS12) and 667 ng of pmCherry-C1 (an€lech pAcGFP1-C1 vector
carrying mCherry in place of enhanced green flumeesprotein; a gift of R. R. Isberg)
in 500 pl of Opti-MEM with 2 pl of Lipofectamine 20 for 5 h. To test surface
expression of gH cytotail mutants in the preserigg.anly, CHO cells were similarly
transfected with 2 ug each of gH (either pPEP100SA44, pJLS15 or pJLS16) and gL
(pPEP101) and 667 ng pmCherry-C1. To test expnessigH cytotail mutants or gB in
the presence of all four glycoproteins, CHO cel&semransfected with 1 ug each of gH
(either pPEP100, pJLS14, pJLS15 or pJLS16), gL RiIPR), gB (pPEP98 or pJLS9)
and gD (pPEP99) and 667 ng pmCherry-C1. In allgdsdowing transfection, media
were replaced with 1 ml of growth media and thésdecubated for 20 h prior to

immunofluorescence.

For expression studies with gH cytotail mutants) Célls were transfected with 2 pug
each of gH (either pPEP100, pJLS14, pJLS15 or pdL, 9L (pPEP101) and gB

(pPEP98 or pJLS9) with 8 pl Lipofectamine 2000 @9 ful serum-free DMEM for 5 h.
Following transfection, media were replaced with BIMI supplemented with 5% FBS

and the cells incubated for 22 h prior to immunofescence.

For immunofluorescence, all cell types were trysid and resuspended in 1 ml of PBS
with 3% FBS (FACS media). Cells (1 x%)Qvere transferred to a 5-ml FACS tube,
washed with 1 ml of FACS media, and incubated wiihul of primary antibody (diluted
1:1,000 in FACS media) for 1 h at 4°C. The primanyibody for detection of gB was

either the rabbit pAb R68 or an MAb (DL16, C22618SSS55, SS144, or SS145). The
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primary antibody for detection of gH was the ralg#b R137. Cells were washed and
incubated in 50 ul of secondary antibody (1:506ACS media) covered with aluminum
foil for 1 h at 4°C. The secondary antibody wakeitgoat anti-rabbit FITC-conjugated
Fc antibody or Alexa-Fluor 488-conjugated goat-ambuse 1gG antibody. Cells were
washed, resuspended in 300 pl of FACS media, aalyzed using a Becton, Dickinson
LSRII machine. In analyzing our FACS data, we mémeassumption that the majority
of cells expressing mCherry also received gB optgdmid 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 testetl cell population was identified
by mCherry fluorescence. Next, a subpopulationetisavith bound secondary antibody
(indicating gB or gH expression) was isolated base&ITC fluorescence. To correct for
nonspecific binding of both the primary and secondatibodies, the number of FITC-
positive cells in vector-transfected samples wésraated from the number of FITC-
positive cells obtained from samples transfecteti @B and/or gH. For mutant gB or gH
expression, data are expressed relative to WT sgim@ For conformation data (MAbs),
the percentage of mCherry- and FITC-positive celtsrected for vector expression, is
reported. All data represent averages of the iestilat least three experimeritbe

mean fluorescence intensities (MFI) of R137-posind 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 describledre, all proteins were subjected to
further purification by size exclusion chromatodrgSEC), as described below in
section 2.4. Additionally, the final purity of eaphotein preparation was assessed by
sodium dodecyl sulfate-polyacrylamide gel electamglis (SDS-PAGE) and Coomassie

blue G250 staining.

231 gB Cytodomain

23.1.1 Expression and purification from E. cologmn in rich media

Soluble cytodomain proteins, including the foldotedomain fusion protein, were
expressed IE. coliRosetta pLysS cells (Novagen) and purified usipgodocol

modified from a previously published method (33edhly transformed Rosetta cells
were grown at 37°C in Luria Broth (LB) supplementath 50 pg/ml kanamycin (Kan)
and 34 pg/ml chloramphenicol (Cm) at an opticalsityrat 600 nm (O of
approximately 0.6. Protein production was inducéth & mM isopropyl- -D-
thiogalactopyranoside (IPTG). After 3 h, cells whegvested and lysed using a French
press cell with 20 mM Tris-HCI (pH 8.0), 250 mM NaBmM -mercaptoethanol
(BME), and 0.1 M phenylmethylsulfonyl fluoride (P¥M¥(lysis buffer). The lysate was
cleared by spinning at 18,00@xn a table top centrifuge for 20 min &C! Protein was
purified from cell lysates by the use of a 2-mI$&pharose 6B fast-flow column (GE
Healthcare). The column was washed sequentially ¥6tcolumn volumes (CV) of lysis
buffer containing 0, 6, and 20 mM imidazole. Proteias eluted with lysis buffer
containing 300 mM imidazole, and 1 mM ethylenediaetetraacetic acid (EDTA) was

immediately added to the eluate. Eluate was conateat and imidazole removed by
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buffer exchange to 20mMTris-HCI (pH 8.0), 250 mMMial mM EDTA, and 0.1 mM

PMSF in an Ultra-4 10-kDa-cutoff concentrator (Nfitre).

2.3.1.2  Expression and purification of'Rilabeled protein from E. coli grown in
minimal media
Freshly transformed Rosetta cells were inoculateal 10 ml of LB with Kan and Cm as
indicated above and grown during the day aC3his culture was then added to 500 ml
of fresh LB with antibiotic and allowed to grow angght at 28C. Cells were harvested
and resuspended in 500 ml of high cell density gnawinimal media (166) containing
the following: 50 mM NaHPQOy-7H,0; 25 mM KHPQOy; 10 mM NaCl; 5 mM MgSQ
0.2 mM CaC}J; 0.25X of a metals solution; 0.25X of BME vitami(&gma); 0.1%
NH,4CI; and 1% glucose. The metals solution (179) daeththe following: 50 mM
FeCk; 20 mM CaCJ; 10 mM each of MnGland ZnS@, and 2 mM each of Cogl
CuCb, NiCly, N&eMo00O,, Na2Se@, and HBOs. Cells were then spun down and
resuspended in 500 ml high cell density growth madimedia containing’N-labeled
NH4CI (Cambridge Isotope Laboratories, Inc.) and aotik and grown at 3C to an
ODeoo of approximately 0.7. Protein expression was iedueith 1 mM IPTG and
continued for 3 hours. Cells were harvested antepreurified as described above but

using the EDTA-free protease inhibitor cocktail gRe) rather than PMSF.

2.3.2 gB TMcyto
TMcyto fusion protein was expresseddancoli Rosetta pLysS cells as described above

for soluble gB cytodomain protein. Following indiact with IPTG and 3 h of growth,
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cells were pelleted and frozen at *€0 For purification, pellets were thawed and
resuspended in a lysis buffer composed of 20 mM (piH 8.0), 150 mM NaCl and the
desired detergent, typically 150 mM n-octybD-glucopyranoside (OG) (detergent

lysis buffer). Cells were lysed with two roundsFsénch press and the lysate incubated
with rocking at room temperature for 2 hours (estitm step). Then, the lysate was
cleared by spinning in 1.5 ml tubes in a tableteptefuge at 18,000 g for 20 min at

4°C. The supernatants were pooled, a small amoubhNake powder added, and protein
purified from the supernantants using a 1 ml Ni{&epse 6B fast-flow column. The
column was washed sequentially with 10 CV of dedetdysis buffer containing 0, 6,
and 10 mM imidazole and 1 mM EDTA. Protein waseaiduby adding 1 ml lysis buffer
containing 300 mM imidazole and 1 mM EDTA to théuzon at a time and collecting
the initial eluate in six 500 ul fractions. The r@nming protein was eluted with 7 ml of
the same buffer. PMSF was added to 1X concentr&iatl eluate fractions. The most
concentrated fractions were identified by SDS-PA#€BE Coomassie staining, and these
were pooled and concentrated using a 5 ml Ultr@-#Da-cutoff concentrator pre-
soaked with detergent lysis buffer. Protein wasedikequently during concentration to
prevent aggregation. In some cases, the buffeeweasanged to TNE with 75 mMOG
before or after SEC by dialysis using a Slide-A-¢yzassette (Pierce). The protein was
dialyzed for 2 hours at room temperature with isiiyr then the buffer was replaced with

fresh buffer and dialysis continued overnight & 4vith stirring.

2.3.3 gB Ectodomain

Soluble gB ectodomain protein (residues 1-730heei?WT (gB730) or an insertion
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mutant (E187i5, 1671i5, T665i5, V667i5, or L673i%)as purified from Sf9 cell
supernatants. Insertion mutants T665i5, V667i3,63t3i5 were purified by S. Sharma.
Recombinant baculoviruses pKH3 (gB730), pKH26 (i6),1JpKH28 (E187i5), pKH38
(T665i5), pKH39 (V667i5) and pKH40 (L673i5) wererggated by E.E. Heldwein using
Bac-to-Bac technology. Sf9 cells were grown to msity of 2 x 16 cells/ml and infected
with the recombinant baculoviruses. The amountimafl $tock was optimized to obtain
the maximal protein yield. Typically, 5 ml of theal stock from the third viral passage
(P3) was added per 2 xi€ells. Supernatant was harvested 72 h postinfeaig730,
1671i5, T665i5, V667i5 and L673i5 mutant proteinsres purified from culture
supernatant by immunoaffinity chromatography usmmobilized MAb DL16 (84). Cell
supernatant was filtered by tangential flow filtoat (TFF) using a 30 kDa cartridge, the
buffer exchanged to PBS and the filtered supernagaplied to the DL16 column. After
extensive washing with 10 mM Tris-HCI (pH 8.0) &@D mM NaClbound protein was
eluted with 3 M KSCN and concentrated using a gdhe Ultra-15 30 kDa-cutoff
concentrator. During this concentration step, tiiéep was exchanged for 10 mM Tris-
HCI (pH 8.0) and 500 mM NaCl. E187i5 was purifieda similar way, except that the

MADb C226 was used for immunoaffinity purification.

2.4 BIOCHEMICAL AND STRUCTURAL CHARACTERIZATION

241 Preparation of Liposomes

1-Palmitoyl-2-oleoylsnglycero-3-phosphate monosodium salt (PA) and apal/l-2-

oleoyl-snglycero-3-phosphocholine (PC) were purchased fwanti Polar Lipids, Inc.
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Small unilamellar vesicles (SUVs) containing a thdlar ratio of PC:PA were prepared
as previously described (33), with some modifiaaticChloroform lipid stocks (10
mg/ml) were combined to reach a final concentratb8 mM and dried into a layered
film in a glass vial under vacuum conditions. Lifagers were further dried by
desiccation for 30 min and then hydrated in 20 nid-HCI (pH 8.0), 100 mM NaCl
and 1 mM EDTA (TNE) at room temperature overnightdrated lipids were sonicated
in an Eppendorf tube using a Branson Sonifier sdarg(duty cycle, 40%; output 4),
pulsing in 30-s intervals until the suspension beealear. SUVs were separated from
large unilamellar vesicles (LUVs) and sonicatortiignium debris in a tabletop
centrifuge at 18,000 g for 20 min at room temperature. SUVs were storetf@tand
used within 1 week. SUVs generated by this methptally have a diameter of 20 nm
to 50 nm (114). LUVs containing a 1:1 molar ratfd”&€:PA were prepared as described
above for SUVs through the hydration step. Hydrdifgds were then downsized to a
diameter of 0.1 um by the extrusion method usingamti Polar Mini-Extruder, per the
manufacturer’s protocol. LUVs were separated fraghrts in a tabletop centrifuge at
18,000 xg for 5 min at room temperature. LUVs were stored°& and used within 3

weeks.

2.4.2 Size Exclusion Chromatography (SEC)

SEC was performed on a Biologic Duoflow chromatpbsasystem (Bio-Rad) equipped
with the following columns (GE Healthcare): Superd&200 10/300 GL (24 mL S200);
Superdex S200 5/150 GL (3 mL S200); and Superos®/BD HR column (Superose

12). The 24 mL S200 column was calibrated usingatppbulin (670 kDa), ferritin (440
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kDa), catalase (232 kDa), aldolase (158 kDa), aradboimin (44 kDa); blue dextran was
used to determine the void volume (GE Healthcareg. 3 mL S200 column was
similarly calibrated with ferritin, aldolase, ovaiimin and ribonuclease (14 kDa) (GE
Healthcare) and the void volume determined witleldaxtran. The Superose 12 column
was calibrated with molecular mass standards c@akovine serum albumin (66 kDa),
ovalbumin, -lactoglobulin (36 kDa), chymotrypsinogen (25 kDand lysozyme (14

kDa), as previously described (33).

2.4.2.1 Protein purification and assessment of oligometates

For purification of gB ectodomain and cytodomaintpms, the 24 mL S200 column was
equilibrated with TNE. Following SEC, gB ectodomaitoteins were concentrated by
using an Ultra-4 50 kDa-cutoff concentrator (Mitie) to 3 to 4 mg/ml, while gB
cytodomain proteins were concentrated using aratditt 0-kDa-cutoff concentrator to 2
to 10 mg/mL. Large-scale purification of TMcyto pem was carried out on the 24 mL
S200 equilibrated with TNE with 75 mMOG. Screening of the oligomeric state of
TMcyto was carried out on the 3mL S200 equlibrate@NE with 5X the critical micelle
concentration (CMC) of one of the following detemtge(Anatrace): n-nonyl-D-
maltopyranoside (BNM); n-decyl-D-maltopyranoside (DM); n-dodecyHD-
maltopyranoside (DDM); Fos-choline 12 (Fos12); mteloyl-N-N-dimethylamine-N-

oxide (LDAO); or octyl glucose neopentyl glycol (SR

2.4.2.2 @B cytodomain liposome binding assay

The ability of soluble gB cytodomain protein to simembrane mimetics was assessed
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by liposome coelution on SEC with SUVs (33). SodugpB cytodomain protein (2
mg/ml) and a 30 M excess of PC:PA SUVs were incdat room temperature for 1 h.
The protein/liposome mixture was then applied ®3uperose 12 column at 4°C. The
elution profiles of gB cytodomain protein alone dipdpsomes alone were separately
determined on the Superose 12 column as contrhlatdewas collected in 0.5 ml
fractions, and equal volumes from the void andginopeak fractions were analyzed by
SDS-PAGE. The amount of protein in each fractios waantified by densitometry
analysis of scanned gel images. The percentagetHip bound to liposomes was
calculated as the ratio of protein in the void peathe total amount of protein present in

both peaks. Experiments were performed in tripdicaiith the mean value reported here.

24.3 Liposome Coflotation

Association of gB cytodomain protein with membranes also assessed by liposome
coflotation with LUVs (75). Cytodomain proteins @uwere incubated at 37°C for 1 h in
50 ul of PBS with or without 25 pg of LUVs. KCl waslded to 1 M to reduce any
nonspecific electrostatic interactions, and samyie® incubated for an additional 15
min at 37°C. Samples were adjusted to 40% sucaag@ by adding 45% sucrose
solution in PBS to reach a final volume of 500 Hese samples were placed at the
bottom of a 5 ml centrifuge tube and overlaid witml of 25% sucrose solution in PBS
and 500 ul of 5% sucrose solution in PBS. The saswkere next centrifuged in a
Beckman SW-55 Ti rotor at 246,00@xor 3 h at 4°C, and 700 pl fractions were
removed from each gradient, beginning at the topctitons were pooled into three

groups: top (fractions 1 and 2), middle (fracti@® 5), and bottom (fractions 6 to 7). To

72



determine the localization of gB cytodomain projgirotein was precipitated from each
pool using 20% trichloroacetic acid (TCA) and azaly by SDS-PAGE on 15%
polyacrylamide gels stained with Coomassie blueA p&ecipitation of the truncation
mutant gB851 was inefficient; therefore, this gaelswransferred onto a nitrocellulose

membrane for Western blot analysis.

To determine the distribution of LUVs throughoug tiiradient, we used a 1,6-diphenyl-
1,3,5-hexatriene (DPH) fluorescence assay. LUVsui@pwere spun in a gradient and
fractionated as described above. Then, 300 pldi &action was placed in a white 96-
well plate along with 300 ul of 25% sucrose solatemd 300 pl of 25% sucrose solution
containing 25 pg of LUVs (negative and positive ttols, respectively). Finally, DPH

was added to each well to reach a concentratid® @fvi and the fluorescence recorded.

2.4.4. Circular Dichroism (CD) Spectroscopy

The effect of liposome binding on the secondanycstire of soluble gB cytodomain
protein was assessed using CD spectroscopy (33)ytp8omain protein (0.2 mg/ml) in
20 mM sodium phosphate buffer (pH 8.0) and 100 mdF KICD buffer) was incubated
either alone or in combination with a 30 M excesBG:PA SUVs at room temperature
for 30 min. The far-UV CD spectrum of the proteiassthen measured at room
temperature on a JASCO model 810 spectropolarinistag a 50 nm/s scan speed, 1 nm
band pass value, and 1 s response time. For eaflesahree scans were collected and
the data averaged, a buffer blank spectrum wasastbt, and the sample was processed

for noise elimination. Measurements are presemteshits of mean residual ellipticity
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( ). Protein helical content was estimated from takei@ of at 222 nm ( 222 using the
following formula: percent helix = [(222- 202)/( 222" - 222°)] X 100% (116). The
220 value used for 100% helix was,;' = -38,000° crhdmol™, and the value for 100%

random coil was 252" = 4,000° cri dmol* (116).

For urea denaturation, 40 pg of cytodomain proféiii, A855V, or R858H) in CD

buffer was incubated with a 30 M excess of PC:PA/Sdt room temperature for 30

min. Urea buffer (8 M urea in 20 mM sodium phospHhatffer [pH 8.0] and 100 mM

NaF) was then added to each sample to reach thleufiea concentration of between 0

and 7 M in 0.5 M increments, and the final sammkime was 200 pl. Samples were

allowed to equilibrate at room temperature forank then put on ice and the CD spectra

at 4°C recorded as described above. The fractigmatéin folded () was determined

using the following equation:=[ ;- u}J/[ £- u], where jis the value of at 222

nm for a given sample,y is the 2, value when the protein is unfolded (7 M urea), and
Fis the 22, value when the protein is folded (0 M urea) (7Mhe folding constant of a

trimeric protein Kg) was calculated from the following equatidt: = /[3P(1 - )]°,

whereP; is the molar concentration of the trimer (71). Feeergy of folding was

determined from the following formula:Grohing = -RTINKg, WhereR is the gas constant

in units of calk™ mol* andT is the temperature in Kelvin (71). To estimateftiee

energy of folding in the absence of urea, the foacof protein unfolded versus the urea

concentration was plotted, an®eoiing Values for samples in the transition region af thi

curve were plotted against the urea concentrafigtrapolation of the best fit line for the

latter plot yielded the estimatedGgoiqing Value at 0 M urea (78).
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245 Limited Proteolysis
N -p-tosyl-L-lysine chloromethyl ketone (TLCK)-tredtehymotrypsin and (L-
tosylamido-2-phenyl) ethyl chloromethyl ketone (TH)@reated trypsin were purchased

from Worthington. Staphylococcus aureysotease V8 was a gift from C.A. Kumamoto.

245.1 gB cytodomain protein

Cytodomain protein (3 pg) in 8 ul of TNE was inctdzhfor 1 h at room temperature
with 1.5, 3, 6, 15, 30, 60, or 120 ng of TLCK-tredichymotrypsin, TPCK-treated
trypsin, or V8 protease. These amounts correspopdotease/protein mass ratios of
1:2,000, 1:1,000, 1:500, 1:200, 1:100, 1:50, a2 respectively. Samples were spun
briefly at 18,000 >g in a tabletop centrifuge prior to incubation. Famples containing
LUVs, cytodomain protein was incubated with a 3@&ktess of LUVs for 1 h at room
temperature prior to the addition of protease. Bliga reactions were stopped by adding
8 ul of 2X reducing tricine sample buffer and hagliat 95°C for 5 min. Denatured,
reduced proteolytic products were resolved by tpteophoresis on 10% Tris-tricine
gels, followed by staining with Coomassie blue GZ=6r mass spectrometry analysis,
digests with a protease/protein ratio of 1:1,00@h@ut LUVS) or 1:500 (with a 30 M
excess of LUVs) were scaled up to 75 pg of proteigestion reactions were quenched
by precipitation with acetone (protein alone) aniature of 90% acetone and 10%
methanol (protein with LUVSs) to dissolve liposonsew dried at room temperature
overnight before mass spectrometry analysis. Masstsometry was carried out by D.S.
King (U.C. Berkeley) as follows: digested samplesewdissolved in an acetonitrile-

water mixture acidified with 0.1% trifluoroaceticid and analyzed by direct infusion
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electrospray ionization quadrupole Fourier transfasn cyclotron resonance (ESI-Q-FT-

ICR) mass spectrometry (Bruker) (9.4-T magnet).

2.45.2 @B ectodomain protein

WT gB730 or an insertion mutant (3 pg) in 8 pul 6fENE was incubated with 30, 60,
120, or 300 ng of TLCK-treated chymotrypsin at rommperature for 1 h. This
corresponds to substrate/protease mass ratiodf,1%0:1, 25:1, and 10:1, respectively.
The digestion was stopped by adding denaturingiaiad SDS-PAGE sample buffer and
heating the samples for 5 min at 95°C. The resiitee proteolysis were analyzed on 4
to 12% NuPAGE gels (Invitrogen) under denaturind egducing conditions. For N-
terminal sequencing of the protein bands, the tkgesre separated on 4 to 12%
NuPAGE gels and then transferred to a polyvinyledifluoride membrane. The
membranes were stained with Coomassie R-250. Bafridgerest were cut out and

submitted for sequencing by Edman degradationeaT tlits University core facility.

2.4.6 gH Cytotail Pulldown Assay

For this assay, a C-terminal strep-tagged gH citoéptide
(KVLRTSVPFFWRRESAWSHPQFEK) was synthesized by Nawgland Biolabs, and
an N-terminal strep-tagged gH cytotail peptide
(SAWSHPQFEKGSGSGKVLRTSVPFFWRRE) was synthesizatiafl ufts University
Core Facility. Streptactin columns were preparedbaging 1.5 ml streptactin sepharose
resin (IBA) into a column and washing with 4.5 mlT&NE. Then, 100 nmol of strep-

tagged gH peptide (either N- or C-terminally taggeds loaded onto the column,
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incubated for 10 minutes, and the column was washgnd3 CV of TNE. Fractions were
collected in either 1.5 ml or 0.75 ml aliquots.rir@ol of gB cytodomain protein pre-
incubated for 30 min at room temperature with &/Béxcess of PC:PA LUVs was then
loaded onto the column, and the column was wasligddCV of TNE. Fractions were
collected in either 1.5 or 0.75 ml aliquots. Figaprotein was eluted with 3 CV of 2.5
mM desthiobiotin in TNE, and eluate was collecte@®.i75 or 0.35 ml aliquots. Samples
were then analyzed on 12.5% Tris-tricine gels bgr@assie staining. This experiment
was also performed with an N-terminally FLAG taggexgbtide synthesized at the Tufts

University Core Facility and Anti-FLAG M2 AffinityGel (Sigma-Aldrich).

2.4.7 Western Blot

For all western blots, samples were transferreh fagpolyacrylamide gel onto a
nitrocellulose membrane. Membranes were then btbakth 0.1% milk in 20 mM
Tris-HCI (pH 7.5), 500 mM NaCl and 0.5% Tween 2@8IT) for 40 min at room
temperature prior to incubation in the primary lotly. Following the secondary
antibody incubation, all blots were developed usirigjerce 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 Webtet analysis. CHO cellsin 1

well of a 6-well dish were transfected with 2 pgetther pPEP98 or pJLS10 as described
for FACS experiments. At 22 h posttransfectionlscekere trypsinized, washed with 1 ml

of PBS, and lysed in 100 pl of reducing buffer wbihiling at 95°C for 10 min. Aliquots
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(20 pl) of lysate were analyzed by gel electrophieren a 10% polyacrylamide gel, and
the presence of gB was assessed using the pAbtR68:%,000 dilution. The lower
portion of the blot was probed with anti-actin meddAb (1:10,000) as a loading
control. Following incubation in the primary antithes for 1 h at room temperature, the
blots were incubated in either goat anti-rabbigoat anti-mouse IgG HRP-conjugated

secondary pAbs (1:10,000 dilution) for 40 min aedeloped.

2.4.7.2 TCA-precipitated fractions of gB851 coflotation exments
The blocked membrane was incubated with anti-HiB®Honjugated MAb (Qiagen) at

a 1:3,000 dilution for 1 h, then developed.

2.4.7.3 ¢B ectodomain conformation

For Western blot analysis of the mutant and WT gB@@&omains, unless otherwise noted,
all samples were prepared under mildly denaturorglitions to preserve the trimeric
species of gB730 (34). Under these conditionsh#rel for soluble trimeric gB protein
migrates just below 220 kDa, while soluble monomgB migrates as an approximately
90 kDa protein. The band for full-length trimeriB ¢ found above the ladder, while
monomeric full-length gB migrates as an approxinyatd5 kDa protein. In all blots,

WT gB730 was used as a positive control. For Wadtéat analysis with MAbs C226,
SS55, or SS144, 150 ng of protein was used per ForéNestern blot analysis with
MAb DL16, 250 ng of protein was used per lane, wlit& exception of gB730, for which
300 ng of protein was used. For Western blot amalygh MAb SS10, 100 ng of protein

was used per lane, and samples were partially desthby boiling in nonreducing buffer
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containing 1% SDS. Samples were then resolvedtbyl$% Tris SDS-PAGE (Bio-Rad)
and transferred to a nitrocellulose membrane. Ratig blocking, membranes were
probed with MAbs C226, SS10, SS55, or SS144 a5 ,800 dilution or with MAb DL16
at a 1:1,000 dilution. This was followed by incubatwith anti-mouse IgG-HRP

conjugate at a 1:10,000 dilution, and the blotsevtken developed.

2.4.8 Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy wed to investigate the structure of
soluble gB cytodomain protein. Heteronuclear simglantum coherence (HSQC) spectra
were recorded at 10, 25, 30 or 37°C on a Brukem&ge600 operating at 600 MHz for

'H. TNE buffer in purified gB cytodomain protein spies was exchanged by SEC to 20
mM NasPO4 (pH 7.0), 10 mM NacCl, 100 uM PMSF, 0.01% NaNd 5% DO (NMR
buffer). Protein concentration in samples was gadhebetween 7 — 10 mg/mL. In some
cases, one of the following additives was adddtéqrotein after SEC: deuterated SDS
(1, 1.9, 3.7 or 10 mM; Cambridge Isotope Laboratmrinc.); 1-Myristoyl-2-Hydroxy-sn-
Glycero-3-Phospho-(1'-rac-Glycerol) (LMPG; 35 orrd®1); or deuterated
trifluoroethanol (TFE) (15 or 30%; Cambridge Isatdmboratories, Inc.). For some
samples, the pH of NMR buffer was lowered to 6.2d.exchanged to 10 mM sodium
acetate (pH 5.5) with 10 mM NaCl and 100 uM PMS&m§les were placed in a 5 mm
tube and briefly spun before analysis. HS§pEctra (32-64 scans) were collected using a

FASTHSQC pulse sequence fhsqcf3gpph.
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Chapter 3: Insertion Mutagenesis of the HSV-1 gB Ectodomane®Not

Prevent its Conversion to the Postfusion Form
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3.2 INTRODUCTION

The critical membrane fusion step in HSV entry sdmted by the class 11l viral fusion
protein gB. To accomplish fusion, gB is thoughutwlergo a series of conformational
changes from a prefusion to postfusion structuhe. dvailable crystal structure of HSV
gB is believed to represent the postfusion conféionabased on similarities to the
known postfusion structure of another class llavfusion protein, VSV G (84, 152).
The prefusion structure of VSV G has been solvetislnows significant differences in
domain arrangement compared to the postfusion {@&8). Comparison of these two
VSV G structures suggests G undergoes significamfiocnational changes, passing
through an extended intermediate in which the fusiops are inserted into the host cell
membrane, followed by collapse of this intermediate the postfusion form (151) (Fig.
1-4B, p.10). gB is expected to function in an agalss way (84, 125); however, the

prefusion conformation of gB remains elusive.

The soluble postfusion gB trimer has been showretwery stable, and conversion to this
form is likely energetically favorable, making iffccult to capture the soluble prefusion
form (192). However, several interesting mutanthagB ectodomain isolated by 5-
amino-acid linker insertion mutagenesis were unebleediate fusion of transfected
cells, despite being surface expressed at levdisative of proper folding for transport
(115). Two of these mutants, E187i5 and 1185i5 @hmeno acid residue preceding the
insertion of 5-amino-acids [i5] is listed), wereéded in domain | of the ectodomain (Fig.
1-4A, p. 10), which forms a cavity with a diametér-23A in the postfusion crystal
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structure (Figure 1-3C, p.7) (“cavity mutants”). éach of the five-amino-acid insertions
would measure ~18A in length, it was suggestedttisicavity could not accommodate
these residues in the postfusion conformation (1B&)r other mutants unable to
mediate fusion were obtained at the interface ofi@as I, IV and V (115). This region
is known as the hinge region because it is hypatedgo play an important role during
the transition from the pre- to postfusion confotiora(83). It was proposed that these
mutants, T665i5, V667i5, 1671i5 and L673i5 (“hingeitants”) may interfere with the
function of this region (115). Additionally, mutant665i5, V667i5 and 1673i5 displayed
significantly reduced activity with MADbs on the fage of transfected cells as measured
by CELISA (115), suggesting that these mutants sd@onformation other than the

postfusion form.

In light of these data, we hypothesize that thetgand hinge insertion mutants
highlighted above are unable to adopt the postfusamformation and are trapped in
either the prefusion or an intermediate form. i§ tvere indeed the case, identification
and characterization of these mutants would provaleable insight into the
intermediate conformations of gB during its conw@idrom the pre- to postfusion
conformation. Additionally, we hoped that perhapmse of these mutations would be
sufficient to lock the soluble ectodomain in thefpsion 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 oaeity (E187i5) and four hinge
(T665i5,V667i5, 1671i5, and L673i5) mutants, asubbe proteins ending at amino acid
730 (Fig. 3-1). An insertion following residue E1®&3as ostensibly the most likely to
destabilize the postfusion conformation. Residu8®ias a side chain pointing into the
cavity located inside the gB trimer in domain IgF8-1). Although this cavity may be
spacious enough to accommodate a single 5-amimoes®rtion, it is unquestionably too
small to accommodate the three 5-amino-acid irmestihat would occur in the trimer,
one per protomer. We also focused on the hingenegesidues 665 to 673 (Fig. 3-1),
because 5-amino acid insertions after residues , 1667, 1671, or L673 also cause the

fusion-deficient phenotype despite adequate sudapeession (115).

3.3.2 Mutants E187i5 and 1671i5 Do Not Mediate Trasfected Cell Fusion

The insertions in three of our mutants (E187i5,1i67and L673i5) differ by one amino
acid from the insertion mutants reported previo$k5). To ensure that our mutants and
those discussed in (115) had the same phenotygestmeduced our insertions into the
full-length gB and tested the fusion activity ofomutant gB proteins (E187i5 and
1671i5) using a luciferase reporter cell-cell fusi@mssay (38, 138, 144). Effector cells
were prepared by cotransfection of CHO cells wldsmids containing the genes for T7
polymerase, gD, gH, gL, and either WT gB or on¢hefmutants. Target CHO cells were

transfected with plasmids encoding the luciferas¢gm under the control of the T7
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Figure 3-1: Location of insertion mutations in the HSV-1 g8sffusion ectodomain.
(A) Linear diagram of full-length gB with functiohdomains highlighted (as in (84)).
Domain | is shown in cyan, domain Il in green, domid in yellow, domain IV in
orange, domain V in red, and the disordered regeiween domains Il and Il in
purple. Regions absent from the crystal structfigBd30 are shown in gray.
Sequences in the region of 5-amino-acid insertfcesdues 181 to 190 and residues
661-680) are shown in black. Arrows mark the lawadiof 5-amino-acid insertions,
shown as red text (see Chapter 2.1.3, p.56). (B3t&@lrstructure of gB730 (84).
Residues preceding the 5-amino-acid insertionsutants studied here are shown as
spheres colored by domain, consistent with (A). &odelineate the hinge region,
enlarged in (C), and the cavity region, enlargell (D) Close-up view of the hinge
region shown in molecular surface representatioti residues 663 to 675 displayed
as sticks. Hydrophobic residues are colored oraRgsidues preceding the 5-amino-
acid insertions in mutants studied here are labelddasterisks; remaining labels
correspond to additional hydrophobic residues @863-675 region. (D) Enlarged
view of the cavity region. Residues that line theity and are not solvent exposed are
colored magenta. Residue E187 of each protomelased teal and shown as
spheres. Fusion loops for two protomers are mankgdasterisks; the third pair of
fusion loops lies behind the crystal structure @bt 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 éffiecells were mixed, incubated

for 20 h, lysed, and then assayed for light produadti.e., fusion). Neither E187i5 nor
1671i5 was able to substitute for WT gB in the @all fusion assay, mediating 0% and
7% of fusion with WT gB, respectively (Fig. 3-2A)hus, the fusion assay demonstrated
that our E187i5 and 1671i5 mutants had phenotype#as to those previously studied
(115). The mutant gB proteins were also expressati®cell surface as well as WT gB,
as determined by FACS (Fig. 3-2B), indicating tietir fusion-deficient phenotypes are

not due simply to lack of surface expression ofrthegant gB protein.

3.3.3 Conformation of gB Insertion Mutant Ectodomans

To reveal the mechanism underlying the fusion-deficphenotype of the insertion
mutants, we wanted to characterize the biochempioglerties of the mutants in detail.
To do so, we expressed the mutants as solubleautnds (residues 31 to 730) in insect
cells using recombinant baculovirus technology. fikst compared the MAb reactivity of
purified mutant ectodomains with WT gB730 (Fig. 8}31sing Western blot analysis
under mildly denaturing conditions. We used thel\wielracterized MAbs DL16, C226,
SS10, SS55, and SS144, all of which recognize pgstan different structural regions
within the gB ectodomain (18), as described in nuw&il in Materials and Methods
(p.59). Thus, these antibodies are particularlyt sugited for probing the conformation of

different regions of the fusogenic ectodomain irtantigB proteins.

We first tested DL16 reactivity. DL16 recognizescaformational epitope on the gB730

trimer; it does not react with monomeric gB730|tfally or partially denatured (18).
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Figure 3-2: Characterization of the fusion phenotype andagrfexpression of gB
ectodomain insertion mutants. (A) Quantitative-cell fusion assay. Target CHO-K1
cells, expressing the luciferase protein and th¥ Hseptor HVEM, were
cocultivated with effector cells expressing T7 poérase, gD, gH, gL and either WT
gB, mutant or the empty vector, and assayed fat pgoduction 20 h later. Extent of
fusion is expressed as percentage of WT. (B) FAS3&yato determine surface
expression of full-length WT and mutant gB prote®use melanoma C10 cells
were transfected with either WT gB, or mutant,lex €mpty vector. Cells were
stained with a primary antibody R68, a secondatipady goat anti-rabbit-
phycoerythrin, fixed with paraformaldehyde, andjsated to FACS analysis. In the
above graph, the signal from C10 cells that wexesiected with empty vector DNA
was subtracted out. Error bars represent the stamadeor. The mutant gB proteins

1671i5 and E187i5 were expressed on the cell seyfas well as the WT gB protein.
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We found that all of the hinge mutants—T665i5, VIB6T671i5, and L673i5—were
recognized by DL16 in Western blots, which suggetat they were trimeric (Fig. 3-
3A). These four mutants were also recognized bipadies C226, SS10, SS55, and
SS144. Thus, the 5-amino-acid insertions withintimge region did not noticeably
influence the antigenic characteristics of the glBants expressed as soluble
ectodomains, as judged by the results of Westartndolalysis with antibodies C226,
SS10, SS55, and SS144. In contrast, mutant E187$5wt recognized by DL16 in
Western blots. The lack of DL16 reactivity was dae to the absence of the trimer
because MAbs C226, SS10, SS55, and SS144, whicgnige both the trimeric and the
monomeric forms of gB by SDS-PAGE, reacted withttiraeric form of the E187i5
mutant (Fig. 3-3A). The fact that DL16 does notogruze the E187i5 mutant indicated,
therefore, that the DL16 epitope was disrupted esngequence of the 5-amino-acid

insertion.

We next tested whether the insertions had the sdi@et on the antibody reactivity of
the full-length mutants. Using IP, we tested thectierity of our antibodies against the
two full length mutants 1671i5 and E187i5 (Fig. B)3We found that all antibodies,
including C226, SS10, SS55, SS144, and DL16, rezedrboth mutants and WT gB
(Fig. 3-3B). Interestingly, we did not observe sigant differences from WT in the
antigenic properties of mutant gB ectodomains eixtepE187i5 mutant, contrary to
what was observed previously (115). This discrepaan likely be explained by our use
of a different panel of MAbs against the ectodomaswell as a different type of assay.

Previous work tested the reactivity of MAbs witle thctodomain of full-length protein
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Figure 3-3: gB ectodomain insertion mutant proteins are sirhyjlrecognized by
different antibodies, with the exception of E18#b5r all blots, WT gB ectodomain
(gB730) was used as a positive control, and moéecubss markers are indicated on
the left in kilodaltons. T, trimeric; M, monomem® species. (A) Purified soluble
protein samples were resolved on mildly denatu¢seg p.78) 4 to 15% Tris gradient
gels and visualized by Western blot using differamti-gB MADbs, as indicated at right
of each blot. (B) WT gB and the E187i5 and 167 1istamts were expressed as full-
length proteins in C10 cells and immunoprecipitgted with different anti-gB

MADs, as indicated at right. IP samples were tlesolved on 10% polyacrylamide
gels and visualized by Western blot analysis withadnti-gB pAb R68. IP results for
anti-myc antibody are shown as a negative conf@)Recognition of full-length gB
versus soluble gB ectodomains by MAb DL16 was tebtelP. IP samples of full-
length proteins were prepared as in (B). Purifieldisle ectodomains were diluted in
IP binding buffer and immunoprecipitated with DLI®e results of the IP were
analyzed by Western blot with R68, as in (B). IButts for anti-myc antibody are
shown as a negative control. (D) Recognition dflierigth gB by MAb DL16 was
tested by Western blotting. WT gB and the E187i® &71i5 mutants were expressed
as full-length proteins in C10 cells, and wholeakgs were resolved on a 10%
polyacrylamide gel under mildly denaturing condioblotted, and probed with MADb
DL16. Equivalent expression of full-length gB priotein C10 cells was verified by
Western blot analysis with pAb R68 using SDS-PAGEd 0% polyacrylamide gel
under reducing, denaturing conditions. (E) Approadenlocations of the epitopes of

four of the MAbs used in the present study. Theoge for DL16 is unknown.
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expressed on the surface of cells by CELISA (1#bjle we have used a more sensitive

Western blot assay.

The fact that DL16 was able to immunoprecipitaeBEi187i5 full-length protein was
surprising. Therefore, we set out to determine twiethe difference in reactivity of the
DL16 antibody observed for the E187i5 mutant wakeed due to the different antigenic
properties of the full-length and truncated muganotein or due to different assays, i.e.,
Western blotting with the truncated protein verdusvith the full-length protein. To do
S0, we tested the reactivity of the DL16 antibodgiast truncated and full-length gB
mutant proteins by both Western blotting and IR(B-3C and D). Our results showed
that the full-length and truncated E187i5 mutarag the same reactivity with DL16, but
the two assays yielded different results. DL16mbtlrecognize either the full-length
(Fig. 3-3D) or truncated E187i5 mutant (Fig. 3-3&)Western blotting but was able to
precipitate them in the IP assay (Fig. 3-3B,C). Taese of the discrepancy between the
two assays probably lies in the conditions useshith assay. It is possible that the DL16
epitope in the E187i5 mutant does not disappeaiptetaly and is, instead, rendered
unstable such that it is not recognized by DL16eurtde somewhat more stringent
conditions of a Western blot assay. Nevertheléssinability of the DL16 antibody to
recognize either truncated or full-length E187i5tami by Western blotting suggests that
the DL16 epitope in this mutant was affected by3ksmino-acid insertion. Furthermore,
the full-length proteins react with antibodies e same way as the soluble, truncated
proteins do, which justifies our use of solubleoecimains in place of the full-length

proteins.
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3.34 gB Insertion Mutants are Trimeric, but E187i5Forms Aggregates

The oligomeric state of the mutant ectodomains agggssed by size exclusion
chromatography (SEC). SEC analysis of purified mupsoteins revealed that the
T665i5, V66715, 1671i5, and L673i5 proteins had saene elution profiles as WT gB730,
suggesting that they all form trimers (Fig. 3-4)siall fraction of these mutant proteins
eluted in the void, which is occasionally obserweth the WT gB730. In contrast, all of
E187i5 eluted very close to the void volume on2enL S200 column (Fig. 3-4). This
behavior suggested that E187i5 forms aggregatésansize of >670 kDa, possibly
dimers of trimers or even larger species. Theretbeepresence of the 5-amino-acid
insertion following residue E187 appeared to hawenged the protein conformation to
make the E187i5 mutant much more prone to aggegafie studied these

conformational changes further in the experimeetdbed below.

3.35 Electron Microscopy Reveals Higher Order Oligmers of E187i5

To further assess the conformation of the mutaotieprs, we used electron microscopy
(EM). The gB730 ectodomain has a characteristipeliiaat can be easily discerned in
EM images of negative-stained protein particlegdrticular, the two ends of the rod-
like molecule can be readily distinguished (FipA)y. We refer to these ends as the
“crown” and the “base,” respectively (Fig. 3-5A,B).the structure of gB730, the
“crown” corresponds to domain IV, whereas the “Qaaethe opposite end, contains
domain | (84). We measured the length of gB730igdagtin EM images to be 16.0 + 1.2
nm long @ =5). This number correlates well with the lengthh® gB ectodomain

calculated from its atomic coordinates, 16.7 nm).(84
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Figure 3-4: Oligomeric state of gB ectodomain insertion mtgaas measured by SEC.
An overlay of the size exclusion chromatogramdlfiermutant and WT ectodomain
proteins is shown. The E187i5 mutant protein elateapletely in the void volume of

the size exclusion column. Elution volumes of €ixelusion standards are indicated

with arrows above the traces.
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Figure 3-5: Negative-stain EM images of WT gB730 and mutdhtgtodomain
proteins T665i5 and E187i5. All images were cobecat the same magnification. (A)
Representative particles of WT gB730 and an insermutant, T665i5, are shown.
Two distinct “crown” and “base” ends of particleg d&abeled with red arrows in one
representative particle. The scale bar for thesges is the same as for panel C. (B)
The structure of gB730 in surface representati@olisred by domain as in Fig. 3-1A.
The crown and base regions are labeled. The appateilocation of residue E187 is
marked with a white star. (C) Representative plagiof two types are shown for the
E187i5 mutant protein. Crown regions of individtrahers are labeled with red
arrows. (D) Model of how higher-order oligomers toamed from gB730 trimers in
the E187i5 mutant, as depicted in (C). Dimersiafers and trimers of trimers are
shown. The approximate locations of residue E18&listructures are marked with a

white star, as in (B).
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We obtained images of negative-stained samplel mfe@mutants. Not surprisingly,
given their reactivity with the DL16 MAb, T665i5,667i5, 1671i5, and L673i5 look the
same as WT gB730. Images of a representative muié65i5, are shown in Fig. 3-5A.
The overall shape of the T665i5 particles is vemyilar to that of WT gB730 patrticles. In
particular, the “crown” and “base” ends can be s@amticles of T665i5 mutant protein
were measured to be 16.2 + 0.2 nm lamg 6). Particles of V667i5, 1671i5, and L673i5
were of similar size (data not shown). Therefdne,3-amino-acid insertions after
residues T665, V667, 1671, or L673 do not affeetslructure of the soluble ectodomain
of gB globally. We conclude that the T665i5, V6677115, and L673i5 mutant

ectodomains adopt the overall WT postfusion form.

In contrast, E187i5 preferentially formed two kirngfarticles: three-armed particles and
long rods (Fig. 3-5C). The length of each arm mtiree-armed particle was 16.3 £ 0.5
nm (n = 9), indicating that each arm consists of a giBén. We believe that these are
trimers of trimers, joined in a “base-to-base” viegause crowns can be clearly seen at
the tips of several arms (Fig. 3-5C). We measunedength of the long rods to be 33.0 £
0.6 nm (= 5), which is about twice the length of a singimeér. This suggests that each
long rod is composed of a dimer of gB trimers. Ehésners of trimers also appear to be
joined “base-to-base” because crowns can be sdébe apposite ends of the long rods
(Fig. 3-5C,D). So, in the E187i5 samples, two obsertypes of particles consist of either

two or three trimers associating by their “basedsn

Given WT gB730 does not normally associate intdeigorder oligomers, the presence
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of higher-order oligomers of E187i5 suggests thatihsertion of 5 amino acid residues
after residue E187 alters the protein conformatimoallow or, perhaps, force the mutant
protein to associate into dimers of trimers anaéns of trimers. These conformational
changes have no apparent effect on the gross ectiimé of individual trimers because
the length of the “arms” is similar to the lengthtlee postfusion trimer of gB730.
Moreover, the characteristic features of the pestfutrimers, e.g., the “crown” end, are
preserved in the E187i5 mutant molecules. We calectbat whereas the E187i5 mutant
adopts the overall postfusion form, it has sigaificconformational changes at the

“pbase” end of the trimer, which contains domain I.

3.3.6 Local Conformational Changes in the E187i5 Mant are Detected by

Limited Proteolysis
To better understand the nature of the conformatioclhanges that caused the E187i5
mutant molecules to associate into dimers of trenaerd trimers of trimers, we used
limited proteolysis with chymotrypsin to compare tonformation of the mutants to that
of WT gB730 protein. The pattern of proteolyticdnaents of WT gB730, as seen on
reducing SDS-PAGE, has been previously reported84p8 Briefly, chymotrypsin
cleaves gB730 between residues 97 and 98, resddiZzeand 473, and, to a lesser extent,
residues 489 and 490. These cleavage events gefraigent 98-472 (53 kDa),
fragment 473-730 (38 kDa), and a small amountagrrent 490-730 (36 kDa) (Fig. 3-
6). The intact N-terminal fragment 28-97 is nevieserved on gels, probably because this
highly unstructured region is further cleaved iméoy small pieces that are undetectable
(84).
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Figure 3-6 shows representative proteolytic pasiggenerated by limited digestion of
gB730, T665i5, V667i5, 167115, L673i5, and E187ifwchymotrypsin. T665i5,

V667i5, 167115, andL673i5 were digested into fragisesimilar to those seen for WT
gB730 (Fig. 3-6). Surprisingly, treatment of E18Wibh chymotrypsin resulted in two
additional bands migrating at ~35 and ~18 kDa (F@§A3. Although the electrophoretic
mobility of the 35-kDa fragment observed in E18i&Sembled that of the 36-kDa
fragment observed in WT gB730 and containing ressd400 to 730, this fragment
represents a different part of the polypeptide rclagi determined by N-terminal
sequencing. Specifically, its N-terminal residu@2gl, indicating that the 35-kDa
fragment most likely corresponds to residues 2247t The 18-kDa proteolytic product,
also a new band, was found by N-terminal sequertoitggin with residue 98. The
appearance of the 35- and the 18-kDa bands iniglestdcoincided with the
disappearance of the 53-kDa 98-472 fragment (FBAB supporting our hypothesis that
the35-kDa fragment was composed of residues 224 tma#adzhe 18-kDa fragment was

composed of residues 98 to 223.

Residues F223 and H224 are located in domainhiealbése of the shorthairpin (Fig.
3-7). Inspection of the crystal structure clealpws that residues 223 to 224 are not
solvent exposed (Fig. 3-7) and, therefore, areanogssible to protease. Not surprisingly,
neither trypsin nor chymotrypsin cleaves the WTegBbdomain, gB730, in the vicinity
of these residues (18, 84). However, in the E18Wifant protein, chymotrypsin can
clearly access these residues and cleave the pdyitd between them. We conclude

that the 5-amino-acid insertion after residue Ed&87ses a conformational change that
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Figure 3-6: Limited proteolysis reveals a new chymotrypsieasiage site in the
E187i5 gB ectodomain mutant. WT gB730 and five itise mutants were digested
with chymotrypsin at decreasing mass ratios of tsatesto protease, indicated above
each lane. ND, nondigested. For each gel, moleowdess markers are indicated at left
in kilodaltons. (A) Digestion pattern of WT gB730ge 1671i5 mutant, and the E187i5
mutant. (B) Digestion pattern of the T665i5 mutd6¥) Digestion pattern of the
V667i5 and L673i5 mutants. Asterisks indicate pobtec products seen in the WT
gB730 and all mutants. Arrows in the E187i5 digasipattern indicate new bands
absent from the digests of WT gB730 and the othgants. Weak bands
corresponding to chymotrypsin autoproteolysis potslare observed at 15 and 10

kDa in some of the digests at 25:1 and 10:1 sulegr@tease ratios.
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Figure 3-7: Newly identified proteolytic cleavage site in tB&87i5 gB ectodomain
insertion mutant is not exposed in the WT ectodonigB730). (A) The crystal
structure of gB730 is shown as a beige ribbon vatiidues E187i5 in all three
protomers shown as orange spheres. Residues FA23224, the site of
chymotrypsin cleavage, are shown as pink sticks.ddx delineates the region
enlarged in panel B. (B) Close-up view of the regimxed in (A), rotated 90
clockwise relative to the view in (A) and showmolecular surface representation.
Residue E187 for two protomers are shown as orgplgeres and labeled with
arrows; the third E187 residue is situated behmedmolecule and is not visible.
Residues F223 and H224 for one protomer are shewmagenta sticks. Only the tip
of the F223 side chain is exposed, shown as magerf&ce. This figure was
prepared using Pymol (http://www.pymol.org/).
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exposes residues 223 to 224 and makes them adedssjirotease.

3.3.7 E187i5 Does Not Associate with Membrane vidagosome Coflotation

It has been shown that soluble gB730 associatéslywdasomes through the fusion loops
in domain | (75). To test whether the E187i5 mutartitich contains an insertion in the
vicinity of the fusion loops, could be impairedliposome binding, we incubated purified
soluble WT or mutant gB proteins with large unildliarevesicles (LUVs) at 37°C for 1

h. We then added 1 M KCI to eliminate any nonspeeifectrostatic interactions between
the proteins and liposomes (48). Next, each prdtei mixture was adjusted to 40%
sucrose, layered beneath a sucrose step gradieinteatrifuged for 3 h to allow the
liposomes and any associated proteins to flodtdddp of the gradient. Under these
conditions, proteins that fail to bind liposomemean at the bottom of the gradient.
Seven equal fractions were collected starting ftbentop of each gradient and analyzed
by immuno-dot blot using the anti-gB rabbit pAb RE%. 3-8). E187i5 was drastically
impaired in its ability to bind liposomes, wheréls four hinge mutants (T665i5,
V667i5, L673i5, and 1671i5) cofloated with lipososn&milar to WT gB730. Thus, it
appears that insertions in E187i5 affected theaométion of the fusion loops rendering
them suboptimal for proper insertion into the lipigmbranes. Alternatively, the smaller
amount of E187i5 associated with liposomes couldlEeto its aggregation, i.e. the
formation of dimers of trimers and trimers of trireseen by EM. In these aggregates,

the fusion loops are not exposed and thus may aeailable for lipid interaction.

102



Figure 3-8: gB ectodomain insertion mutants stably assoei@te membrane, except
mutant E187i5. Purified soluble WT or mutant progewvere incubated with
PC/cholesterol liposomes at°&for 1 h. Each sample was then incubated in 1 M KC
for 15 min, adjusted to 40% sucrose, and layereedtd a sucrose step gradient.
Gradients were centrifuged for 3 h, fractionatew| analyzed by immune-dot blot
using anti-gB rabbit pAb R69. The E187i5 mutant ingsaired liposome binding,
whereas the two hinge mutants (T665i5 and 167 108pat with liposomes as

efficiently as WT gB730.
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3.4 DISCUSSION

Previous work established that 5-amino-acid ineestin HSV-1 gB after residues E187,
T665, V667, 1671, or L673 result in mutant gB prosethat can be expressed on the cell
surface but are unable to mediate cell-cell fuswien coexpressed with gD and gH/gL
(115). These mutants were also unable to complemgBtdeficient virus, the assay that
serves as a proxy for viral cell entry, and soméamis displayed altered antigenic
properties compared to the WT gB ectodomain (1Thg. results of the study suggested
to us that the mutants were fusion deficient duthiéar inability to adopt the postfusion
conformation. Here, we found that despite the pres®f the 5-amino-acid insertions,
the cavity mutant E187i5 and the hinge mutants T56567i5, 1671i5, and L673i5

were clearly able to adopt the postfusion structatéeast when expressed as soluble
ectodomains in the gB730 background. These reselts unexpected because inspection
of the structure of gB730 along with previous ased\{115) suggested to us that 5-
amino- acid insertions at position E187 and algmoattions T665, V667, 1671, and L673

could not be sterically accommodated in the posifustructure of WT gB730.

3.4.1 Cavity Mutant E187i5

A priori, we hypothesized that the presence of three 5aawid insertions within the
threefold central cavity would cause severe strain; simply put, these extra 15
residues, 5 per protomer, cannot fit into the scaity (115). Therefore, we expected
that this steric strain would prevent gB from folglinto the postfusion conformation.

Instead, we found that the E187i5 mutant adopt®weeall postfusion conformation but
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that there are significant localized conformatioctanges to accommodate the
insertions. We hypothesize that the significantist&rain within the cavity, created by
the presence of the extra residues in the E187tamhus relieved by domains | being
pushed away from one another. This hypothesisgpated by the destabilization of a
MAD epitope, the appearance of a new proteolyte; sind the exposure of buried

hydrophobic residues.

First, the separation of domains | weakens the Ddpi®pe, as evidenced by greatly
diminished DL16 reactivity in the E187i5 mutantti#dugh the exact location of the
DL16 epitope is unknown, judging by MAb competitidata, it is located within domain

| (18). Importantly, DL16 only binds trimeric gBuggesting that its epitope is composed
of adjacent residues on two protomers. The destalliDL16 epitope in the E187i5
mutant strongly suggests that within the E187ién, domains | in different protomers

are not packed as closely together as they akeeilMT gB730 trimer.

The second consequence of the “spreading out” wfadlts | is the exposure of residues
that are normally buried. In particular, we fouhdttchymotrypsin cleaves the E187i5
mutant between residues F223 and H224, in addid@ieaving at the same sites as in
the WT gB730. In WT gB730, residues F223 and H224at accessible to protease,
which means that the E187i5 mutant undergoes coraional changes that result in the
exposure of these residues. We hypothesize thaixtine 15 residues within the cavity
push on the -sheets lining the cavity, causing them to movetapanally, exposure of

buried hydrophobic residues as the result of toif@mational change likely accounts
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for the self-association (aggregation) of E187i%amtimolecules into dimers of trimers
and trimers of trimers, as seen by EM. Such oligsmeobably do not occur in the full-
length, membrane associated mutant protein onithkor cell surface due to the
presence of transmembrane regions. However, th@pldbic regions that become
exposed as a result of insertion would probablgeemven the full-length E187i5 mutant

protein more “sticky” and therefore could interfevieh its function.

3.4.2 Hinge Mutants T665i5, V667i5, 1671i5, and L&I5

The insertions after residues T665, V667, 1671,6%3 would be predicted to lead to
local steric strain. These residues lie withinlthker region that connects domains IV
and V and that descends from the “crown” alongntygrophobic bundle of domain Ili
helices. Such steric strain could be avoided bgldcement of several residues preceding
and following the insertion site. For example, itheertion after residue 1671 would be
predicted to displace not only residue 1671 itbelf also neighboring F670 and D672 and
possibly T669 and L673 as well (Fig. 3-1C). Givbkattthe T665i5, V667i5, 1671i5, and
L673i5 mutants have biochemical and biophysicalattaristics—antibody reactivity,
overall shape, proteolytic sensitivity, and oligoraestate—very similar to those of WT
gB730, we hypothesize that the mutants undergo mimyr local conformational

changes to relieve the steric strain resulting ftbenpresence of five extra amino acids.
Inserted residues probably bulge out, while resdoenediately preceding and

following the insertion change their conformatibng the overall structure of the trimer

is maintained. The conformational changes in tingdimutants are much less

pronounced than those in the E187i5 mutant. Negksls, we speculate that they are

106



probably energetically unfavorable due to the gison of hydrophobic packing and
exposure of several hydrophobic residues to wktarexample, to accommodate a five-
residue insertion after 1671, several buried hytaipc side chains—F670, 1671, and

L673—would need to be removed from the hydrophcbre.

Thus, our results suggest that the postfusion ecordbon of gB is very stable and highly
energetically favorable. gB can assume this condtion even in the presence of
mutations that would be predicted to prevent tmmédion of the postfusion form. The
energetic penalty of having extra residues is oigfinedl by the energetic benefits of
forming the low-energy postfusion form. This higlshable postfusion conformation is
characteristic of other viral fusion proteins, eigfluenza HA and paramyxovirus (PIV3)
F proteins (29, 204). Such stability is probablpvienportant in the fusion process—a
significant amount of energy is released duringveosion of the prefusion form into the
very stable, energetically favorable postfusiomfol his energy is thought to be required

to overcome the high activation energy of mergimg lipid bilayers (79).

3.4.3 Possible Causes of the Fusion-deficient Phéyyme in gB Ectodomain
Insertion Mutants

Why do the five mutants studied here fail to mezl@ll-cell fusion? Our results strongly

suggest that the fusion-deficient phenotype ofiadl mutants is not due to the inability

of the 5-amino-acid insertions to be accommodatete trimeric postfusion

conformation. Although we cannot completely elintenthe possibility that, in the

context of the full-length membrane associatedtgBse insertions may somehow
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prevent the formation of the postfusion form, wendo think this possibility is likely
because of the stability of the postfusion forngBf The ectodomain represents the bulk
of the full-length gB molecule and is an indepenteiolding unit. We find it unlikely

that the mutant ectodomain, when expressed alameagssume the postfusion
conformation, whereas the ectodomain in the corgéttie full-length molecule cannot.
We also cannot exclude the possibility that eacthe$e mutants may cause gB to bypass
the fusogenic prefusion conformation during foldittgus only allowing the ectodomain

to adopt the inactive postfusion conformation. Aligh additional work is necessary to

determine the precise mechanism, we envision sigyesaible mechanisms.

First, the E187i5 mutant might have poorly funcéibfusion loops, which are located at
the tips of the fingerlike -sheet projections in domain | (Fig. 3-1D) (75,. A8
hypothesize that as the result of the insertioer atisidue E187, spreading apart of
domains | pushes apart the fusion loops, therebygmting them from inserting properly
into the lipid bilayer. This spatial separationfugion loops possibly prevents them from
adopting the appropriate conformation for membiasertion. The mutant protein would
then be unable to mediate fusion despite beingtahiefold into the postfusion
conformation. The drastically impaired ability betE187i5 mutant ectodomain to
cofloat with liposomes supports this idea. Nevdeb® we cannot exclude the possibility
that the impaired liposome binding is due to thespnce of higher-molecular weight
aggregates, dimers of trimers and trimers of tramer which the fusion loops are
sequestered at the oligomeric interface and cdonger bind to liposomes. Importantly,

the inability of the E187i5 mutant to function segts that the three fusion domains (one
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per protomer) in their entirety are critical fooper gB function; that is, that the overall
structure of the fusion domains is critical for étion and not just the specific residues

within the fusion loops.

Second, mutants may be defective in binding gHrghe components of the HSV
fusion machinery, gB, gD, and gH/gL, have long b#eught to interact to enable
membrane fusion during viral entry or cell-cellifus Recent studies suggest that gB can
directly interact with both gD and gH during thesifon process, although the precise
nature of these interactions has yet to be detewin®, 10, 68). Given the importance of
coordinated work by these different glycoproteihss reasonable to speculate that
mutations could interfere with fusion due to thahitity of the mutated gB ectodomain to

interact with other viral entry proteins in an agprate way.

Third, hinge mutants may be deficient in bindingBareceptor. gB730 can block HSV
entry into cells that are deficient in heparanaelfproteoglycans (19). This suggests that
it may compete for binding to a cell receptor (89¢h as PILR (160). The MAb SS10

can also block entry into cells that are deficiartteparan sulfate proteoglycans (19),
possibly by preventing binding of gB to its cellutaceptor. Because the SS10 epitope is
located in the vicinity of the hinge region (18)is tempting to speculate that the
insertions in the hinge region may interfere wetheptor binding. Future work, perhaps
including testing these mutants in the context 8L virions, is necessary to explore

this possibility.
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Finally, the T665i5, V66715, 1671i5, and L673i5 raats, although able to fold into the
postfusion conformation, may do so more slowly ti&h gB. This slower rate could,

perhaps, prevent fusion within the timeline of th&ion assay.

In summary, although the mechanism by which sewesairtion mutations within gB

inhibit membrane fusion is yet unknown, we propibee inability to refold into the

trimeric postfusion form is not the reason behimeirt fusion-deficient phenotype.
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Chapter 4: The gB Cytodomain Regulates Fusion by a Uniquehdeism
that Requires Preservation of the Native, Membitam&id Conformation
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4.2 INTRODUCTION

Infected cell fusion is usually limited during arfsM™ infection (21, 52, 161), suggesting
that the activity of the fusion protein gB is tightontrolled. Both gD and gH/gL provide
positive external regulation of gB (7, 8), but sytiel HSV strains indicate gB is also
internally regulated by its cytodomain (24, 25, 83, 70, 133, 134, 194%ynmutations
consist of point, truncation and insertion mutasidimat span most of the cytodomain
sequence (Fig. 1-14A, p.40). Given that each cfeghrautations increases the extent of
fusion, the WT cytodomain is thought to restrictiin, whereasynmutations release
this inhibitory effect. However, the mechanism blyieh the cytodomain regulates the
fusion activity of the ectodomain from across thenmbrane remains unknown.
Investigating how these mutations alter fusion tagon by the gB cytodomain may

provide insight into the properties of the cytodamenportant for wild type regulation.

We previously characterized a subset of kneymmutations containing C-terminal
truncations and identified a correlation betweeirtfusion phenotype and certain
biochemical properties, including membrane assotiand concomitant structural
changes. We showed that truncation up to resid8eg86erated increased fusion in
transfected cells (a phenotype referred to as liiygien) and reduced the ability of
soluble cytodomain protein to bind to membrane nticseand form predicted helices
(33). Truncation at residue 851, reported to beofusull and unable to complement a
gB-null virus (25, 56), abrogated membrane bindind associated structural changes

(33). Together, these data suggested a model whérsion activity is regulated by
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association of the cytodomain with membrane, wimduces structural changes in
predicted helices h2 and h3 in the cytodomain (F@5, p.46). Reduction of this
association causes de-repression of fusion, bupEenloss of membrane binding results

in loss of fusion, suggesting residues 851-86&atieal for fusion (33).

In the present study, we wished to test whetherrtftembrane association model
extended to other types synmutations, particularly point mutations, which &and in
almost all clinically isolatedynHSV strains. Additionally, cytodomains of otherali
fusion proteins regulate fusion by different medbars such as inside-out signaling and
regulation of trimer stability. Therefore, we alstshed to test whether such mechanisms

play a role in regulation of HSV fusion by the aytonain of gB.

4.3 RESULTS

43.1 Choice of Hyperfusogenic Mutants

Biochemical properties of the WT cytodomasgntruncation mutant cytodomains
gB876 and gB868, and the fusion-null mutant cytodiongB851 (the listed amino acid
corresponds to the last residue in the truncatetéjr) were previously characterized by
our laboratory (33). To determine whether the shinehemical properties underlie the
hyperfusion phenotype of g&/npoint and truncation mutants, we chose to charnaeter
the hyperfusogenic point mutants A855V, R858H, ABd4P (Fig. 1-14A, p.40; Fig. 4-

1A). The first two point mutations were found imatal isolates (24, 135, 157), while
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Figure 4-1: Representative trimeric HSV1- gB cytodomain espien constructs
used in this study. (A) Representative construmt&kpression of full-length gB in
CHO cells. (B) Representative constructs used poess soluble Histagged gB
cytodomains irk. coli. (C) All WT and point mutant cytodomain proteing &imeric
by SEC. An overlay of the chromatograms for the 8@ mutant cytodomain
proteins on a 24 ml S200 size exclusion columias. Elution volumes of size

exclusion standards are indicated with arrows altoedraces.
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the hyperfusogenic A874P mutation was previoustyirezered to break the predicted

helix h3 (Fig.1-14A, p.40), believed to play a raidusion regulation (60).

4.3.2 Quantification of Cell Fusion Induced by Hypgusogenic Point and
Truncation Mutants
The fusion phenotypes of the thigaint mutants studied in this work (A855V, R858H,
and A874Pxand the three truncation mutants (gB851, gB868,gB&16) were
previously determined by counting the average nurabeucleiper syncytium in
transiently transfected mammalian cells oobgerving plaque formation in cells
infected with mutant virusgd.4, 24, 25, 53, 60). To confirm the fusion phepety of all
six mutantgFig. 4-1A), we tested them in a quantitative lacise celfusion assay (38,
138, 144). All previously characterizegnmutants(gB868, gB876, A855V, R858H, and
A874P) were hyperfusogeniexhibiting a 2-to-3-fold increase in fusion relaito the
WT protein(Fig. 4-2). While thesynphenotypes of A855V and R858H have not
previously been quantified, our results are in agrent with the ~2-fold increase in
fusion of transfected cells observed for gB876, @B&nd the A874P mutant (60). In

contrast, the truncation mutant gB851 mediately ~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 g6 from Epstein-Barr virus (EBV) (73,
127), corresponding to HSV-1 gB864, has been puslydfound to mediate ~30% of
WT fusion in the absence of EBV gH/gL, which is maily required for fusion (127).

We tested whether any HSV-1 gBnpoint or truncation mutants studied here could
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Figure 4-2: SyngB cytodomain point and truncation mutants mediataparable levels
of fusion of transfected cells. Luciferase prodoictivas used to quantify fusion of CHO
cells mediated by WT gB, truncated gB or gB beaasgnpoint mutation, in the
presence or absence of gD and gH/gL. Transfeciemgtoteins (abbreviated as B, D,
H, and L) are indicted below each bar, and the gstruct used is indicated below each
set of bars. In the “vector” control (V), all plagis except pPCAGGs and pCAGT7 were
omitted. In each experiment, the vector control e#stracted from each sample
(performed in triplicate), and the values are esped as a percentage of WT. Reported

values represent averages of the results of dttle@e experiments.
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mediate fusion in the absence of HSV-1 gD, gH/gbath.

As expected, in the absence of either gD or gHWL,gB exhibited minimal fusion,
comparable to background levels (Fig. 4-2). In castf several hyperfusogenic mutants
exhibited low-level fusion even in the absenceDfay gH/gL (Fig. 4-2). Both the
A855V and A874P mutants mediated ~30% of WT fusiothe absence of gD and
~20% of WT fusion in the absence of gH/gL, while gB8nediated ~20% of WT fusion
in the absence of gD. In all cases, however, tedstrd deviation was high relative to
the magnitude of observed fusion, which has alemIseen with EBV gB816 (127).
While the low-level fusion accomplished by some HEYB synmutants in the absence
of gD or gH/gL may suggest a certain degree ofpedeence from these proteins, all
mutants required both gD and gH/gL to achieve lhegkls of fusion, indicating that they

are likely positively regulated by these proteins.

4.3.4 Hyperfusogenic Mutations Do Not Increase Ceflurface Expression of gB
The hyperfusion phenotype of tegnmutantscould be due to their overexpression on
the cell surface. To tethis, we measured the expression of WT and mut&w-#H gB
proteins on the surface of transiently transfe@etD cells by CELISA (Fig. 4-3A, Table
4-1) or FACS (Fig. 4-3B, Table 4-1, Table 4-2).iRonutants A855V and R858H, as
well as both truncatiomutants, were expressed at WT levels, while pouniamt A874P
showed 1.3-fold higher surface expression thamthig(Fig. 4-3A,B, Table 4-1). Thus,

the hyperfusion phenotype was aatounted for by higher surface expression of gB, i
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Figure 4-3: SyngB cytodomain mutants are not overexpressed ooethsurface. (A)
Surface expression of WT gB asgnpoint mutants in CHO cells was assessed by
CELISA with the -gB pAb R68. Nonspecific binding of R68 to cellssnraeasured with
cells transfected with pCAGGs only (vector contrét)each experiment, the vector
control was subtracted from each sample (presenpiicate). Results were averaged and
the absorbance normalized to WT. An average ofdahkelts of at least three experiments
is reported. (B) Surface expression of WT gipoint mutant A855V and the three
truncation mutants was assessed by FACS using GHOteated with the pAb R68. The
percentage of transfected cells positive for FITghal, indicating bound secondary
antibody, was measured, and the data normalizédTto(C) Overall expression of WT
gB and gB851 in CHO cell lysates was compared bgté/e blot using the pAb R68.

Actin was used as a loading control. MW, molecwarght (in thousands).
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agreement withvhat was previously seen with otlsymmutations in HSV-2 (56, 134,

156).

Interestingly, gB851, which was impaired for fusieras expressed on the surface of
CHO cells at only 10% of WT levels (Fig. 4-3B, Taldl-1). Low expression at the cell
surface correlated with low overall protein expi@sgFig. 4-3C). Therefore, the low
level of fusion observed for the gB851 mutant was tb poor expression. Low
expression of gB851 would probably lead to pooorporation of gB851 into virions,
which may explain the inability of gB851 (and th@responding truncation gB829T in

HSV-2) to complement gB-null virus (25, 56).

4.3.5 Hyperfusogenic Mutations Do Not Alter the Eaidomain Conformation

In some viral fusion proteins, such as Paramyx@krand MoMLV Env protein,
removal of inhibitory C-terminal sequencedhie cytoplasmic domain is thought to
activate the ectodomain féusion by a process termed “inside-out signalirig”1(19,
197). Previously, it was shown using CELISA thadrnionof five amino acids after
either residue T868 or N886 in thgtodomain altered reactivity of the gB ectodomain
with someMAbs (115). Therefore, wypothesized thatynmutations in the
cytoplasmic domain coulalter the conformation of the ectodomain via insidé

signaling, possibly renderingmore fusogenic.

To test this, we express®¥dT or synmutant gB proteins gB868 and A855V in CHO cells

andtested their reactivity with a panel of MAbs in ACS assay. TheddAbs recognize
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conformational epitopes within four of the fidemains of the ectodomain (18) (see
Materials and Methods p.59 for a detailed desaniptif the epitopes of each antibody).
Moreover, one antibody, DL16, ismer-specific and requires intact protomer cotgac
(18). Thus, ifthe conformation of the ectodomain in any mutantewbfferentfrom that
of the WT, we would expect to see a differencesctivity with at least one

conformational MAD.

Each MAb showed slightly different reactivity withe WT gB ectodomain, ranging

from 30% to 60% FITC-positive transfected cellgg(F-4, Table 4-2). Overall, there
were no significant differences in MADb reactivitgttveen the mutants gB868 and
A855V as compared to the WT (Fig. 4-4, Table 4&ilar results were obtained for
mutant R858H (data not shown). These data sudgaistitere are no significant
conformational differences between the ectodomali®T gB, the truncation mutant
gB868, and the point mutants A855V and R858H. Tioeeethese three representative
mutations in the cytoplasmic domain do not chahgeconformation of the gB
ectodomain, making it more fusogenic. We furthgodtiriesize that mostynmutations

do not render the ectodomain more fusogenic byg@sut signaling, although we cannot

rule out the possibility that such signaling ocauarsivo.

4.3.6 Hyperfusogenic Point Mutants Stably Interact with Membranes
Having found no differences in surface expressiothe ectodomain conformation
betweersynmutant and WT gB proteins, we tested whether thagations instead

influenced the conformation or other biochemicalgarties of the cytodomain itself. To
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Figure 4-4: SyngB cytodomain mutations do not alter the ectodornsamformation.
MAD reactivity of the ectodomain of gB expressedios surface of CHO cells was
determined by FACS analysis. Cells were transfesfgd WT gB, thesyntruncation
mutant gB868, theynpoint mutant A855V, or vector. The percentageafsfected
cells positive for FITC signal, indicating bouncteadary antibody, was measured, and

data are presented relative to the total populaifaransfected cells.
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do so, we expressed and purified the cytodomaiadl fiffe mutants and the WT gB as
soluble proteins with C-terminal Ritags (Fig. 4-1B).On the size exclusion column, all
point mutant cytodomains eluted at the expectecouthr mass of the trimeric species,
38 kDa (Fig. 4-1C), indicating that, like the WTtagtomain (33), these point mutant

cytodomains were trimers in solution.

We next tested membrane association of cytodonigim®elution with SUVs using
SEC (Fig. 4-5A,B) (33). Consistent with our presaeport (33), approximately 44% of
WT protein and only 22% of the gB868 truncation amiitcoeluted with SUVs (Fig. 4-
5C, Table 1). Point mutant R858H bound SUVs as agthe WT, whereas point
mutants A855V and A874P bound SUVs better tharViffie with 88% and 60% of total
protein bound, respectively (Fig. 4-5C, Table 1gttBr binding of the A855V mutant

could potentially be explained by its increasedrbptiobicity.

Using a liposome coflotation assay, we furtherfiegtithat protein coeluting with SUVs
was stably bound to the liposomes rather than simggregating in their presence. SUVs
are incompatible with the liposome coflotation gdsacause they do not partition
properly in the sucrose gradient, likely due to poession and fusion during
centrifugation. Instead, we used LUVs of the saiid composition, which are more
commonly used in coflotation experiments. As expécin the presence of LUVs, WT
cytodomain protein was found in both the middle tmlfractions of the gradient,
indicating stable association with the LUVs, and\wagely absent from the bottom

fraction (Fig. 4-5D). Our negative control, theiusimpaired truncation mutant gB851,
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DPH Fluorescence assay

Sucrose gradient

—

Top
&/

5%

Middle
04

25%

Bottom
*&5 40%

Sample Fluorescence

All LUVs 5329.8

No LUVs 193.9
Fri 1855.2
Fr2 953.0
Fr3 640.1
Fr4 449.0
Fr5 388.6
Fr 6 367.7
Fr7 269.1
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Figure 4-5: Membrane binding by the soluble WT and mutantg@®domain proteins.

(A to C) Association of soluble cytodomain protewish anionic SUVs as assessed
using liposome coelution in SEC. Soluble WT proteas passed over a Superose 12
column alone (solid line) or following incubatiornitivanionic SUVs (squares). A.U.
absorbance units. (B) Representative Coomassieestglels of fractions from the
chromatogram shown in (A). The presence of pratethe void factions indicates
binding to the SUVs. (C) Extent of binding was detmed as bound/(bound + unbound)
x 100%. (D and E) Stable association of solubledyimain proteins with (+) or without
(-) anionic LUVs as assessed using liposome cditotan a sucrose gradient. Total
protein was precipitated with TCA out of the top,(fiddle (M,) and bottom (B)
fractions of the gradient (shown in (F)), analybgdSDS-PAGE, and detected by
Coomassie staining (D) or Western blotting perfatmh anti-His antibody (E). (F)
The location of LUVs after spinning the coflotatiassay sucrose gradient (schematic is
shown) was assessed using DPH fluorescence. 25ljpgsomes were placed in the
gradient and centrifuged. The gradient was thertitraated as follows: fractions 1-2 are
removed from the top portion of the gradient; fiaas 3-5 from the middle; and
fractions 6-7 from the bottom. 10 uM DPH was adttethese samples, as well as a
positive control (25 ug LUVs in 25% sucrose solafidll LUVs) and a negative control

(25% sucrose solution; No LUVs), and the fluoreseemeasured.
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did not float with LUVs (Fig. 4-5E), consistent Wwithe lack of binding to SUVs
observed by SEC (33). Localization of the WT pnotei the middle fraction was likely
due to incomplete partitioning of the liposomew®itite top fraction, as seen using 1,6-

diphenyl-1,3,5-hexatriene (DPH) fluorescence (Fegdi5F).

Somewhat surprisingly, all of the cytodomain pamitants as well as the truncation
mutant gB868 cofloated with the LUVs, with littiéany, protein remaining at the
bottom (Fig. 4-5D). This discrepancy between thigotation and coelution assays could
have been due to differences in the cytodomainibgih LUVs (coflotation assay) and
SUVs (SEC coelution assay), which exhibit differdagrees of membrane curvatdre.
Nevertheless, while it appears that there are anqumced differences in binding to
LUVs, unlike the coelution assay, the coflotati@say does not provide quantitative
results. Thus, there could still be differencegred modest, in binding of mutant and

WT cytodomains to LUVSs.

In summary, none of the point mutants showed aedsed association with SUVs
relative to the WT (Fig. 4-5C), which contrastsiwiihe result obtained for the truncation
mutants (33). Moreover, the point mutants A855V AB8d4P bound SUVs better than
the WT. These results suggest that truncation nsitard point mutants may deregulate
fusion by different mechanisms, in which alteredwbeane association plays an

important role. Nevertheless, we cannot rule oetalternative scenario that emphasizes

% The effect of membrane curvature on the abilitgalfible cytodomain protein to bind membrane may be
further explored by measuring binding of cytodonmaiatein to fluorescently-labeled liposomes of
increasing sizes using fluorescence microscopy &ig).
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LUV binding results rather than SUV binding resuitswhich differences in membrane

binding are too small to account for thynphenotype.

4.3.7 Hyperfusogenic Point Mutants Undergo WT-likeConformational

Changes in the Presence of Membrane
Secondary-structurggorithms (JPred) (35) predicted three helicahéncytoplasmic
domain (Fig. 1-14A, p.40), with approximately 50%eaall -helical content. Previously,
we showed that the helical content of the WT cytndm approached the predicted value
only in thepresence of anionic membrane mimetics (33), whigjysstedhat in the
presence of a membrane, certain regions of theloyainundergo conformational
changes from random coil keelix. Syntruncation mutants showed a reduced increase in
helicity in the presence of membranes, which correlated lawtler membrane binding

(33).

We tested whether point mutations in the cytodorsamlarly affect conformational
changes that occur in the presence of membrartle lpresence of liposomes, two point
mutants (A855V an®858H) showed a WT increase in helicity, 17 to 19%biJe mutant
A874P showed a smaller increase in helicity, 12%b(& 4-1 Table 4-3). The lower-
helical content in the third point muta®374P, was probably due to the introduction of
a prolinewithin predicted helix h3 that could disrupt thislik, therebydecreasing its

helical CD signal.

Interestingly, unlike truncation mutants, in paimitants there was no correlation
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Table 4-3Changes in the secondary structure of soluble Wilsgn mutant

gB cytodomains upon membrane association as mebsyréD

Absolute

Soluble PC:PA-to-protein increase in
cytodomain Fusion phenotype molar ratio % helicit§ helicity (%)
gB904 (WT WT No lipids 26.6£1.7

30:1 46.2+ 3.€ 19.4+3.9
WT Hyperfusion No lipids 28.(+£0.7

30:1 42.€+£1.2 14.€+£1.€
gB876 Fusior-null No lipids 2171+ 3.2

30:1 22.1+4.1 0411
gB86¢ Hyperfusior No lipids 26.€+1.€

30:1 45¢+7.2 19.0£ 5.7
gB851 Hyperfusior No lipids 26.1+1.2

30:1 43.2+£5.C 17.0+4.7
A855V Hyperfusior No lipids 25.6£ 2.5

30:1 37.€£8.2 12.0+6.2

2% helicity = [( 22— 2.)/( 22:' — 222)] X 100%
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betweerthe extent of membrane binding and the magnitudeeshcrease in helicity
(Table 4-1). While the A855V point mutasitowed a WT increase in helicity in the
presence of membraii€able 4-1), it bound liposomes better than the {%i§. 4-5C,
Table 4-1). Conversely, the A874P point mutant destrated dower-than-WT increase
in helicity in the presence of membrgfi@ble 4-3), and yet this mutant also bound
liposomes better thahe WT (Fig. 4-5C, Table 4-1). These observatiarggest that
regions that undergo random coil-to-helix transision the presencd# membranes are
not the only ones contributing to bindiagd that additional regions must contribute to
binding as well. Foexample, residue A855 may be located either in¢geon that
directly interacts with the membrane or in the oagihat indirectlycontributes to

membrane interaction.

4.3.8 The Membrane-bound Conformation of the Cytodmain is Protease-
resistant
To better map the structural changes that orctive presence of liposomes, we used
limited proteolysis witlthree proteases with different specificities: tigps
chymotrypsinand V8. In the absence of liposomes, the solublecytfddomainwas
highly susceptible to degradation by all three @ases (Fig. 4-6), which all cleaved
throughout the length of the protein. In the preseof liposomes, however, the
cytodomain was significantly protected from alldbproteases (Fig. 4-6). Specifically,
the entire cytodomain was resistant to V8 cleawalgereas residues 801 to 875 were
resistant to trypsin cleavage. Membrane-bound pretas more sensitive to

chymotrypsin than to trypsin, with cleavage sititeraesidues 807, 849, and 872 (Fig. 4-
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Figure 4-6: The membrane-bound gB cytodomain conformatiortasos a

proteolytically resistant core. (A to C) Digestteans of soluble WT asynpoint mutant

gB cytodomains in the absence or presence of anldsVs with trypsin (A), V8

protease (B) or chymotrypsin (C). Representatils gee shown. The protease-to-

protein ratio is indicated above each lane. ND digested. (D) Sequence of WT or the
R858H mutant HSV-1 gB cytodomain with superimposgalpoint mutations and

locations of experimentally determined proteasavidge sites in the absence or presence

of LUVs. The proposed secondary structure is shbameath the sequences.
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6A,C,D). Interestingly, residue Y849, located ie thiddle of the predicted helix h2, was
the site of chymotrypsin cleavage with or withowgmbrane, suggesting that helix h2

likely contains a break near this residue.

Protection from proteolysis implies that the memlerédound conformation of the
cytodomain includes a proteolytically resistantectirat encompasses residues 807 to 872
(Fig. 4-6D). The alternative explanation, that podion is achieved solely by association
of the cytodomain with the membrane, e.g., viadgrae shielding or insertion of
protected residues into the lipid bilayer, is lissly, considering the extent of

protection. Surprisingly, residues 818 to 844 waaected from proteolysis under all
conditions (Fig. 4-6D), despite the presence & potential V8 protease cleavage sites
within this region. This region is likely concealegthin the cytodomain trimer even in

the absence of membrane.

The C terminus of the cytodomain remained protécdilyy susceptible even in the
presence of the membrane and is probably not aop#re protein core. Nevertheless, the
C terminus also changed its conformation in thagmee of the liposomes. Trypsin
cleaved after residue R882 in the absence of lipesdut after residue R885 in the
presence of liposomes (Fig. 4-6D). Additionallytlwe presence of liposomes, a new
chymotrypsin cleavage site appeared after resid89YFig. 4-6D). Thus, membrane
interaction likely induced a conformational changhin the C terminus of the

cytodomain that shielded residue R882 and expasadues R885 and Y889.
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4.3.9 The R858H Mutation Altered Protease Resistance ohe Membrane-
bound Cytodomain
In the absence of membrane, the protetessvage pattern of each of the point mutants
was either theame as or very similar to the WT pattern (FigA4-6). TheA855V and
A874P mutants were somewhat more susceptibigpsin cleavage than the WT, but
their cleavage producteatched those observed for the WT by SDS-PAGE aisa{¥fig.
4-6A). Mutant R858H lost three trypsin cleavages#fter residuds862, K866 and
K875 but gained an additional cleavage site a#teidue K807 (Fig. 4-6D). Thus, while
the mutants possiblyad slightly different conformations in solutiorlatve to thewT,

in the absence of membrane they all were stilliBaantly susceptible to proteolysis.

In the presence of LUVSs, all point mutants, like iNT, were significantly protected

from proteolysis (Fig. 6A-C). This suggested tmaboth the WT cytodomain and the
point mutants, membrane binding induced large aométional changes resulting in
formation of a protease-resistant core. A855V aBd@d4® mutants had cleavage patterns
similar to the WT patterns with all three protead&g. 4-6A-C), which indicated that
their membrane-bound conformations were simildh&d of the WT. In contrast, the
R858H mutant was more susceptible to trypsin digesbeing cleaved at two additional
sites, after residues K807 and R844 (Fig. 4-6Allreased protease susceptibility of
R858H likely stemmed from mutation-induced confotigr@al changes in the membrane-

bound form.

4.3.10 Hyperfusogenic Point Mutations Do Not Affecthe Cytodomain Stability
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Increased proteolytic sensitivity of the R858H nmiiteould reflect a more loosely packed
protein core. We tested the overall stability af YWT, A855V and R858H mutant
cytodomains by CD using chemical denaturation wrtéha (Fig. 4-7). Interestingly, both
point mutants were as stable as the WT (Fig. 4vith similar free energies of folding
(Table 4-1). While the WT stability of the A855V mamt is consistent with its WT-like
resistance to proteolysis, the WT stability of R&#58H mutant suggests that this
mutation has a local rather than a global effedhenrmembrane-bound conformation of

the cytodomain.

Taken together, our results suggest that point tioas R858H and A874P cause local
conformational changes in the membrane-bound cytadig detected by limited
proteolysis and CD, respectively, that could pagdigtcontribute to the hyperfusion
phenotype. The A855V mutation may also cause d tmodgormational change that
manifests itself as 2-fold-higher binding to SUV¢e hypothesize that, while altered
membrane binding could contribute to the hyperfagibenotype of the A855V and
A874P mutants, the hyperfusion phenotype of allantgt is likely caused by local

perturbation of the cytodomain conformation.

4.4  DISCUSSION

Previous studies of hyperfusogenic gB mutants fseweral herpesviruses, including

HSV-1, HSV-2, and EBV (14, 24, 25, 45, 53, 56, 6B, 73, 127), suggested that the
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Figure 4-7: Stability of the WT, A855V and R858s{/nmutant gB cytodomains as
assessed by CD with urea denaturation. The pegewnfahe protein unfolded at each

concentration of urea is plotted against the uozentration.
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cytoplasmic domain of gB plays a regulatory roléusion. To gain insight into the
mechanism by which the cytoplasmic domain of HSyBlregulates membrane fusion,
we took advantage of a panel of previously idesdifC-terminal truncations and point
mutations in the cytodomain that alter the extériision. Our previous work identified
a correlation between certain biochemical propgriiamely membrane association and
concomitant changes in regular secondary strucame the hyperfusion phenotype of
severakyntruncation mutants of HSV-1 gB (33). Here, we exjethour mutant analysis
to synpoint mutants, several of which occur spontanequsltest whether this

correlation extended to this different class obdgimain mutants.

44.1 SynMutations Do Not Affect gB Surface Expression or te Conformation

of the Ectodomain
All testedsynmutants, truncatioand point, were hyperfusogenic, exhibiting a 2-t0-3
fold increasen fusion relative to the WT. The hyperfusion phepe of all fivetested
synmutants required the presence of gD and gH/gL, gévangh some mutants mediated

low-level fusion in the absence giH/gL or gD.

The most obvious explanation for the hyperfusioarmtypeof gB mutants would be
their increased expression on the seliface. Previously, it was proposed that the
hyperfusion phenotypef the EBV gB truncation mutant gB16 was due to increased
surfaceexpression (127), presumably because the truncalilmmatedthe putative ER
localization signal (RKRR) (73, 127). We did rimid this to be the case for any of the

testedsynmutants, truncatioor point, consistent with previous observationsi&V-2
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synmutantsjncluding mutations in the YXXendocytosis motif (56, 134, 156). While
increased surface expression may cause the hypmerfpisenotype in this EBV gB

mutant, it does not underlie the hyperfusogenigaftthe HSV-1 gBsynmutants.

We next hypothesized thegnmutations in the cytodomain of gB may alter the
conformation of the ectodomain. This type of comroation between domains separated
by membrane, often referred to as inside-out siggahas been observed for other viral
fusion proteins such as the F protein from Paramiydses PIV5 (197) and Nipah virus
(2), Env from several retroviruses, including MoMI(Y, 119), HIV (202), and simian
immunodeficiency virus (SIV) (173), and possiblyotWSV-1 gB insertion mutants

(115). Inside-out signaling also exists in nonfagmwoteins such as integrins (162, 203).
In all these cases, mutations in the cytoplasmmalo result in an altered conformation
of the ectodomain and, as a consequence, its @iignetion. For HSV-1 gB, a viral

fusion protein, this altered conformation could méaat the ectodomain is more
fusogenic because it adopts an intermediate corfitomalong the path from the
prefusion to the postfusion conformation. We fomadsignificant differences in the
antigenic properties of the WT and seveyaimutant gB ectodomains and conclude that
they all adopt similar conformations. Theref@gnmutations in the gB cytodomain do
not appear to convert its ectodomain into a mosedenic conformation. Nevertheless,

we cannot exclude the possibility that inside-aghaling may take place during the
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fusion process or require other entry glycoprotéiRature research will address these

and other possibilities.

4.4.2 The Fusion-null Phenotype of gB851 is Due Roor Expression

The gB truncation mutant gB851 and the correspanttumcation gB829T in HSV-2
were previously described as null with respecugidn due to their inability to
complement a gB-null virus (25, 56), which ledhe idea that residues 851 to 868 in
HSV-1 were essential for fusion. We found thatdB851 mutant was expressed on the
surface of CHO cells at 10% of WT levels due torpmeerall protein expression. This
may have been due to low-level expression of time @& to expression of a misfolded
protein that is rapidly degraded. Interestinglyg tasion-null HSV-2 truncation mutant
gB829T displayed punctuate immunofluorescenceisiginear the center of the cell,
indicative of a misfolded protein, yet surface-eeqaed gB829T reacted with the
conformation-specific MAb DL16, suggesting that timsited gB829T protein that
reaches the cell surface is properly folded (56)pApose that limited protein
expression and the resulting poor incorporatiothefHSV-1 gB851 mutant into virions
likely accounts for its inability to complement B-gull virus. Given that the gB851
mutant mediated 30% of WT fusion despite being esged at only 10% of WT levels, it

should not be referred to as fusion null. Thesalte$ighlight the importance of

* We also cannot exclude the possibility that sughading or other properties of the cytodomain rtiots
may alter the kinetics of gB-mediated fusion, whicly contribute to the hyperfusion phenotype.
However, we do not believe this is likely, as a atioh in the ectodomain known to increase the oéte
viral entry does not alter the extent of fusiore(féy. 5-2B, p.157). Nonetheless, it may be intergso
verify this hypothesis by testing the cytodomaintamts in a kinetic cell-cell fusion assay.
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conducting mechanistic studies with point mutaasspoint mutations, unlike

truncations, typically have a less severe effegbrartein expression.

4.4.3 The Cytoplasmic Domain Adopts its Fully Foldgé Conformation Only in
the Presence of Membrane

According to secondary structyseedictions, the gB cytodomain is approximately 50%

-helical. However, this secondary-structure conigaichieveanly in the presence of
anionic membrane mimetics (33). We atbmwed previously (33) and confirmed here
that the cytodomaistably associates with membranes. To charactdreenembrane
boundconformation of the ectodomain in more detail, wedlimited proteolysis. In the
absence of membrane, the soluble ¥yfodomain was highly susceptible to degradation
by multipleproteases. These proteases have different segspeciicities but all
cleave throughout the length of the protein. Inghessencef membrane, however, the
bulk of the cytodomain was significantbyotected from all three proteases, with only its
C terminugremaining proteolytically susceptible. While suebtpctioncould, in
principle, be explained simply by association @& ¢todomain with the membrane, e.g.,
via liposome shielding or insertion of protectedidees into the lipid bilayer, it is more
likely that the membrane-bound conformation of¢godomainincludes a stable,
proteolytically resistant core that encompagseglues 807 to 872. We propose that the
cytodomain is fullyfolded only in the presence of the membrane. Cenisid that inthe
viral envelope or in cellular membranes, the cytodm of gBis always in proximity to
the membrane, the fully folded, membrane-bound foftihe cytodomain likely

represents its nativenformation.
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Surprisingly, we found that residues 818 to 844enwest susceptible to proteolytic
cleavage in either the absence or presence of naempdespite the presence of five
potential V8 protease cleavage sites within thigare. A large portion of this region,
residues 819 to 835, is not predicted to have a&fineld secondary structure and is
mostly hydrophilic. This region is probably shieldieom proteolysis by other regions of
the cytodomain. Of note, only osgnpoint mutant, D836A in HSV-2, falls within this
range. In contrast, the majority of the cytodonmsequence contains a number of point
mutations that induce hyperfusion. We hypothediz¢ tesidues 818 to 844 may be
important for the overall stability of the cytodomauch that mutations in this region

may be deleterious to viral replication and, theref selected against.

4.4.4 A Model for the Fully Folded Conformation ofthe Cytodomain

Combining our proteolysis and CD data with secopdéucture predictions, we propose
the following model for the native, membrane-bogndformation of the cytodomain
(Fig. 4-8).The N terminus of the cytodomain, residues 79610, & predicted to form a
continuous helix with the transmembrane region. E\av, helix h1 may have a kink or a
break near residue M806, which is cleaved by chyypsin even in the presence of the
membrane (Fig. 4-6D), and is therefore shown asdwhla and hlb in the model (Fig.
4-8). Because we found that attaching a small nimagon domain to the N terminus of
the cytodomain resulted in misfolded protein (se22p.187), the N termini of the
cytodomain are shown as not interacting. This tedsab implies that the TM helices
probably do not interact within the plane of thenmbeane. Interestingly, the crystal

structure of the prefusion form of VSV G suggektt its transmembrane segments are
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Figure 4-8: Model of the native, membrane-bound conformatibthe gB cytodomain.
Three protomers are shown in different colors. ¢ésliare depicted as cylinders and

labeled with one protomer.
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too far apart to interact (153).

Further along the cytodomain polypeptide, residRliEsto 844 are resistant to protease
cleavage and appear protected regardless of whbinenembrane is present. Since no
secondary structure is predicted for this regiam,model shows it as a random coil core
in the middle of the cytodomain trimer. The predithelix h2 is shown as two helices,
h2a and h2b, in our model (Fig. 4-6D, 4-8) becaas&lue Y849 is susceptible to
chymotrypsin cleavage even in the presence of mamebinterestingly, the R858H
mutation within putative helix h2b makes residuel®8&ithin putative helix h2a
sensitive to trypsin cleavage. It is tempting te@pate that these helices may interact,
possibly through salt bridges that could be formgdnany positively and negatively
charged amino acids within both putative heliceasruption of a putative salt bridge by
the R858H mutation could potentially explain why4R&8s more accessible to trypsin.
Helices h2a are predicted to form a coiled-coilifgtals (20)) and so are shown as part

of the trimer contacts in our model.

The putative helix h3 is predicted to include resisl 870 to 883; however, due to the
presence of protease cleavage sites after res8¥ize875, and 885, we hypothesize that
helix h3 encompasses residues 876 to 885. This isdikely involved in membrane
interaction, because its removal decreases membradimg (33). It is also possible that
helix h3 interacts with other regions of the protdtinally, the C terminus of the

cytodomain likely remains unordered but may asseciath the membrane.
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Although our model incorporates several importdrgesvations, it does not explain the
nature of the extensive conformational changesimitie cytodomain that accompany
membrane binding. This model underscores the reddtermine the structure of the
cytodomain, which would help identify precisely whiresidues are part of the protein
core and which are available to associate with ntan# The structure would reveal
which regions of the protein interact, perhaps axphg the mechanism by which
mutations R858H and A874P may induce local conftional changes. The structure
would also clarify why residues 818 to 844, whicé predicted to be unstructured, are
proteolytically resistant. Finally, the structur@ayralso provide some insight into why
naturally occurringgynmutations are confined to two “hot spots” withie ttytodomain
sequence and why mutations in other regions optb&ein, e.g., residues 818 to 844, are
selected against. Our results highlight the impuartaof determining the structure in the

presence of membrane to ensure that the nativeoation is being studied.

4.4.5 Altered Membrane Binding May Play a Role inthte Mechanism of Fusion
Deregulation
We previously observed a correlation betwdenhyperfusion phenotype, reduced
membrane bindinggnd lower helicity in the presence of membrand&é@syntruncation
mutants gB876 and gB868 (33). Unliggntruncation mutantsjone of thesynpoint
mutants showed reduced membrane association. Quotiteary, two mutants (A855V
and A874P)ound membrane better than the WT, while one puouttnt(R858H)
displayed WT membrane association. Thus, whilecedmembrane binding may be a

part of the mechanism hyhich syntruncation mutants deregulate fusion, this is het t
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case for theynpoint mutants. Altered membrane binding by fotifive synmutants
suggests that membrane binding, specifically with &inity, may play a role in the
mechanisnof fusion regulation. One can envision an “on/o#ahanism'whereby the
cytodomain is required to release its associatitin membrane to some extent during

the fusion process.

These differences in the extents of membrane bgnbynfoursynmutants were detected
by coelution with SUVs but not by cofloatation withlVs. An alternative explanation,
which places more weight on the cofloatation resust that altered membrane binding is
not a part of the mechanism by whgynmutations deregulate fusion. While we do not
favor this conclusion due to the qualitative natiréhe coflotation results as opposed to
the quantitative data obtained using coelution grpents, we concede that altered
membrane binding probably plays only a small rol&usion deregulation by thsyn

mutants.

4.4.6 Preservation of the WT Conformation is Neceasy for Fusion Regulation
The three point mutants studied here differed ftoe"WT cytodomain in different ways,
which initially suggestethat they may deregulate fusion by completely déffe
mechanismsSpecifically, only mutant R858H demonstrated inseghproteolytic
sensitivity, only mutant A874P had lowethelical content, and only mutant A855V
showed a dramatic increase in extent of bindingw¥s. Importantly, however, all

mutations appear to induce conformational changdgsnithe cytodomain.
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Point mutant R858H displayed differences in protiolsensitivity in predicted helices
h1lb and h2a, which points to local conformatiorerges caused by the R858H
mutation, which is located in predicted helix hZherefore, the hyperfusion phenotype
of the R858H mutant could potentially be explaibgdhe altered cytodomain

conformation.

The lower -helical content in the point mutant A874P wasiatly attributed to the
helix-disrupting effect of the proline introducedthe middle of the predicted helix h3
(60). Our proteolysis data suggest, however, #sitiue A874 lies outside putative helix
h3. If this is, indeed, the case, the A874P mutatimuld reduce helicity by reorienting
helix h3 in a way that would render it unable ttemact with another region of the

cytodomain required for its stabilization.

Better binding of SUVs by the A855V mutant coulddxglained by the increased
hydrophobicity of residue 855. According to our rab(Fig. 4-8), this mutation lies
within predicted helix h2b, and although our modieés not depict helix h2b interacting
directly with membrane, it is possible that altehgdrophobicity of helix h2b could

disturb other intramolecular contacts importantrfembrane binding.

Taken together, these data suggest that whilerdese mechanisms by whislgnpoint
mutants deregulate fusion may differ somewhatytigkerlying theme that unites these
mechanisms is a perturbation of interactions withecytodomain itself. We have found

evidence of conformational changes in each ofiheesynpoint mutants studied here:
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increased proteolytic sensitivity of helices hlld &2a in the R858H mutant; decreased
overall helicity of the A874P mutant due to a pbksdestabilization of predicted helix
h3 as well as other helices; and increased binafirglJVs by the A855V mutant, which
may have resulted from increased hydrophobicitywithe predicted helix h2b. Each of
these mutations likely alters the intramoleculartaots of the cytodomain, and we
hypothesize that these perturbations of the fulgidd, membrane-bound cytodomain

conformation lead to fusion deregulation.

The conformational changes induced by these mutatimay affect the cytodomain in
other ways that, while not detected by our assagrsinfluence the fusion phenotype. For
example, these mutations may alter contacts wetipted helix hla, which is predicted
to be contiguous with the transmembrane helix bay ot be fully folded in its absence.
Additionally, the cytodomain may undergo functidgamportant structural changes as
the ectodomain proceeds from the pre- to postfustoriormation (an outside-in

signaling mechanism) which may be affected by tmestations. Obtaining the structure
of the membrane-bound cytodomain will be necestafylly understand the effect of

synpoint mutations on the structure of the cytodonaaid, therefore, its function.

Cytoplasmic domains of several viral fusion proseirave been shown to regulate fusion
through regulating stability of the cytoplasmid.t&ior example, in Paramyxovirus fusion
protein F, fusion is regulated by the length oftigtoplasmic tail such that viral isolates
with longer cytoplasmic tails are less fusogenantthose with shorter tails (197).

Fusogenicity is controlled by the stability of therotein trimer, with a longer
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cytoplasmic tail repressing fusion by increasing $hability of F protein trimer and a
shorter cytoplasmic tail promoting fusion by redwgcthe trimer stability (197).
Similarly, in MoMLV Env, the C-terminal R-peptidepresses fusion, presumably by
stabilization of the Env trimer (183). Our datasttbatsynmutations do not affect
cytodomain stability, and thus this model doesapgtly to the HSV-1 gB cytodomain.
Furthermore, unlike the other viral cytodomainsjalitconsist of relatively short,
somewhat unstructured tails, our data show thatyt@lomain of HSV-1 is an

independently folded domain.

Our data do not support the presence of insidesignaling mechanisms or the trimer
stabilization mechanisms employed by some paramgx®es and retroviruses. Instead,
the intimate association of the gB cytodomain whith membrane and the large
conformational changes induced by membrane asgwotiaint at a unique mechanism.
Direct structural information on the cytoplasmian will be indispensable for full
elucidation of this mechanism, which, in turn, naég the development of antiviral

therapeutics aimed at preventing herpesvirus entry.
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Chapter 5: Effect of gH Cytotail Mutations on the Fusion Aty of gB
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5.2 INTRODUCTION

The HSV fusion machinery is subject to a multi-lenagulatory mechanism. In addition
to activation by the gD/receptor interaction andgb/gL, the fusion activity of gB
appears to be restricted by its cytoplasmic domihe. 14-amino-acid cytoplasmic tail
(cytotail) of gH may also be involved in fusion,itsdeletion, replacement, or
acquisition of an insertion mutation abolished daswithout altering surface expression
(77, 87, 94). Additionally, mutations within reseki830-832 in the gH cytotail (“SVP
motif”; Fig. 5-1) suppressed syncytia formatiorcells infected with theynHSV-1

strain ANG (23, 199), which contains the mutatic86AV in the gB cytodomain (157).
Truncation after residue 832 (gHSVP) (Fig. 5-1) hadild inhibitory effect, suppressing
syncytia formation <2-fold compared to WT gH (199phwever, when coupled with the
mutation V831A, this new mutant (QHSAP; Figure Sti)ibited syncytia formation

~15-25-fold (199). The effect of the point mutateone on fusion was not tested.

We hypothesize that the gH cytotail mutation gHS\WE gHSAP suppressed the
syncytial phenotype of HSV-1 strain ANG by reducthg fusogenicity of gB. The
ectodomains of gB and gH/gL are thought to intefac®, 32), so this suppression could
result from direct interaction of the gH cytotailtwvthe gB cytodomain. However,
previous experiments were conducted in infecteld eath a complex mix of viral
proteins, any of which may contribute to this eff@herefore, we wished to exclude
potential contributions of other viral proteins whevaluating whether these mutations in

the gH cytotail were sufficient to alter the fusiactivity of gB. To do so, we used two
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virus-free quantitative cell-cell fusion assayswvinich fusion occurs only in the presence
of gB, gD, gH, gL and a cellular gD receptor. Wageated and tested three gH cytotail
mutants, including gHSVP and gHSAP, as well asvB81A mutation in the context of
the full-length cytotail (gHV831A), which has preusly not been characterized (Fig. 5-
1). We asked whether these mutations in the gHaiytoere sufficient to alter the fusion
activity of gB in this minimal system. Additionallywe used soluble gB and gH
cytoplasmic domains in an vitro pull-down assay to assess whether these domains

interact, potentially pointing to a direct regulgtanechanism for gB by the gH cytotail.

5.3 RESULTS

5.3.1 Choice of gH Cytotail Mutants

Mutations within residues 830-832 (“SVP motif” (28) the gH cytotail affected fusion
of cells infected with a syncytial strain of HSVA3, 199). A V831A mutation coupled
with truncation after residue 832 had the stronglsnotype in suppressing syncytia
generated by the g8/nmutant A855V (gBA855V). Suppression of syncytianfiation
by the single V831A point mutant has not been eatall, but we expected it to be as
substantial as that of the gHSAP mutant. We geeétéie original truncation at residue
832 (gHSVP) and this truncation mutant coupled \hh V831A point mutation

(gHSAP) as well as the single V831A point mutatd{@31A) (Fig. 5-1).

153



Figure 5-1: gH cytotail mutant constructs used in this wdtkint mutation V831A is

denoted in bold.
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5.3.2 gH Cytotail Mutations Do Not Suppress Fusiom a Virus-free

Cell-cell Luciferase Fusion Assay
To evaluate the effect of the gH cytotail mutationsgB fusogenicity, the contribution of
other viral proteins expressed in infected celld tuabe excluded. To achieve this, we
tested the effect of these mutations on fusiongaantitative virus-free cell-cell fusion
assay that uses luciferase expression as a reaideeit-cell fusion (38, 138, 144) (Fig.
1-11A, p.30). In this setting, only four viral peis (gD, gH, gL, and gB) and a cellular
gD receptor are required for fusion of transfeatells. This assay has been extensively

used to study the cell-cell fusion mechanism.

We tested the effect of gH cytotail mutants on Bafth gB fusion and on hyperfusion
due to thesyngB mutation A855V (gBA855V) found in the HSV-1 AN$krain (157).
None of the mutants suppressed fusion in the peeseinWT gB, although gHSVP
generated a mild hyperfusion phenotype (~150% fustative to WT gH) (Fig. 5-2A).

In contrast, gHSVP suppressed hyperfusion in teegirce of gBA855V, reducing it
from ~200% to ~150%, consistent with the mild (ldsmnttwo-fold) suppression of the
HSV-1 ANG synphenotype observed earlier (199). Surprisinglyhapresence of
gBA855V, neither the gHSAP mutant nor the gHV831Atamt suppressed the
hyperfusogenic phenotype of gBA855V (Fig. 5-2B)spite the ~15-25-fold suppression

of HSV-1 ANG syncytia formation by gHSAP reporte@yiously (199).

The HSV-1 ANG strain carries an additional gB migtatVV553A, which increases the

rate of viral entry (24, 157). Its effect on cedlidusion has not been characterized. The
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Figure 5-2: Effect of gH cytotail mutations in the virus-freeiferase cell-cell fusion
assay. In all experiments, transfected glycopretane indicated below each bar (BDHL),
and are WT unless otherwise indicated. (A) Lucdgerproduction was used to quantify
fusion of CHO cells transfected with gB (WT or A88%s indicated below the bars), gD,
gL, and either WT or mutant gH, as indicated bykéeg. (B) Fusion of CHO cells
transfected with either WT gB, single mutants gBB8wr gBV553A, or the double
mutant gBV553A/A855V, as indicated by the key, &ad gD, gL and either WT gH or
gHSAP, as indicated below the bars. In each exmaiyhe vector control was subtracted
from each sample (performed in triplicate) andvaklies expressed as a percentage of

WT. Reported values represent an average of dttleae experiments.
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presence of the single V553A point mutation in g bt affect fusion (Fig. 5-2B).
Likewise, the fusion phenotype of the double gBanttv553A/A855V was similar to
that of the single mutant gBA885V, regardless oéthler WT gH or the gHSAP mutant

was tested (Fig. 5-2B).

5.3.3 When Cell-cell Fusion is Measured Directly, gSAP Suppresses Both
Fusion and Hyperfusion
The lack of fusion suppression by the gHSAP mutatriansfected cells was surprising.
While our quantitative luciferase assay recapiagddhe hyperfusion phenotype of several
knownsyngB mutants, including gBA855V (Fig. 4-2, p.11%)measures cell-cell fusion
indirectly. By contrast, the fusion suppressionrgitgpes of this and other gH cytotail
mutants were previously assessed by directly cogrstiyncytia generated in infected
cells (199). To ensure that the apparent lack sibfusuppression by the gHSAP mutant
was not an artifact of the indirect fusion readaouhe luciferase assay, we also measured
the effect of the gH cytotail mutants on fusiondmynting syncytia formed upon fusion
of transfected cells (Fig. 1-11B, p.30). For trssay, C10 cells derived from B78H1 cells
and expressing the gD receptor nectin-1 (107) waresfected with gB and gH/gL, and
fusion between neighboring cells was triggered wialuble gD306 as described
previously (7). We used soluble gD306 instead dfitexhally transfecting C10 cells with
full-length gD because the use of the latter sfpateelded a high amount of fusion in all
samples, which could not be accurately countedi(dat shown). Therefore, to better
qguantify any potential differences in the fusiorepbtypes of the gH cytotail mutants, we

chose to reduce the overall amount of fusion lgg#rting fusion with soluble gD306.
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Immunofluorescence with the anti-gH pAb R137 wasdu® visualize the cell surface,
while nuclei were visualized by DAPI staining, acells were imaged by confocal
microscopy. Images were collected at X20 magnificefFig. 5-3A, B), and syncytia

(Fig. 5-3C) were guantified in each image (Tablg, Big. 5-3D).

As with the luciferase assay, no significant supgian of either WT fusion or gBA855V
hyperfusion was observed with either the gHSVPHV&31A mutants (Table 5-1, Fig.
5-3D). But when the gHSAP mutant was present, veeed more than 2-fold
suppression of fusion with WT gB and more than |8-Buppression of hyperfusion with
gBA855V (Table 5-1, Fig. 5-3D). Reduced fusion waglent both in the reduced
number of syncytia and the reduced average nunfberotei per cell (Table 5-1). Thus,
when cell-cell fusion was measured directly, th&SgiR? mutant recapitulated the fusion

suppression phenotype observed in infected ce#s) & to a lesser extent.

534 C-terminal Truncation Slightly Decreases Sudce Expression of gH in
CHO Cells but Not in C10 Cells
To determine the effect of surface expression efgiH cytotail mutants on fusion, we
measured the expression of WT and mutant gH osulfface of transiently transfected
CHO or C10 cells using an FACS protocol (165). &ceflevels of gHSAP and
gHV831A were indistinguishable from WT gH levelshath cell types as judged by both
the percentage of positive cells and by their nfeamrescence intensity (Fig. 5-4A-C),
but the truncation mutant gHSVP was expressedlgtc®® of WT levels in CHO cells

(Fig. 5-4A,C). Lower expression of gHSVP was obsdrin CHO cells regardless of
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Figure 5-3: Effect of gH cytotail mutations in the virus-fregncytia counting cell-cell
fusion assay. Fusion of C10 cells transfected gB{WT or A855V, as indicated at left),
gL and gH (WT or a cytotail mutant, as indicatedabthe images) was triggered with
soluble gD306 and the cells stained with the aHtipd\b R137 and a FITC-conjugated
secondary antibody. Nuclei were stained with DAFRIN images for each sample were
collected at X20 magnification on a Nikon A1R cordbmicroscope and quantified. (A)
Representative images for each sample are showrghlistaining (green) alone to
highlight the general syncytia morphology. (B) Meilighages of both gH (A) and DAPI
staining. (C) A typical syncytium, in which the neicdisplay a “necklace” pattern. (D)
Quantification of syncytia from C10 fusion assagnpées. C10 cells were transfected with
gB (WT or A855V, as indicated below the bars), ghd either WT or mutant gH, as
indicated by the key, and incubated with solubl8@& Syncytia were defined as
fluorescent membranes containing three or moreenwanhd only nuclei that were more
than 85% enclosed by the membrane were countethrFgsexpressed as the product of
the total number of syncytia and the average nurabeuclei per syncytium. Data are
normalized to fusion with WT gB, gH, gL, and gD.{J®eted values represent the mean of

two experiments.
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TABLE 5-1: Quantification of cell-cell fusion of C10 cellsahsfected with gH cytotail

mutants
Transfected Total Avg. no. nuclei/ Total fusion % of WT
glycoproteing syncytia syncytium events fusior?
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 55 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

4All proteins are WT unless otherwise indicated.

"Different amounts of fusion were observed for sample replicates due to the confluency of
cells at the time of transfection. To account fase differences in overall fusion, samples were

normalized to the corresponding WT sample preparetthe same date.
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whether it was coexpressed with gL alone or withgB (WT or A855V), and gD (Fig.

5-4A,C).

5.3.5 gB Surface Expression is Not Altered by gH @gtail Mutations

We tested whether the reduced fusion phenotyp&i8fd was due to altered surface
expression of gB by measuring binding of the aBtip#\b R68 to gB (WT or A855V)
expressed in transiently transfected CHO or C18 gela FACS assay. To mimic the
fusion assay conditions, CHO cells were additignmfinsfected with gD, gL and gH
(either WT or one of the three mutants), while €C&0s were transfected with gL and gH
(WT or mutant). The surface levels of gB, as judggdboth the percentage of positive
cells and by their mean fluorescence intensity evggmilar whether WT or mutant gH
was expressed together with gB (WT or A855V), WTagid, in CHO cells, gD (Fig. 5-
4D-F), indicating gH cytotail mutations do not exireir effect on fusion by altering

surface levels of gB.

5.3.6 The gB Cytodomain and the gH Cytotail Do Naiteract In Vitro

Mutations in the gH cytotail can potentially influge the fusion activity of gB through a
direct interaction between the gB cytodomain ardgH cytotail, which we evaluated by
testing binding of the purified gB cytodomain teegt-tagged gH cytotail peptides (Fig.

5-5A) in anin vitro pulldown assay.

In an attempt to induce folding of its native camfi@tion (165), gB cytodomain protein

was incubated with LUVs before being applied tareptactin column pre-loaded with
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Figure 5-4: gH cytotail mutations have a minimal effect ot sarface expression of gB
and gH, as assessed by FACS. (A) Surface expressgi/gL on CHO cells, as assessed
by FACS with the pAb R137. CHO cells were transfdawith either 2 g each of gH

(WT or mutant, as indicated by the key) and WT gl or 1 g each of gB (WT or
A855V, indicated below the bars), WT gD, WT gL, aither WT or mutant gH DNA, as
indicated by the key. For each sample, the numbeansfected cells that bound R137
(“R137+") was quantified and normalized to WT, d@hd average of at least three
experiments is shown. (B) Surface expression ofjgtdh C10 cells as assessed by
FACS. C10 cells were transfected with gB (WT or @BAV), WT gL and either WT or
mutant gH as indicated by the key. The percentd@l87+ cells is shown. (C) Surface
expression of gH/gL on CHO or C10 cells was alsessed by measuring the mean
fluorescent intensity (MFI) of R137+ cells. Cellem transfected as described in (A) and
(B) with WT gL and either WT gB or gBA855V (as idied below the bar) and either
WT gH or a gH cytotail mutant (as indicated abdwe Ibars). CHO cells were also
transfected with WT gD. The MFI of each R137+ papioh was calculated and the
results of at least three experiments averagegersknted here. (D) Surface expression
of gB on CHO cells, as assessed by FACS with the R88. CHO cells were transfected
with gB (WT or gBA855V), WT gD, WT gL and either War mutant gH as indicated by
the key. The percentage of R68+ cells is shownS{Ejace expression of gB on C10
cells as assessed by FACS. C10 cells were trapsfagth gB (WT or gBA855V), WT

gL and either WT or mutant gH as indicated by tbg. K'he percentage of R68+ cells is
shown. (F) Surface expression of gB on CHO or Gi3 @as assessed by FACS. The MFI

of R68+ cells are shown. Bars are labeled as in
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Figure 5-5: The gH cytotail and gB cytodomain do not inteiiactitro. (A) Sequences of
the N and C terminally strep-tagged gH cytotailtmigs used in the pulldown assays. (B)
Coomassie stained Tris-tricine gel of collectedtitns from a streptactin column loaded
with C-terminally strep-tagged gH peptide. MW: nmli&ar mass standards (kDa); *:
purified gB cytodomain, LUVs and gH-s peptide; gBcygB cytodomain; gH-s: C
terminally tagged gHcyto-strep peptide. (C) Coonastained Tris-tricine gels of
collected fractions from streptactin column loasath N-terminally tagged gH cytotalil
peptide. Gel is labeled as in (B), except for teofving. gB+LUVs: gB

cytodomain/LUV mixture loaded onto the column; s:@Hterminally tagged strep-

gHcyto peptide.
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gH cytotail peptide. No interaction was observetiieen the gB cytodomain and the gH
cytotail, regardless of whether the strep tag vitaxlaed to the N (Fig. 5-5B) or the C
terminus (Fig. 5-5C) of the gH cytotdilWhile no interaction was observitvitro, we
cannot rule out the possibility that the gB cytodammay interact with the gH cytotail

vivoin the context of full-length gB and gH/gL.

5.4 DISCUSSION

In this study, we show that the gH cytotail mutatid831A, when combined with
truncation at residue 832 (gHSAP), reduced cellfasion of transfected cells by 2-3
fold. This effect is independent of whether the WfTasyngB allele is used suggesting
that the gHSAP mutation reduces gB fusogenicitygiathan suppresses hyperfusion

alone.

54.1 Possible Mechanisms By Which the gH Cytotaitould Affect gB Fusion
Activity
Reduced fusion in the presence of the gHSAP mutagioot due to diminished surface

expression of either gH/gL or gB. Additionally, mteraction was detected between the

®> We also performed this experiment with N-termin&lLAG-tagged gH cytotail peptide. While it
appeared by Coomassie staining of eluate fractoren SDS-PAGE gel that there was no interaction
between the two proteins, we could not accuratehifyywhich fractions contained the FLAG peptidéneT
peptide migrated close to the LUVs used in the erpent, which were surprisingly also stained by
Coomassie. We attempted to verify these concludign&/estern blot, but the anti-FLAG antibody was
unable to recognize the FLAG tag on the peptidspite recognizing other FLAG-tagged controls.
Presence of the FLAG tag on the peptide was vdrbiemass spectrometry analysis.
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gB cytodomain and the gH cytotal vitro, suggesting that the gHSAP mutant may
suppress the fusogenicity of gB through a differaethanism. The gH cytotail is 14
amino acids in length and is predicted to be ucsired at physiological temperatures
(96), such that gH cytotail mutations are unlikigyunction by disrupting its secondary
structure. But, being short, the gH cytotail isiposed close to the membrane and may
control the function of the gH/gL ectodomain acrtesmembrane by affecting its
conformation through “inside-out” signaling, whiokcurs in the fusion proteins of some
retroviruses (1, 119, 197). In this way, the motadiin the gH cytotail may prevent gH
from efficiently activating gB, leading to reducactivation of fusion. Alternatively, the
gH cytotail could influence the clustering of gH/gLgB in the membrane, which has
been found to restrict syncytia formation by HIVWHA55). Nevertheless, we cannot
exclude the possibility that the gB cytodomain #melgH cytotail may interadh vivoin
the context of the full-length, membrane-anchorBdagd gH/gL. Further research is
needed to discriminate between this and other plessiechanisms leading to reduced

fusion in the presence of the gHSAP mutation.

Although the gHSAP mutation suppresses fusionasfafected cells, the extent of this
suppression, ~2-3 fold, is much more modest thar 13e25-fold suppression of
syncytia formation previously observed in botham$ient transfection/virus
complementation system (199) and a significangiaibmot quantified, suppression in
cells infected with recombinant viruses (23). Ossays were carried out in the presence
of only four viral proteins, gB, gH/gL, and gD, vWdprevious studies (23, 199) were

conducted with infected cells in which all viralbpeins were present. This suggests that
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although the gHSAP mutation can reduce the fusotinity of gB under the “minimal”
conditions of virus-free cell-cell fusion, this et is heightened in infected cells,
possibly due to its effect on other viral protestisent from our assays. We propose that
the gH cytotail mutation gHSAP may additionally ptgss cell-cell fusion in infected
cells, i.e., syncytia formation ksyngB, by acting on other viral proteins involvedcll-
cell fusion. For example, glycoproteins gE, gl, @l appear necessary for the syncytial
phenotype (16, 41, 91) duegsgngB, so perhaps the gHSAP mutation reduces syncytia
by influencing the function of one or several aésh or other proteins. Nonetheless, we
cannot exclude the possibility that the differenicesision suppression observed in our
assay versus infected cells may be influenced gplyenisurface levels of gD receptor in

transfected cells (106).

Importantly, we show that the gH cytotail affedis fusion activity of gB during cell-cell
fusion even in the absence of such potentially leggry proteins. Insertion of five amino
acids immediately preceding the N-terminus of tHecgtotail has been reported to
abolish cell-cell fusion (87), suggesting that gjre cytotail is critical for cell-cell fusion.
Although the TM anchor and the cytotail of gH aot absolutely required for this
process, in their absence the extent of fusiomdatty reduced (7, 77). Our results further

confirm the important function of the gH cytotail ¢ell-cell fusion.

5.4.2 Comparison of the Luciferase and Syncytia coting Cell-cell Fusion
Assays

This study provides a side-by-side comparison WiV glycoproteins of the two
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commonly used quantitative virus-free cell-cellifusassays in transfected cells, the
luciferase assay and the syncytia counting assgy1FL1, p.30), and demonstrates a
difference in their dynamic ranges. In the syncgbtanting assay, fusion is measured
directly, while in the luciferase assay, fusiomeasured indirectly by luciferase signal.
We show here that both assays measure a two-foldase in fusion with the knovayn
mutant gBA855V, suggesting that both assays araldewf detecting comparable
differences in fusion in the upper range of thggnal. Yet, our inability to detect the
fusion suppression phenotype of the gHSAP mutanisinyg the luciferase assay
suggests that this assay may be insensitive terdiites in fusion below a certain
threshold level. These results indicate the impaeteof caution when interpreting the

results of this indirect assay for fusion.

Our findings reinforce the idea that cell-cell fusiof infected cells is a complex
phenomenon in which viral glycoproteins other tigén gB, and gH/gL play a

significant role. In cells transfected with the f&MT glycoproteins, we detect cell-cell
fusion that is increased 2-3-fold wislgngB (Fig. 4-2, p.117). By contrast, no cell-cell
fusion is observed during a typical infection wHlisV-1 encoding WT gB, and extensive
syncytia form only in the presencesyingB. This suggests that cell-cell fusion is
negatively regulated during a WT HSV infection amdy be positively regulated or de-
repressed whesyngB is present. We surmise that in transfected cilere are only a

few levels of regulation: the positive effect oétgD/receptor interaction and of gH/gL
plus the negative effect of the gB cytodomain. Aiddal regulatory mechanisms must be

present in infected cells to prevent cell-cell wsunder WT conditions and to generate
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the high levels of fusion observed wiingB. Our results suggest additional, but as yet

not well understood, levels of regulation that govieision 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 advanceduaderstanding of the complex
regulatory mechanism of HSV membrane fusion anorinéd our approach to future
studies in several ways. Most notably, these figslisuggest that the cytodomain adopts
its folded conformation only in the presence of rbeane, and that the membrane-bound
conformation represents its native form. We providefirst detailed structural model
based on both experimental data and bioinformatatysis of this native structure. We
also present evidence that structure determinafilmnts must be carried out in an
anionic-lipid-based membrane environment. We prepbat alterations to the
membrane-bound cytodomain conformation and possikly its membrane binding
properties may be a common mechanism by whyclgB mutants deregulate fusion. Our
model also makes apparent previously unidentifietlarities between the newly
described regulatory mechanisms of the VZV gB aid Ehv cytodomains, which may

be of interest for future study.

Our findings also contribute to a growing body afrwthat implicates the gH
cytoplasmic tail as an important component of thglex, multi-level regulatory
mechanism of HSV membrane fusion. Mutations ingHecytoplasmic tail diminished
the fusion activity of gB in our minimal transfedteell system, supporting the model
that gH/gL activates gB during fusion. While theananism of this activation remains

elusive, our experiments allow us to speculateemersl likely candidates.
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Finally, our experiments with insertion mutantshe gB ectodomain further support the
prevailing hypothesis that the postfusion conforarabf gB is highly stable. Our
observations, along with previous work from othatsp suggest that the elusive
prefusion conformation is not likely to be capturedoluble form, as the soluble gB
ectodomain appears to adopt the postfusion conttwmapon expression, even in the

face of extensive mutagenesis (84, 175, 192).

Together, these experiments show that a membram@ement is integral to future
structural and functional studies of gB that wdhtinue to advance our understanding of

the complex regulatory mechanism of HSV membras®sfu

6.2 FUTURE DIRECTIONS

6.2.1 Fusion Regulation by the gB Cytodomain: The &kt Frontier
Synmutations in the gB cytodomain have been desciibedveral herpesviruses, but
little was known about how these mutations derdgulasion. Combining biochemical
and functional assays with two different classell®V synmutants, point and
truncation, we show that each of these mutants dstraied evidence of local
conformational changes and altered membrane asisoceés compared to the wild type
cytodomain. These results suggest a shared meah&migsleregulating fusion, namely
perturbing the native wild type cytodomain confotima, which may also impact

membrane association. We generated the first ddtatructural model of this native,
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membrane-bound cytodomain conformation and suggesteeral structural features that
may be important to the fusion regulation mechaniseiuding a proteolytically-
resistant core and several regions potentiallyliree®in membrane association. In light
of this model, two recent discoveries regardingrdgaulatory functions of the
cytodomains of VZV gB and HIV Env present excitimgw directions for future

mechanistic studies of the gB cytodomain.

6.2.1.1 Regulation of VZV gB fusion activity by ggtwrylation of the cytodomain
Unlike other herpesviruses, VZV normally cause$ael fusion, which requires its core
fusion machinery, gB and gH/gL (36, 37). The cytodin of VZV gB appears to play a
role in modulating fusion, as removal of this domgenerated increased fusion without
altering gB expression (81). The cytodomain is &lsown to regulate VZV gB
intracellular transport via several endocytic amlrgtention motifs (Fig. 1-14B, p.40)
(82). However, like the HSV gB cytodomain, the regory mechanism of the VZV gB

cytodomain is not well characterized.

An immunoreceptor tyrosine-based inhibition malifi) was recently identified
between residues 879-884 of the VZV gB cytodomaB®j. ITIMs are loosely
conserved six-residue motifs containing a tyrosihposition 3 and are found in the
cytoplasmic domains of diverse membrane-anchoretdins in many tissues (40).
ITIMs negatively regulate activating cellular si¢ing cascades primarily related to
immune functions (40). The only ITIM-containing pem for which the cytodomain

structure is known is platelet endothelial cell @silbn molecule 1 (PECAM-1) (140), and
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this structure reveals an interesting regulatorgimaism. In this protein, sequential
phosphorylation of serines at its C-terminus dektais the regions of the cytodomain
interacting with membrane by altering their netrgeaand exposes the ITIM tyrosine for
phosphorylation, leading to signaling inhibitionhamatopoietic cells (140). Oliver and
colleagues recently demonstrated that residue Yi88in the ITIM motif in VZV gB is
phosphorylated (139). A mutant incapable of beinggphorylated at this site exhibited
increasedsynformationin vitro and decreased viral propagation and pathogeimesis
Vivo, suggesting this modification contributes to fusiegulation. The authors suggest
that phosphorylation of this residue regulatesdindiy controlling membrane association

of the -helix containing residue Y881, analogous to wkaibserved in PECAM-1.

Oliver et al. note that there is a predicted ITIMthin the HSV gB cytodomain
surrounding residue Y849 (139). Interestingly, adogy to our model of the HSV
cytodomain structure, residue Y849 is located betwaredicted helices h2a and h2b
(Fig. 4-8, p.143) and is accessible to proteasasTthis residue may also be accessible
to kinases for phorphorylation. Additionally, Y8#&9situated next to one of the “hot
spots” forsynmutations in HSV gB (Fig. 1-14A, p.40). It is tenmg to speculate that
phosphorylation of Y849 may play a role in fusiegulation, perhaps by mediating
cytodomain membrane association in a manner sinalRECAM-1. One could further
suppose that this regulation may be impaired imbhesynmutants that could alter the
local conformation such that Y849 is not longeremstble for phosphorylation (139).
However, there is no evidence to suggest that Y848 osphorylated in HSV. HSV-1

contains two serine/threonine kinases, UL13 and3Y99), the latter of which has been
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shown to regulate gB surface expression via phaogfatmn of residue T887 (98). gB
immunoprecipitated from infected cells was alsovainto be phosphorylated at T887
and, to a lesser extent, at residues T814, T821LS&873 (200). Residue Y881 in VZV
was shown to be phosphorylatedvitro by E. colior cellular tyrosine kinases (139),
suggesting that if such a mechanism were to oecHiSV gB, this phosphorylation
would likely be mediated by a cellular kinase pt@igB incorporation into virions that
perhaps was not identified in previous studies.ifiaitblly, our model predicts that
neither residue Y849 nor the residues in its imm@gedvicinity, including theyn
mutation hot spot, are directly in contact with nigame. Thus in our model,
phosphorylation of Y849 would be unlikely to didggberturb membrane interaction of
the cytodomain through altered charge interactiaass proposed for PECAM-1 and
VZV gB. Nonetheless, it would be interesting toestigate the effect of phosphorylation
of gB at residue T887, and perhaps residue Y84%hemegulatory activity of the

cytodomain during fusion.

6.2.1.2  The HIV Env cytodomain regulates membraoiaility

Like HSV gB, the HIV fusion protein Env is traffield to the plasma membrane before
incorporation into virions (98, 155). While theEnv engages the CD4 receptor on a
neighboring cell to promote virus transmission (3¥)wever, this receptor engagement
must not trigger Env for fusion, as cell-cell fusibinders the spread of HIV (155).
Therefore, the structural viral protein Gag segerssEnv into clusters localized near
CD4, which prevents its premature activation arahmtes incorporation of Env into

virions (31, 155, 171). The cytoplasmic domain af’ks important for this sequestration
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process, as it regulates the mobility of Env witthie membrane. The wild type
cytodomain allows Gag to promote formation of Efusters, which immobilizes Env;
however, without the cytodomain, Env mobility isrestricted and increased cell-cell

fusion is observed (155).

It is possible that the gB cytodomain may similaggulate membrane mobility and gB
clustering in HSV. Recent cryo-electron microscapyg tomography studies showed that
the soluble gB ectodomain associates with liposoe@sing them in a non-random
arrangement (126). Additionally, this study implteat the ectodomain associates via
domain | with only the outer leaflet of the liposemilayer (126). From these data, the
authors propose a model whereby gB clusters ddusign, stabilizing the fusion pore
and promoting its expansion (126). The cytodomafrsther viral fusion proteins such
as influenza HA and MLV Env have been shown tolitaté fusion pore expansion,
likely via membrane interaction (54, 105). We hakiewn that membrane association is
a key component of the regulatory mechanism ofjiieytodomain, and our model of
the cytodomain structure suggests certain helegibns may be in direct contact with
the membrane. Thus, one could envision that igBhelustering model, the gB
ectodomain fusion loops promote merging of the olgi@flets of the two membranes
while the cytodomain may associate with the ineaflét to form of the fusion pore,

analogous to what is observed in MLV Env (Fig. 1-pA5).

Distinct clusters of gB spikes are observed on H#Mns, unlike the diffuse coat seen

on liposomes (125, 126), suggesting additionaliegnt proteins may be required to
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organize gB on the viral envelope, similar to taoke played by HIV Gag in Env cluster
assembly (155). In this case, it is possible thediymain of gB may function like that of
HIV Env in regulating mobility of gB within the mdmane. It will be interesting to
further probe the arrangement of gB on the virioriaxe 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 ingyaré of the gH cytotail to the fusion
process (77, 87, 94). Fusion in trans experimarggest that while not absolutely
required for fusion to occur, the gH cytotail praemefficient fusion (7). Here, we show
that one function of the gH cytotail during fusioray be assisting in activation of gB.
Although the ectodomains of gB and gH appear teraut (8), we were unable to identify
an interaction between the gH cytotail and gB cgtodinin vitro. However, we cannot
rule out the possibility that such an interactioamynoccurin vivoin the context of full-
length proteins. Nonetheless, our data suggesthibajH cytotail affects the activity of
gB via an indirect mechanism. While we ruled oute#fect on gH expression, other
possibilities for an indirect regulatory mechanisynthe gH cytotail include activation of
the gH ectodomain via inside-out signaling, peratidn of the viral envelope, or
facilitating the arrangement of gB and gH/gL oligenmwithin the membrane.
Additionally, the gH cytotail may mediate interacts with other viral proteins absent
from our transfected cell system but present iadtdd cells, as the effect of gH cytotalil

mutants is heightened in infected cells.
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Several indirect mechanisms for activation of gBHwy gH cytotail can be envisioned.
However, like the gB cytodomain, a membrane envirent, if not the full-length,
membrane-bound gH protein, will likely be requitednvestigate these possibilities. The
membrane-proximal portion of the gH ectodomain am# a long polypeptide or “flap”
(Fig. 1-10C, p.28) that is sensitive to mutagenesgeveral herpesviruses (61, 193, 201)
and is proposed to relocate during fusion, allowirigraction of the underlying region
with membrane (11). Although neither the relocatbthe flap, nor membrane
association, have been demonstrated, mutatiomeigH cytotail could, perhaps, alter
the ability of the flap to associate with membrane properly position the ectodomain
for activation of gB. Additionally, the neutraliggrantibody 52S prevents fusion but does
not disrupt the interaction between the gB and gtddomains (32), suggesting it may
inhibit a conformational change in gH necessaryg®mactivation (174). Mutations in the
gH cytodomain may similarly function to preventanformational change in the
ectodomain of gH that is necessary for gB activatamalogous to the inside-out
conformational signaling observed in the fusiontg@ires of some retroviruses (1, 173).
Mutations in the gH cytotail have also been shosvprevent hemifusion (88), so perhaps
the gH cytotail may perturb the inner leaflet af thembrane promoting early stages of
fusion. Finally, similar to the above discussiogaling membrane mobility and the gB
cytodomain, the gH cytotail may be important facrcetment of additional gH molecules
or other proteins involved in fusion, or migratiohgH in the membrane to the site of
fusion. It would be interesting to test the abilifythe gH cytotail to bind to membrane to

investigate these possible mechanisms.
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Unlike previous studies, our experiments with gkbtail mutants were conducted in
transfected cells, and the use of this system stggeme additional roles for the gH
cytotail in the fusion process. Several studiesshaplicated the gH cytodomain in
controlling the kinetics of fusion, as mutationghe gH cytotail slow the rate of viral
entry (23, 87, 199). We show that the gB ROE matati553A, which increases the rate
of viral entry, does not influence the extent dfifun, suggesting that rate of entry and
extent of fusion are regulated independently. H@wvew stands to reason that a mutant
with slower entry kinetics may mediate fewer fusevents in the same time as WT gH,
effectively appearing to suppress syncytia fornmatithe fact that gB, gH/gL, gD and a
cellular receptor are all required for both viratrg and cell-cell fusion suggests these
glycoproteins may perform similar roles in eachetyph fusion (55). Yet even if this is the
case, cells infected withsynmutant virus will undergo both viral entry andle=l|
fusion, while our transfected cell assay only cegdicell-cell fusion. Therefore, if gH
cytotail mutations do, in fact, reduce the kineti€®oth processes, this effect would be
magnified in infected cells, as compared to tractsfd cell fusion, consistent with the
difference in the extent of fusion suppression oles previously (23, 199) and in our

study.

6.3 CONCLUDING REMARKS

The experiments presented in this work were caoigdvith purified, soluble proteins

and transfected cell systems. While these toole paovided valuable insight into the
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function of the HSV fusion machinery, they canndhfrecapitulate the conditions these
proteins experience in infected cells, where maiditeonal proteins likely influence

their function. We have established that the waywé&rnd in understanding the regulatory
mechanisms of gB and gH requires us to delve fuittie the role of membrane in
dictating the structures and functions of thesegang, particularly their cytoplasmic
domains. By integrating these new insights witragsshat preserve the native context of
these glycoproteins, we will take our understandihthe 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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Al INTRODUCTION

The ectodomain crystal structures of the four pnsteequired for HSV entry (gB, gD,
gH and gL) and their cellular receptors provideghgicant insight into the sequence of
events that occur during membrane fusion. Howeterstructures of the transmembrane
and cytoplasmic domains of these proteins havdeen solved. The cytoplasmic
domain of gB appears to restrict membrane fusismmatations in this domain lead to
increased fusion. We propose that this regulatotiyity is mediated in part by
membrane association and accompanying structuaalges in the cytodomain, although
the mechanism by which these characteristics dart&ito fusion regulation remains
unclear. Therefore, we sought to determine thettra of the gB cytodomain. This
structure will provide a unifying platform for aif the biochemical and functional data
gathered for both the wild type asgnmutant gB cytodomains and lead to a better

understanding of their regulatory mechanisms.

Previous attempts by our lab to crystallize theisl& cytodomain protein have been
unsuccessful. Neither the full-length cytodomaiantated proteins, nor constructs
stabilized with trimerization tags or the gB ectodon were sufficient to generate
ordered protein crystals. To overcome this bameremployed solution nuclear
magnetic resonance (NMR) but were still unabledlgesthe cytodomain structure. We
now know that the cytodomain requires membraneltptits native, fully folded
conformation, and this conformation became our texget. However, in working with

some of these soluble constructs, we still learstdable lessons about the native
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cytodomain structure, as discussed below.

To pursue the membrane-bound cytodomain conformatve returned to X-ray
crystallography and generated a new target proiéitcyto. In addition to the
cytodomain, this protein contains the gB transmemérdomain which we hypothesize,
along with the detergent necessary to solubilimerttembrane protein, will promote
formation of the native cytodomain conformationrifeation of this membrane protein
requires careful selection of detergents that @artlg extract the protein frofa. coli
membranes and preserve its conformation upon digdatbon and subsequent
purification steps. Ideally, this process produmes protein per detergent micelle, or a
monodisperse protein detergent complex, whichas suitable for crystallization. By
carefully optimizing this process, we hope to abtaionodisperse 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 showttEBYV gB cytodomain undergoes
significant structural changes upon binding of dgtat micelles (141). Therefore, we
used these conditions as the foundation for our NdRlies with the soluble HSV-1 gB
cytodomain protein. We first usétN-labeled soluble wild type gB cytodomain protein

to collect two-dimensional (20H *°N Heteronuclear Single Quantum Coherence
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(HSQC) spectra. This experiment measures the ctuitgof *H and*N nuclei and is
indicative of whether 3D experiments, which aregssary for a protein of this size (38
kDa), are likely to be fruitful. Initial spectra weecollected in 20mM N# O, pH 7,

10mM NaCl, and 100M PMSF, which are very close to the conditions usestudy the
EBV gB cytodomain (141). However, the HSV-1 gB pintappeared too disordered in

our initial spectra for structure determinationg(F\-1A).

CD spectra previously indicated the cytodomain é&slapmore ordered;helical
conformation in the presence of anionic membramaetics such as small unilamellar
vesicles (SUVs) composed of PC/PA (Table 4-3, p.bB&GDS micelles (data not
shown). While NMR is incompatible with the use &"\% because of their large size,
detergent micelles have been used in the detenmimat numerous protein structures by
NMR (97). We observed by CD that SDS can inducégardering of the protein (~7%
increase in helicity with 9 mM SDS); therefore, ailso recorded 2EH >N HSQC
spectra in the presence of increasing amounts & @bto 40 mM (Fig. A1-B).

However, the protein was still not sufficiently erdd for structure determination, so we
continued to optimize our buffer conditions by vagythe pH, salt concentration and
temperature. We also tried a different detergeltPG, which is an anionic detergent
previously used to determine the structure of sdwvaembrane proteins, including the
influenza M2 channel (97, 195). We hypothesized IG/#duld be a better membrane
mimetic than SDS, which may denature the proteoweler, none of these additives
improved the spectra quality, with the exceptionl@treased temperature {0©), which

resembled the SDS spectrum. Finally, we testeduariruncations of the cytoplasmic
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" 36'&76+ " 36'&76+8+6 $#3$

Figure A-1: NMR spectra of the soluble gB cytodomain. Chetrsb#ts for glycine
(green), the Nklgroup of glutamines and asparagines (red) an@irtgerprint region of
the spectra (blue) are circled, indicating areasrevnesolution is improved upon
addition of SDS. (A) 2BH N HSQC spectrum of the soluble wild type gB
cytodomain (residues 801-904) in buffer contaidgM NaPO, pH 7, 10mM NacCl,
and 100M PMSF. (B) The same experiment as in (A) with &delition of 40 mM SDS

to the buffer.
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domain with or without membrane mimetics in the é®fhat a slightly smaller protein,
which tumbles faster in solution, would improve #pectrum resolution. Although the
truncation mutant gB868 displayed a slightly margeoed spectrum, similar to those
obtained with SDS or low temperature, these data w#l insufficient for structure

determination.

Together, these spectra confirm our previous cammfuthat the cytodomain is not fully
folded without the presence of membrane (33). H@anealthough the quality of the
protein spectrum improved in the presence of SD&leis, it was still not sufficiently
ordered to proceed with 3D structure determinagigperiments. Additionally, the fact
that the spectrum quality improved at lower tempaeamay point to an equilibrium in
the protein oligomeric state. Increased temperajanerally causes a protein to rotate
faster, thus increasing the resolution of the spattHowever, an increase in spectrum
guality with lower temperature may indicate thetpino undergoes a monomer to trimer
interconversion in solution, which is slowed at eavtemperature (personal
communication with J. Chou). Preliminary analytigiitacentrifugation data also
suggested such an equilibrium in the soluble gBaymain (E.E. Heldwein unpublished
data), furthering the idea that the protein is Eable in the absence of membrane. Thus
although these spectra were not sufficient to datex the structure of the gB
cytodomain, they provide support for our model thatnative cytodomain conformation

is membrane-bound.

A.2.2 Foldon-gBcyto
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Our NMR data indicated the soluble cytodomain watssaitable for structure
determination efforts using this method, as thedricontacts may be weak in the
absence of membrane. Secondary structure predi@itned) suggested there may be a
contiguous helix between the transmembrane donmalritee N-terminal portion of the
cytodomain (h1; Fig. 1-14A, p.40). We hypothesieat without the transmembrane
domain, predicted helix h1 may not be fully folddays eliminating some stabilizing
trimer contacts. However, addition of the transmeanb domain would generate a
membrane protein of ~49 kDa that, in addition todbtergent micelles required to
solubilize it, would be too large for structure ef@bination with simple solution NMR
techniques. Therefore, we generated a soluble ogtadth construct for NMR studies that
contained an N-terminal foldon tag in lieu of tregime transmembrane domain (Fig. A-
2A) that we believed would serve the same purpbseabilizing predicted helices hl

and additional trimer contacts.

Prior to examining the foldon-cytodomain fusionteio by NMR, we used CD
spectroscopy to determine whether the constructpnagserly folded. This fusion protein
is predicted to be 39% helical. If the foldon tag stabilize trimer contacts in solution,
we predicted that unlike the soluble wild type cdmain, this protein should possess
helical content approaching this predicted valugn@ut a membrane mimetic. However,
we found the protein was only 23% helical in sant{Fig. A-2B), comparable to the
soluble wild type cytodomain which is ~27% heligakplution (Table 4-3, p.130).
Addition of a 30-fold molar excess of PC:PA SUVdhe sample only increased its

helicity to 27% (Fig. A-2B), which is still far belv the predicted helical content and a
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Figure A-2: The foldon-cytodomain fusion protein does not@dbe native
cytodomain conformation, as measured by CD. (A)e8dtic of the fusion protein
construct, which contains an N-terminal foldon taged to residues 796-904 of the gB
cytodomain with a C-terminal Hisag. (B) CD spectra of the soluble wild type gB
cytodomain (residues 801-904) in the absence oflineme ¢ ) and the foldon-gB

cytodomain fusion protein in the absence ( )respnce-( ) of membrane.
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significantly lower increase in helicity than th@% increase observed with the wild type

cytodomain protein (Table 4-3, p. 130).

These data indicated that the cytodomain couldadopt the native conformation with an
N-terminal trimerization tag, even in the preseatmembrane. Forcing the N-terminal
region of the cytodomain protomers to associatewiartificial trimerization tag appears
detrimental to the protein’s overall stability acwhformational flexibility. This suggests
that while there may be contiguous helices betwiernransmembrane region and
predicted cytodomain helix hl, these helices lildgynot pack together. Therefore
despite its lack of proper folding, the foldon-aytenain construct provided valuable
information that helped shape our model of the mam-bound cytodomain structure

(Fig. 4-8, p.143).

A.2.3 Purification of Monodisperse TMcyto

The NMR data discussed above, along with additibr@dhemical and functional
experiments discussed in chapter 4, indicate teagB cytodomain requires membrane
to be fully folded. Therefore, we designed a pro&{pression construct containing both
the cytodomain and the native transmembrane dowmi#tina C-terminal Histag
(gBTMcyto, Figure A-3A). This construct also comigithe signal sequence from the

coli maltose binding protein (MBP) at the N-terminu®rder to promote homogeneous
insertion of the protein int&. colimembranes during expression. We hypothesized that
the presence of the native TM domain and the deit¢ngquired to solubilize this

membrane protein would preserve the native cytodoeanformation and allow the
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Figure A-3: TMcyto appears monodisperse HOG but may not be properly folded.
(A) Schematic of the TMcyto construct containing gignal sequence &f coli
maltose binding protein (MBP, colored green), lidke the last three residues of the
ectodomain (770-773, yellow), the transmembraneaiorfT M, gray) and
cytodomain (pink). (B) SEC chromatogram on a 3mD&2olumn of TMcyto
solubilized in 4.4% -OG in TNE. The protein elutes at the expected sizesingle
trimer in a detergent micelle, 47 — 67 kDa, indiogit is monodisperse. Molecular
weight standards are indicated above the chromatggunits are kDa. (C) CD
spectra of TMcyto solubilized inOG, Zwitterionic detergents LDAO or Fos-12, or
the anionic detergent LMPG. For comparison, thespEctrum of WT gB
cytodomain protein incubated with a 30M excessW¥S (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, wstfneeded to optimize its purification.
We screened numerous detergents commonly usettdotise determination of
membrane proteins by X-ray crystallography, suchlysosides, polyoxyethylenes and
Zwitterionic detergents, and determined that tlyeagide -octylglucoside (-OG) was
best able to both extract the protein fr&mcoli membranes and render it monodisperse
upon solubilization (Fig. A-3B). However, crystabition screens with-OG-solubilized
TMcyto did not yield any reproducible hits, and @Balysis later revealed that the
protein may not be properly folded when solubilizedhis mild, uncharged detergent
(Figure A-3C). We hypothesized that, since thelslelgytodomain only undergoes
conformational changes in the presence of aniomimbranes, an ionic or, perhaps, a
Zwitterionic detergent, may be required to indudéfblding of TMcyto. Therefore, we
exchanged the-OG detergent for either a Zwitterionic detergarAO or Fos12) or an
ionic detergent (LMPG) and measured folding usimyspectroscopy. Yet, despite
producing monodisperse protein (data not showegdltharged detergents also appeared
unable to promote full folding of the helices in Tio (Fig. A-3C). However, these
spectra must be interpreted with caution, asdiffscult to accurately determine the
concentration of TMcyto in the samples due to tres@nce of detergent and a lack of
tryptophans in the amino acid sequence. Withoutremanethod to assess the relative
protein content of these samples, such as Coomstssineed SDS-PAGE gels, we cannot
rule out the possibility that the differences ie #pectra result from inaccurate

measurement of the concentration rather than truetaral differences.

193



A3 CONCLUSIONS

Although the atomic structure of the cytodomain aem elusive, these experiments
provided significant insights into the model of thetive, membrane-bound cytodomain
structure. Solution NMR studies support our eadmmnclusions that the cytodomain
adopts a more ordered conformation in the preseheembrane. First, the quality of the
protein spectrum improved with addition of membrammetics, suggesting the protein
is somewhat more ordered in the presence of memabgectond, the quality of the
spectrum in the absence of membrane improved arleamperature, hinting at a
possible equilibrium between the trimer and monomeolution. Additionally, the
foldon-cytodomain fusion protein revealed that althh membrane is needed to stabilize
the cytodomain, this stability does not appearaime from bundling of predicted helices
h1l. Therefore, we hypothesize that these helicastmteract, as shown in our model of
the native cytodomain structure (Fig. 4-8, p. 1&3)ally, our work with the TMcyto
construct suggests that the protein requires d fpmbrane mimetic that better

approximates the viral envelope, rather than ardetg micelle, in order to properly fold.

To address this need, we attempted to create éscellhich are small discs of membrane
generated from combination of long-chain phosphddéiand short chain detergents
(158). Bicelles have been employed to determine lonane protein structures by both X-
ray crystallography and NMR (97, 189). While releprotocols exist for the preparation
of nonionic bicelles (147, 188, 196), preparatibaadic bicelles remains challenging
(100, 178). Despite extensive efforts, we were lenabsuccessfully generate bicelles

containing both PC and PA to mimic the compositd®sUVs and LUVs known to
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induce proper folding of the cytodomain. Howevaerttier optimization of this or
additional membrane mimetics, such as nanodigudjdicubic phase or reverse micelle

encapsulation (101), may still capture the natijedomain for structural studies.
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Appendix B: Additional Mutagenesis Studies with the gB Cytoin
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B.1 INTRODUCTION

As discussed in chapter 4, biochemical and funatioharacterization of gB cytodomain
mutants has contributed significantly to our untierding of the gB cytodomain
regulatory mechanism. These studies point to thportance of preservation of the
membrane-bound cytodomain conformation for propsioin regulation, as alyn
mutants studied in chapter 4 displayed evidendeaoafl conformational changes.
Additionally, they suggest that membrane assoadiipthe cytodomain likely plays a
role in the regulatory mechanism. We hypothesia¢ dthersynpoint mutants will also
display local conformational changes and alterethbrane binding, consistent with

these observations.

Our model of the membrane-bound gB cytodomain siraqFig. 4-8, p.143) highlights
several regions of the protein that may be impaoffiamachieving its native
conformation. Residues 817-836 are part of a phgtieally-resistant core and are
completely shielded from proteolysis in both thkubte and membrane-bound
conformations. Interestingly, reynmutants have been identified in this region (Big.
1), suggesting it may be important for the intggoit the protein. Additionally, newly
defined helices h2a and h2b may be held togetlaes galt bridge that could play a role
in properly positioning these or other regionsha protein. Finally, several candidate
regions of the protein may mediate an interactitth membrane, including predicted
helices h3 and h2b (33) or positively-charged eltsssuch as the three lysines following
helix h2b (Fig. B-1). We hypothesize that mutagenebthese important structural

197



features would disrupt the native cytodomain comfation, deregulating fusion and

generating aynphenotype.

B.2 RESULTS

B.2.1 Mutations Designed to Destabilize gB CytodonraMembrane

Association

It has been proposed that predicted helices h2inarl the HSV-1 gB cytodomain
mediate membrane association (33) (Fig. 1-15, pki)the nature of this association is
unknown. Interestingly, predicted helix h3 contawws arginines (R882 and R884) that
are highly conserved in herpesviruses (Fig. 1-1180). These residues are also
surrounded by positively charged lysine (K883) arginine (R885) residues in several
HSV-1 isolates. Additionally, though less conservd8V-1 contains another stretch of
lysines (residues 864-866) at the C-terminal enpredlicted helix h2b (Fig. B-1).
Proteins such as HIV matrix (85) can associate migémbranes via a charge interaction
between anionic lipid head groups and positivelgrghd basic residues, including
arginines and lysines. Additionally, arginines &gines participate in “snorkeling,” or
penetration of charged segments into the membvemen present in or near membrane-
embedded amphipathic helices (177, 205). Therefeedhypothesized that residues
R882 and R884 or possibly K864, K865 and K866 majyniportant for mediating
association of helix h3, h2b or other regions ef pinotein with membrane. If so,

mutation of these residues may interfere with éisisociation, causing unregulated
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Figure B-1: New gB cytodomain mutants. The amino acid sequehtiee gB

cytodomain is shown, overlain with all known hypsdgenic mutations, including point
mutations (indicated by a letter), C-terminal trations (arrow) and insertions (carrot)
(14, 24, 25, 53, 56, 60, 62, 115, 133, 134, 156, 194). Mutations isolated from clinical
strains are in blue, while engineered mutationsrared. Predicted secondary structural
elements are indicated below the sequence. Pasibibproposed mutations are indicated

by a star with the mutated residue(s) listed bdlmvsecondary structure prediction.
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fusion.

We first chose to mutate conserved arginine residR832 and R884 to alanines to
inhibit their ability to associate with membrana e¢harge interactions. A similar mutant
in HSV-2, R860A (corresponding to R882A in HSV-d/gs previously generated and
exhibited wild type fusion activity and surface eagsion in transfected cells (156).
However, we hypothesized that mutation of bothdess may be required to fully
abolish membrane contacts and generate a fusiaropipe. The HSV-1 gB double
mutant R882A, R884A had a hyperfusogenic phenotlypkit was not possible to assess
its association with membrane because the protgjregated in solution (data not
shown), likely due to the creation of an exposedrbghobic patch. When the conserved
arginines were instead mutated to serines, gengrtte double mutant R882S, R884S
(Fig. B-1) and eliminating aggregation, we obsermedignificant change in membrane
association (46% of protein bound to liposomessweA4% for the wild type) or
accompanying helix formation (Table B-1). Surprggin however, this mutant exhibited
a hyperfusogenic phenotype (Table B-1). Althoughrtiutant was expressed on the
surface of transfected cells at ~1.5X WT levels (@d&1), we and others have shown
there is no consistent correlation between altstethce expression and the hyperfusion

phenotype (56, 127, 156).

We then used limited proteolysis to look for angdbconformational changes that were
not detected when analyzing membrane associationtdd proteolysis of the soluble

R882S, R884S mutant protein with trypsin generdiffdrent cleavage sites than the
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wild type cytodomain, both in the absence and presef membrane (Table B-1). In the
absence of membrane, the R882S, R884S mutant eaged at two additional sites,
K807 and K883, but was not cleaved at the wild tyipe K865. The mutant was also not
cleaved at R882, which is mutated to serine ans tlmulonger a recognized trypsin
cleavage site. In the presence of membrane, thanmnwias cleaved only at K875 and not
at the wild type site R885. The loss of the cleavsite after residue R885 may be due to
disrupted recognition of the R885 cleavage sitdhasesult of mutating the two nearby
arginines to serine. However, it is also possibé this region within the mutant protein
may adopt a conformation distinct from the wildeypVithout additional structural
information about this mutant, we cannot determvhether it supports our observed

correlation between local conformational changekderegulation of fusion.

We also mutated the lysines at the C-terminus @dipted helix h2b to serine, generating
the triple mutant K864, K865, K866 (Fig. B-1), est whether these residues are
important for membrane association. This mutant wiiglly generated in the full-

length gB gene in order to test its fusion phenetypthe luciferase cell-cell fusion assay
before biochemical characterization. However, thigant exhibited only ~50% of WT
fusion and was poorly expressed in transfected ¢ely. B-2), which may indicate it was
not properly folded. Given these results, we ditdtpwsue biochemical characterization

of this mutant.

B.2.2 Mutations Designed to Test the gB Cytodomaistructure Model

To test the importance of several features of cotlehof the native cytodomain structure
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A Fusionactivity of new gB cyto mutants B Totalexpression of new gB cyto mutants
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Figure B-2: Fusion activity and expression of new gB cytodanmautants. (A) Fusion
activity was assessed using the quantitative Iteste transfected cell-cell fusion assay.
Effector cells were transfected with WT gD, gH, gihd either WT or mutant gB, as
indicated below the bars. These results represter @ne experiment (samples present
in triplicate; no error bar) or the average of twvanore experiments (with error bar). (B)
Expression of full-length gB mutant proteins waseased by Western blot of whole cell
lysates from CHO cells transfected with either Whmtant gB, as indicated above each
lane. The pAb R68 detects gB (indicated by thearedw), and -actin is included as a

loading control.
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(Fig. 4-8, p.143), we generated five additionabdgimain mutants. Each of these
mutants asks a different question, as discusseavbé&lunctional and biochemical studies
with these mutants will help refine our understagdof the cytodomain structure and

those elements directly involved in fusion reguati

The new gB cytodomain mutants consist of two céhisolates, L817H and E857D, and
three engineered mutants: E830S, E831S; E842FEa46S (Fig. B-1). We hypothesize
that alterations to the membrane-bound cytodomamficcmation correlate with thgyn
phenotype. Therefore, we expect to find evidendead! conformational changes in the
previously describedynmutants L817H and E857D. Additionally, L817 isdted near
the N-terminus of the cytodomain in a region thathave not yet explored by
mutagenesis, so this mutant may provide additiori@afmation to inform our structural
model. Residues E830 and E831 are conserved aaiphgherpesviruse@-ig. 1-14B,
p.40) and are located in the proteolytically-resistcore, which may be important for the
structural integrity of the cytodomain protein. \Medict that mutation of these residues
is likely to destabilize the cytodomain trimer atitys, alter the fusion activity of gB.
Finally, our previous studies with tsgnmutant R858H indicated there may be a salt
bridge between predicted helices h2a and h2b. BBAZE845, along with R844 in h2a
and E857, R858 and E860 in helix h2b, are conseamsahg HSV-1 and 2 isolates and
may be involved in this bridge. If so, we would gt that mutation of residues E842
and E845 to serine would break this connectionlikietly alter the cytodomain

conformation and the fusion activity of gB.
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These mutants were cloned into the full-length gBegand tested in the quantitative
luciferase cell-cell fusion assay. All mutants dxtad less than 50% WT fusion in
preliminary experiments (Fig. B-2A). Each of thesetants was found to be poorly
expressed in transfected CHO cells (Fig. B-2B)gssting they exhibited lower fusion
due simply to lack of expression. These prelimiretgeriments indicate their poor
expression will hinder efforts to study their eteon fusion and biochemical

characteristics of the cytodomain.

B.3 CONCLUSIONS

The mutants described above were designed toifessedt features of our model of the
native gB cytodomain structure and our noted cati@h between local conformational
changes to this structure and increased extenisadri. We first analyzed regions thought
to be important for membrane association, including conserved arginines and a string
of lysines. The R882S, R884S double mutant suggiestshese conserved arginines are
not directly involved in membrane association, agating these residues to serine did
not alter membrane association. However, thesduesiappear to play some role in
fusion regulation, as the mutant exhibited a hyg@dn phenotype. Our limited
proteolysis data with trypsin suggests it is pdssibis mutant exhibits local
conformational changes in the vicinity of thesadess; however, our data were not
sufficient to rule out the possibility that theme o conformational differences, only a

difference in a trypsin recognition site due to thetations. The triple mutant K864S,
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K865S, K866S, also designed to test membrane adswgiwas poorly expressed and
possibly misfolded, so we were unable to deterrthieamportance of these residues in

membrane association.

Along with this triple mutant, three additional emgered mutants designed to test
structural features of our cytodomain structure elecere poorly expressed in
transfected cells. These engineered mutants haiex been previously described or
characterized, so it is possible that these mutstiestabilize the proteins and/or
interfere with their expression. Interestingly, tt&17H mutation has also never been
tested for cell fusion activity or expression. Thigtant was derived from a syncytial
virus but only shown to give comparable patholagice to the syncytial parent; no
fusion or expression assays appear to have betarmped (53). Therefore, it is possible
that this mutant may not actually bgn although its poor cellular expression precludes
such a conclusion from our data. Finally, the E8%7Dation has not been characterized
in HSV-1 but corresponds to tkgnmutant E835D in HSV-2 for which surface
expression was not assessed (133). A similar mUEBISA in HSV-2, was shown to be
mildly hyperfusogenic (~125% fusion with WT HSV-B/goproteins) but only expressed
at ~25% WT HSV-2 gB levels (156). Thus, perhaps itat surprising that the similar
E857D mutation in HSV-1 gB also reduces expresdtopression of all six new mutants
should be re-evaluated in CHO and perhaps an addltcell type to confirm whether
there really is a defect in expression or foldifig@ach individual mutant rather than a
global experimental error. Following this necessgp, these mutants may still prove

fruitful.
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