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Abstract

Poxviruses comprise a large family of enveloped DNA viruses that infect vertebrates and
invertebrates. Poxviruses, unlike most DNA viruses, replicate in the cytoplasm and encode
enzymes and other proteins that enable entry, gene expression, genome replication, virion
assembly and resistance to host defenses. Entry of vaccinia virus, the prototype member of the
family, can occur at the plasma membrane or following endocytosis. Whereas many viruses
encode one or two proteins for attachment and membrane fusion, vaccinia virus encodes four
proteins for attachment and eleven more for membrane fusion and core entry. The entry-fusion
proteins are conserved in all poxviruses and form a complex, known as the Entry Fusion Complex
(EFC), which is embedded in the membrane of the mature virion. An additional membrane that
encloses the mature virion and is discarded prior to entry is present on an extracellular form of the
virus. The EFC is held together by multiple interactions that depend on nine of the eleven proteins.
The entry process can be divided into attachment, hemifusion and core entry. All eleven EFC
proteins are required for core entry and at least eight for hemifusion. To mediate fusion the virus
particle is activated by low pH, which removes one or more fusion repressors that interact with
EFC components. Additional EFC-interacting fusion repressors insert into cell membranes and
prevent secondary infection. The absence of detailed structural information, except for two
attachment proteins and one EFC protein, is delaying efforts to determine the fusion mechanism.
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1. Introduction

Many viruses contain an outer lipoprotein envelope that fuses with a cellular membrane
allowing entry of the nucleoprotein core into the cytoplasm [1]. The viral fusion pathway
usually involves membrane apposition, hemifusion and pore formation, which is similar to
that occurring during fusion of cellular membranes although the molecular mechanisms vary
[2]. The study of viral fusion, in addition to being vital for elucidating the biology of viruses,
may provide important clues that can increase understanding of the fusion of cellular
vesicles and organelles. One or two proteins are required for entry of most viruses although
three or four are needed for herpesviruses [1]. Viral fusion mechanisms have been divided
into three types. Class | fusion proteins, as exemplified by the influenza virus hemagglutinin,
form trimers of hairpins that contain a central a-helical coiled-coil domain and a N-terminal
hydrophobic fusion peptide that inserts into the cell membrane. Class Il fusion proteins,
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encoded by flaviviruses, have B-structures with an internally located hydrophobic fusion
loop. Class II fusion proteins, including both the vesicular stomatitis G protein and the
herpes simplex gB protein, have an internal bipartite fusion loop and some characteristics of
both class | and class Il fusion proteins. For all three classes, a conformational change in the
fusion protein brings the viral and cellular membranes together [1].

This review provides current information related to the fusion of poxviruses with cell
membranes during entry, which is distinct from that of other viruses and requires at least 11
viral proteins that form an entry fusion complex (EFC) in addition to four attachment
proteins [3]. Other aspects of poxvirus cell entry will be covered only briefly as they have
been subjects of other recent reviews [3-6].

2. Poxvirus biology

2.1. Poxvirus family

Poxviruses comprise a large family of enveloped double-stranded DNA viruses that replicate
entirely within the cytoplasm of vertebrate and invertebrate cells [7]. Variola virus, the most
notorious member of the family, was responsible for smallpox until eliminated from nature
by vaccination with the closely related vaccinia virus (VACV). Members of the
chordopoxvirus subfamily have genomes of 150,000 to 300,000 base pairs encoding
approximately 200 proteins. About half of the proteins are highly conserved and dedicated
to essential functions including cell entry, genome replication, transcription and virion
assembly [8]; the remainder are more variable and many engage host defense mechanisms
[9]. This review focuses on VACYV, the prototype poxvirus.

2.2. Virion structure

The VACV mature virion (MV) has a barrel shape with dimensions of ~360 x 270 x 250 nm
and consists of an internal nucleoprotein core flanked by protein structures called lateral
bodies and an outer membrane envelope composed of a single lipoprotein bilayer [10-12].
Purified MVs contain at least 80 viral proteins of which 20 or more are associated with the
membrane [13-15]. The MV membrane appears to be derived by modification of the
endoplasmic reticulum with viral proteins [6]. During late steps in morphogenesis some
MVs becomes surrounded by an additional double-membrane derived from trans-Golgi or
endosomal membranes [16—18] and are propelled through the cytoplasm on microtubules
[19,20]. Upon reaching the periphery, the outermost membrane fuses with the plasma
membrane resulting in exocytosis. The MV has a single lipoprotein membrane whereas the
extracellular virion (EV) has one additional membrane containing at least six viral proteins
distinct from those of the MV. MVs, which are released by cell lysis, are stable and thought
to be important for animal-to-animal spread of infection, whereas EVs provide efficient cell-
to-cell spread and resistance to antibody neutralization.

Lipids, mostly phospholipids and cholesterol, constitute approximately 5% of the MV mass
[21]. Phosphatidylcholine and lesser amounts of phosphatidylethanolamine,
phosphatidylinositol, phosphatidylserine and semilysobisphosphatidic acid (also known as
acylbis(monoacylglycero)phosphate or acylphosphatidylglycerol) are present [22-25].
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Extraction of virion-associated lipids with a non-ionic detergent renders MVs non-
infectious, but incubation with either uninfected cell membrane preparations or
phosphatidylserine-containing liposomes partially restores infectivity [26,27]. More recently,
these findings were extended and an apoptotic mimicry model for poxvirus entry, in which
virion-associated phosphatidylserine serves to flag virions as apoptotic debris for cell uptake
by macropinocytosis, was proposed [28]. However, a specific phosphatidylserine receptor
for VACV has not been identified and reconstitution of detergent-extracted MVs with some
other anionic phospholipid species also facilitate virus entry [29]. Nonetheless, these studies
indicated the importance of the MV membrane lipid composition, specifically the presence
of anionic phospholipid species, in cell entry of VACV MVs.

3.1. Entry pathways

Entry of poxviruses is defined as the step in which the nucleoprotein core of the virion
passes into the cytoplasm. MVs can enter cells either at the plasma membrane at neutral pH
or through a low pH-dependent endocytic route [30,31] depending in part on the virus strain
and cell type [32,33]. Modification of entry pathways could have occurred during extensive
cell culture passaging of VACV strains. The endocytic route appears to be the primary one
used by orthopoxviruses that have been recently isolated from nature [32] and may provide
an advantage in facilitating transit through the dense cell cortex. Engulfment of MVs occurs
by macropinocytosis or fluid phase endocytosis and is dependent on actin dynamics and cell
signaling [28,34,35].

EVs have been described as entering through the plasma membrane by fusion of a MV-like
particle released upon shedding the outer membrane at the cell surface [36] and by
macropinocytosis [37]. Since most entry studies have been carried out with purified MVs
and the fusion proteins are located in the MV membrane, there will be little further
discussion of EVs in this review.

3.2. Cell binding and internalization

The binding of MVs to the cell surface is mediated by at least four viral proteins: D8 binds
chondroitin [38], A27 and H3 bind heparan [39-42] and A26 binds laminin [43]. The crystal
structure of a trimeric form of A27 [44] and a dimeric form of H3 [45] have been solved.
Inactivation of any one of the attachment proteins does not prevent entry, though infectivity
is severely reduced by deletion of the genes encoding A27 or H3. The four proteins have
additional roles unrelated to attachment. Another protein, L1, has been reported to bind an
unidentified cell surface protein for entry [46] and its crystal structure has been solved [47].
As discussed below, L1 is a component of the EFC.

The binding of MVs to cells also involves association with integrin g1 and CD98 receptor
molecules and activation of several serine/threonine kinases that induce the formation of
actin-enriched membrane protrusions that engulf virus particles during macropinocytosis or
fluid phase endocytosis [28,34,48-50]. Fluorescence microscopy studies indicate that
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endocytosed MVs traffic to early endosomes and recycling endosome compartments prior to
membrane fusion [51].

Little is known regarding the mechanism or proteins required for binding of EVs to cells
[52]. Electron micrographs reveal dissociation of the EV membrane at the cell surface
indicating that it is not fusogenic [36]. Rupture of the outer EV membrane requires the EV
membrane glycoproteins A34 and B5 and interactions with cell surface
glycosoaminoglycans following virus attachment [36,53].

4. Membrane fusion
4.1. The EFC

A complex of 11 proteins embedded in the MV membrane mediate a post attachment step of
virus entry that is required for both MVs and EVs (Table 1, Fig. 1). The first components of
the EFC were discovered by searching the VACV genome for putative transmembrane
proteins conserved in all poxviruses and then by making conditional lethal mutants [54-57].
Additional components were found by their physical association with the first identified
EFC proteins and mass spectrometry [58] and others by mutagenesis experiments [59-61].
The EFC proteins are difficult to extract from MVs with non-ionic detergents and reducing
agent, suggesting that some are anchored to proteins beneath the membrane. The EFC
proteins range in size from 4 to 43 kDa with a median of 16 kDa. Three of the proteins
(Al16, G9 and J5) are homologs arising by duplications but with low sequence identities. The
transmembrane domains of five of the EFC proteins (A21, A28, G3, H2 and O3) are N-
terminal and the others (A16, F9, G9, J5, L1 and L5) are C-terminal. Remarkably, none of
the EFC proteins have a cleavable signal peptide and none are normally glycosylated, raising
questions as to how they traffic to the MV membrane. Most of the EFC proteins have
conserved cysteines that form intramolecular disulfide bonds (Fig. 1), which are catalyzed
by three virus-encoded thiol oxidoreductases within the cytoplasm [62]. Interestingly, the
three redox proteins as well as the eleven EFC proteins are conserved in all
chordopoxviruses suggesting an evolutionarily important relationship.

Ten of the eleven EFC proteins are essential for VACV replication and deletion of the 35
amino acid open reading frame encoding the O3 protein severely impairs replication. The
role of the O3 protein can be fulfilled solely by its sequence flexible putative transmembrane
domain [63]. Each EFC component can be immunoaffinity purified from infected cell
membranes with antibody to any of the others indicating one or more complexes. Moreover,
if expression of any EFC protein except for L1 and F9 is repressed, the network is disrupted
and only subcomplexes remain. Nine proteins are thought to form the core of the EFC with
L1 and F9 peripherally associated (Fig. 2). The subcomplexes that have been identified thus
far include: A28-H2 [64], A16-G9 [65] and G3-L5 [66]. Mutation of a conserved LGYSG
sequence between two cysteines in H2 prevent interaction with A28. The A16-G9
subcomplex also interacts with a complex of two other viral proteins, A56-K2, on the cell
surface to prevent superinfection and cell—cell fusion at neutral pH [65] and also with the
viral A26 protein on the MV surface to suppress neutral pH fusion after cell attachment [67]
(Fig. 2). Two of the EFC proteins, L1 and A28, are targets of neutralizing antibodies [68,69].
The association of the A28 protein with the H2 protein enhances its immunogenicity [70].
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Thus far L1 is the only EFC protein with a determined structure, which comprises a fold
composed of a bundle of a-helices packed against a pair of two-stranded p-sheets [47]. A
potent neutralizing monoclonal antibody binds to a discontinuous epitope containing two
loops that are held together by a disulfide bond [71]. There is a large hydrophobic cavity that
could accommodate the N-terminal myristate moiety [47] although this has not been
demonstrated. Mutations within the cavity inhibit infectivity without affecting
myristoylation [72]. A “myristate switch” model in which the acyl chain is released from the
cavity during entry has been proposed.

4.2. Steps in fusion

Fusion of the MV membrane with the plasma and endosomal membranes resulting in
deposition of the core in the cytoplasm have been imaged directly by transmission electron
microscopy [30,31,73] as shown in Fig. 3. The process of VACV entry, like that of other
enveloped viruses [1], can be divided into several steps: close apposition of the viral and
cellular membrane, lipid-mixing of the outer membrane leaflets leading to the formation of a
hemifusion intermediate, and formation and expansion of a pore resulting in deposition of
the core in the cytoplasm (Fig. 4).

4.3. Hemifusion

Lipid mixing during hemifusion may be analyzed by loading the virion membrane with a
self-quenching lipophilic dye such as R18 and measuring the increase in fluorescence
[74,75]. After binding MVs to cells at 4 °C, fluorescence increases almost immediately upon
raising the temperature suggesting an active transfer process. The rate of dequenching is not
enhanced by low pH or reduced by bafilomycin, which prevents endosomal acidification.
Treatment of cells with methyl-B-cyclodextrin resulting in a 74% reduction in total cellular
cholesterol levels has only a mild effect on hemifusion. Although the site of hemifusion was
not directly determined, the rapidity of lipid mixing and absence of a pH influence, imply
that it begins at the plasma membrane.

Studies with inhibitors suggest that actin dynamics is needed for hemifusion [75]. CK-636
and CK-548, which bind to the Arp2/3 complex and prevent actin nucleation, have little
effect on virion attachment but are effective inhibitors of hemifusion. Dynasore, a small
molecule inhibitor of the GTPase activities of dynamin 1, dynamin 2 and mitochondrial
dynamin that interferes with dynamin-dependent endocytic pathways but also directly
interacts with actin and regulates the actin cytoskeleton also severely inhibits hemifusion.
Latrunculin A and cytochalasin D, which bind to G actin and inhibit actin polymerization,
inhibit hemifusion by 50%. Extensive actin remodeling and mobilization occur during MV
binding to cell surfaces [28,34,48] suggesting that actin-enriched projections enhance the
intimacy of membrane contact allowing virus-cell membrane fusion.

Cell signaling is also important for hemifusion [75]. The small molecule tyrosine kinase
inhibitors genestein, gefitinib (Iressa) and 324674 (PD153035) severely inhibit hemifusion.
The latter could be related to the relative specificity of gefitinib and 324674 for epidermal
growth factor receptor signaling, which causes rapid actin polymerization and rearrangement
[76].
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The importance of the EFC proteins for hemifusion was demonstrated using a panel of
recombinant VACVs in which the expression of an individual EFC protein is regulated by
the lac operator system [75]. When the infection is allowed to proceed in the absence of
inducer, the progeny virus particles appear normal in all respects except for the absence or
barely detectable amount of the regulated protein. These individual EFC protein-deficient
MV particles are able to bind to cells but are unable to enter. Except for A28, L1 and L5, the
particles are defective in hemifusion. Whether the latter three proteins are only required for a
post-hemifusion step or the presence of minute amounts undetectable by Western blotting
are sufficient for hemifusion but not pore expansion is difficult to assess. Nevertheless, the
abilities of A28-, L1- and L5-deficient MVs to mediate hemifusion but not entry supports a
two-step entry model with a hemifusion intermediate. The 2-step model is also supported by
the ability of a potent neutralizing antibody to prevent entry but not hemifusion [75].

4.4. Core entry

Direct and indirect methods are used to measure core entry. The former include visualization
of cytoplasmic cores by electron or fluorescence microscopy. When the medium is acidified
and penetration occurs at the plasma membrane, numerous cores are detected in the
cytoplasm at 10 min whereas 20-30 min are required for liberation from endosomes at
neutral pH [31]. Indirect methods are based on the packaging within the virion of a complete
transcription system including enzymes that cap and polyadenylate mRNA. Transcription is
activated upon release of the core into the cytoplasm and followed by translation of the
mMRNA on the host ribosomes. Employment of a recombinant VACV that expresses firefly
luciferase provides high sensitivity. Because of the additional steps, there is a delay of about
20 min between core entry as determined by electron microcopy and detection of
appreciable luciferase activity. A panel of recombinant viruses encoding luciferase in which
the lac operator system regulates expression of a single EFC protein demonstrated that at
least 10 of the EFC proteins (an inducible J5 virus was not included in the panel) are
required for core entry [75].

Although a partial reduction of cellular cholesterol with methyl-p-cyclodextrin has little
effect on hemifusion, the drug has a major effect on core entry as measured by the luciferase
expression assay. However, this drug also affects the actin cytoskeleton [77]. Another study
has shown that MVs associate with cholesterol-rich regions of the plasma membrane and
that cholesterol depletion reduces VACV entry as measured by visualizing cores in the
cytoplasm [78]. Cytochalasin D and latrunculin have a greater inhibitory effect on VACV
core entry than hemifusion, suggesting that actin dynamics may be required for hemifusion
and pore formation as well as endocytosis [75].

5. Viral protein regulators of fusion

The fusion apparatus of viruses is generally maintained in an inactive state to prevent
premature fusion during assembly or exit from the cell and may be activated by association
with membranes, protein cleavage or low pH. For VACV strains that enter predominantly by
endocytosis, exposing cells with attached virus to a pH of 4.5-5, which mimics the pH of
late endosomes, triggers fusion at the plasma membrane [31]. Studies by the Chang
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laboratory [67,79] have shown that deletion of the MV membrane-associated A26 protein
promotes fusion at the plasma membrane of human cells at neutral pH. Apparently the A26
protein prevents fusion by interacting with the A16 and G9 components of the EFC (Fig. 2).
The finding that low pH causes partial dissociation of the A26 protein from MVs, which
presumably occurs normally in endosomes, supports this model.

The process by which many viruses prevent secondary infection by the same or a related
virus is known as superinfection exclusion. Exclusion can occur at various stages of the life
cycle of a virus. In the case of VACV, exclusion has been shown to occur at the entry stage
by two different mechanisms. Late in infection, a complex of two viral proteins A56 and K2
are associated with the plasma membrane [80]. A56 has a transmembrane domain whereas
K2 binds to A56. The A56-K2 complex interacts with the A16-G9 EFC subcomplex but not
with A16 or G9 alone [65,81]. Furthermore, cells that stably express A56-K2 are resistant to
infection by VACV [82] and a block in entry occurs at a post-hemifusion step [83]. Thus, the
A16-G9 subcomplex is a target for regulation of fusion by the A26 protein during entry and
the A56-K2 proteins to prevent superinfection.

A second method of exclusion at the hemifusion step occurs early after VACV infection
[83]. Although the mechanism involves the synthesis of viral early proteins, the interactions
involved have not been defined. Exclusion of EVs resulting in enhancement of spread occurs
by a repulsion mechanism dependent on the early expression of the viral A33 and A36
proteins [84].

6. Cell-cell fusion

Cells infected with VACV form syncytia under certain conditions. This occurs when cells
infected with wild type virus are briefly exposed to low pH [74,85] or at neutral pH when
cells are infected with virus containing mutations in the A56 [86] or K2 [87-89] gene. These
conditions are similar to those promoting MV fusion with the plasma membrane since cell-
cell fusion is mediated by the EFC and dependent on the externalization of virions on the
cell surface [90] [54,56,57,81]. Low pH can also induce syncytium formation immediately
after infection with a high multiplicity of MVs and this has been called fusion from without
[85]. As discussed in section 5, the A56-K2 complex interacts with the A16 and G9
components of the EFC to prevent spontaneous activation of the fusion apparatus by progeny
virions [65]. Uninfected cells expressing A56 and K2 are resistant to forming syncytia when
mixed with cells infected with an A56 deletion mutant [82]. Therefore, the A56-K2 complex
acts as a fusion suppressor for both virus entry and syncytia formation.

Ectopic expression of A17, a component of the MV membrane, causes fusion of transfected
cells suggesting a role during entry [91]. However, it is possible that the fusion activity of
A17 functions during morphogenesis rather than entry as conditional lethal A17 mutants are
blocked in viral membrane formation [92,93]. Recent studies indicate that Al7 is a
reticulon-like protein that promotes curvature of the endoplasmic reticulum [94].
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7. Summary and future directions

Poxviruses exemplified by VACV enter cells by a multistep process consisting of
attachment, hemifusion and core entry that can occur at the plasma membrane or after
endocytosis. Four proteins are involved in attachment to glycosaminoglycans and laminin
and a complex of eleven proteins that are conserved in all poxviruses mediates the
hemifusion and entry steps. Fusion is activated by low pH, which dissociates a fusion
suppressor protein from the EFC. A specific cell receptor that activates fusion has not been
identified. None of the components of the EFC resemble fusion proteins of other viruses and
structural studies of the individual proteins as well as the complex will be crucial to further
understanding of the entry mechanism.
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Fig. 1. Protein components of the EFC
The locations of the transmembrane domains of the 11 proteins comprising the EFC are

shown. Nine of the proteins have cysteines that are conserved in all poxirus orthologs. Three
proteins (A16, G9 and J5) are homologs derived by duplications. Three proteins (A16, G9
and L1) are myristoylated.
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Fig. 2. Interactions of components of EFC
Of the eleven EFC components, nine (A16, A21, A28, G3, G9, H2, J5, L5 and O3)

constitute the core and two (F9 and L1) are peripherally located. The EFC proteins that are
known to interact directly (A28:H2, G3:L5, and A16:G9) are shown in the same color
separated by a colon. The A26 fusion suppressor protein interacts with the A16:G9
subcomplex.
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Immunogold staining of D8
membrane protein

Fig. 3. Fusion of vaccinia virus mature virions with cells visualized by transmission electron
microscopy

Immunogold staining with antibody to the D8 membrane protein was performed prior to
embedding and cryosectioning. (A) Fusion at the plasma membrane 10 min after infection.
Arrow points to virus core. (B) Fusion with endosomal membrane 20 min after infection.
Arrow points to junction of viral and endosomal membrane.

Modified from: Townsley, A.C., et al. (2006). J. Virol. 80, 8899-8908.
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Fig. 4. Measurement of binding, hemifusion and core entry steps
Attachment: a recombinant VACV with Gaussia luciferase (LUC) fused to a core protein is

used to measure the binding of virions at 4 °C by assaying cell-associated LUC activity.
Hemifusion: R18-loaded virions are bound to target cells at 4 °C, shifted to 37 °C, and the
dequenching of R18 dimers due to lipid mixing is measured by increased fluorescence. Core
entry: a recombinant VACV that expresses firefly LUC under an early promoter, is used to
infect cells and newly synthesized LUC is measured.
Modified from: Laliberte, J.P., Weisberg, A.S., Moss, B., 2011. PLoS Pathog. 7, €1002446.
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