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Abstract

The alphaviruses and flaviviruses include many important human pathogens, such as the dengue,
West Nile, and Chikungunya viruses. These enveloped viruses infect cells by a membrane fusion
reaction triggered by the low pH in endosomes. Fusion is mediated by viral membrane proteins
through their acid-dependent conversion from a dimer on the virus surface to a homotrimer inserted
in the host cell membrane. Here we review recent studies on the regulatory mechanisms that silence
these fusion proteins during virus exit, and that sense low pH and mediate protein refolding during
virus entry. We discuss results using truncated proteins to dissect the fusion reaction, and future
research directions including the development of antiviral therapies against these medically important

viruses.

Virus entry: insights from the alphaviruses and flaviviruses

Enveloped viruses are surrounded by a membrane bilayer that protects the virus genome from
the extracellular milieu and fuses with a host cell membrane to release the genome into the
cytoplasm. This critical membrane fusion reaction is mediated by specialized transmembrane
(TM) proteins known as virus membrane fusion proteins. Recent work has detailed the pre-
fusion and post-fusion structures of a number of virus fusion proteins (reviewed in [1,2]). While
the structural features of such fusion proteins can differ markedly, the evidence indicates that
they mediate fusion through a common mechanism. A triggering event such as receptor/co-
receptor binding or the low pH of the endocytic pathway first initiates the process. The fusion
protein inserts a hydrophobic region (fusion peptide or fusion loop) into the host cell target
membrane, thus forming a bridge between the virus and cell membranes. The protein then
refolds to a hairpin-like structure in which the fusion peptide and the transmembrane domain
are at the same end of the molecule. This post-fusion form is more stable than the pre-fusion
conformation, and the energy released by refolding to the final hairpin drives the fusion
reaction. The final conformation of all virus membrane fusion proteins whose structure has
been determined is a trimer of such hairpins. There has been considerable interest in these
fusion proteins as experimental systems to study membrane fusion and as possible targets for
antiviral therapy.

Alphaviruses and flaviviruses are small enveloped viruses containing plus-sense RNA
genomes (reviewed in [3,4]). These viruses include many medically important species such as
the alphaviruses Chikungunya virus and Venezuelan equine encephalitis virus and the
flaviviruses dengue virus (DV), West Nile virus, Japanese encephalitis virus, yellow fever virus
(YFV) and tick-borne encephalitis virus (TBEV). The structure, entry, and membrane fusion
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properties of the alphaviruses and flaviviruses have been intensively studied and will be
summarized in this review (see also [5-7]). These viruses have structurally-related fusion
proteins that drive the fusion reaction through their low pH-triggered conversion from a dimer
form on the surface of the virus to a target-membrane-inserted homotrimer. Recent studies
have defined the regulation of the alphavirus and flavivirus fusion proteins during virus
assembly and fusion, and will be the major focus of this review. These advances have greatly
contributed to our understanding of the mechanisms of low-pH triggering during entry, the
means by which viruses protect themselves from low pH during exit, and the process of
formation of trimeric hairpins from pre-fusion dimers. We finish the article by discussing
possible avenues for future research, including those that might lead to development of new
antiviral therapies.

Alphavirus and flavivirus organization and fusion protein structure

The alphavirus particle contains 240 copies of the capsid protein associated with the RNA
genome to form a nucleocapsid with icosahedral symmetry (Figure 1a) [3]. This core is
surrounded by a membrane containing 240 copies each of the transmembrane E2 and E1
glycoproteins, also organized with icosahedral symmetry. E2 and E1 associate as trimers of
heterodimers (E2-E1)3 on the particle surface. E1 is the membrane fusion protein. It lies
tangential to the virus membrane and forms an icosahedral lattice on the virus surface. The
“companion protein” E2 interacts with E1, covers the E1 fusion loop and forms the spiky center
of the trimer.

Flaviviruses are also highly organized particles in which the glycoproteins are arranged with
icosahedral symmetry [4,6]. They contain a core of the RNA genome associated with 180
capsid proteins (Figure 1b). The membrane envelope contains 180 copies of the fusion protein
E associated as homodimers and organized in a herringbone or “raft” pattern on the virus
surface. The fusion loop of each E protein is hidden by its association with its dimeric partner.
The membrane also contains 180 copies of the companion protein M, which is synthesized as
a precursor protein, prM, whose role is discussed below.

The pre-fusion structures of the E1 protein of the alphavirus Semliki Forest virus (SFV) [8,9]
and of several flavivirus E proteins [10-15] have been solved. The overall architecture of these
virus fusion proteins is composed primarily of B-sheets and is remarkably similar between the
two groups of viruses (Figures 2a, 2¢). Each protein contains an amino terminal domain | (DI)
from which two long extensions form the finger-like domain Il (DII) with the hydrophobic
fusion loop at the tip. DI connects to domain 11 (DIII) via a linker region. DIII has an
immunoglobulin-like fold, and connects to the C-terminal stem region and TM domain.

Both alphaviruses and flaviviruses enter cells primarily through uptake in clathrin-coated
vesicles, and fuse in the low pH environment of endosomes [7,16]. The post-fusion structures
of E1 and E reveal a dramatic reorganization of the originally dimeric fusion proteins to
homotrimers in which DIII has moved towards the fusion loop (Figures 2b, 2d) [17-19]. The
final postfusion hairpin is thus formed by the packing of DIII and the stem region against the
central trimer, thus bringing the fusion loops and TM domains to the same end of the rod-like
trimer. The alphavirus and flavivirus fusion proteins are often referred to as “class I1”. This is
a useful (although simplified) shorthand to differentiate them from the “class I” and “class 111"
fusion proteins [1,2,20]. The class | fusion proteins contain a central a-helical coiled-coil
domain and are exemplified in influenza virus and human immunodeficiency virus-1. The class
I11 proteins, exemplified by the vesicular stomatitis virus G protein and the herpes simplex
virus 1 glycoprotein B, have five domains that include both a central trimeric coiled-coil and
considerable B-sheet structure.
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Virus assembly and maturation

The structural proteins of the alphaviruses and flaviviruses are synthesized as polyproteins that
are co- and post-translationally processed by viral and cellular proteases. The alphavirus
envelope proteins are translocated into the endoplasmic reticulum (ER) and transported through
the secretory pathway to the plasma membrane, where virus budding occurs [3]. The E2 protein
is synthesized as a precursor termed p62, which associates with E1 and assists in its folding
and transport. Based on the relative resistance of the p62-E1 heterodimer to low pH dissociation
[21], itis believed that p62 protects E1 from the mildly acidic pH (~pH 6.0) of the trans-Golgi
network (TGN). The p62 precursor is processed by the cellular protease furin [22] to produce
mature E2 protein plus E3, a small polypeptide that is released from many alphaviruses after
processing. Structural studies of immature and mature alphavirus particles demonstrate that
their overall organization is similar, with each containing trimeric spikes composed of three
heterodimers of p62 (or E2) and E1 [23,24]. Maturation to E2 permits subsequent heterodimer
dissociation and virus fusion in the endosomal pH range (~pH 5.5-6.5), and strongly increases
virus infectivity [22,25].

The flavivirus envelope proteins are similarly translocated into the ER where the TM prM
protein dimerizes with the fusion protein E and assists in its folding [4]. PrM is processed by
furin to the mature M protein plus the pr polypeptide [26]. However, flaviviruses assemble and
bud into the ER and the virus particles are transported through the secretory pathway and
released from the cell. Recent studies have determined the structure of the pr region of DV
prM and have greatly advanced our understanding of flavivirus maturation [27,28] (Figure 3).
The immature flavivirus particle contains 60 trimers of prM-E heterodimers that form spiky
protrusions on the virus surface, with the pr region of prM covering the fusion loop of E [27,
29,30]. The low pH of the TGN induces a dramatic but reversible reorganization of the envelope
proteins to a herringbone-like, relatively flat arrangement of dimers of prM-E [28]. This
rearrangement makes the prM protein accessible to cleavage by furin as the virus transits
through the secretory pathway [26,28]. The pr polypeptide remains bound after cleavage and
thus protects E from the mildly acidic pH of the exocytic pathway. Once the virus particle is
released from the cell, the neutral pH environment allows the dissociation of pr, completing
the maturation process [28]. The mature particle shows a dramatic increase in fusion activity
and infectivity compared with the prM-containing immature form [26,28].

The remarkable reorganization during flavivirus maturation thus depends on the changes in
pH that the virus sees during its transit through the secretory pathway. The initial low pH-
dependent rearrangment of prM-E trimers to dimers may be mediated at least in part by a
histidine (H) residue in the M protein region [27,31]. The structures of the pr peptide and E
protein suggest that their pH-dependent interaction includes complementary charge pairing
between highly conserved residues, H244 in E and two aspartic acid residues in pr, D63 and
D65 (DV numbering) [27]. Together these conformational changes leave the mature virus
primed to respond to low pH during virus entry.

Inhibition of alphavirus and flavivirus fusion and infection

Understanding the pre- and post-fusion conformations of class I viral fusion proteins has led
to inhibitors that block protein refolding during virus fusion (reviewed in [32-34]). Here we
will summarize strategies and progress to date on developing inhibitors of the class Il fusion
proteins.

The hinge region connecting DI and DIl (Figure 2) undergoes important changes during
flavivirus maturation (reviewed in [6]), and during class Il protein refolding to the postfusion
homotrimer [17-19]. In silico docking was used to screen libraries of small molecules for
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binding to a hydrophobic pocket in the hinge region of the DV or YFV E protein [35-37]. An
optimized candidate was found to inhibit DV infection at an early step, suggestive of inhibition
of virus fusion [35]. This strategy may prove important for structure-based design of antiviral
agents that could affect virus maturation or fusion with host cell membranes.

The recent structural studies of the pr peptide indicate that it bridges two E proteins and
stabilizes the E dimer interface [27,28] (Figure 3). Small molecules that bind at this site might
similarly stabilize the E dimer and prevent fusion by preventing the dimer-to-trimer transition
[28].

The class 11 stem region extends along the groove formed by two E or E1 proteins in the
homotrimer, thus connecting DIII to the TM domain and forming part of the “outer layer” of
the trimeric hairpin (Figures 2, 4). Peptides derived from the outer layer of the class | fusion
proteins can act as potent and clinically useful inhibitors [34,38], and by analogy the class Il
stem was suggested as a potential inhibitor [18,19]. However, to date peptides spanning the
SFV stem region or antibodies directed against the SFV stem have failed to inhibit virus fusion
or infection [39]. This reflects, in part, the relative inaccessibility of the stem region in the
prefusion conformation [39]. In addition, mutagenesis studies show that, while the wild type
stem sequence is optimal for fusion, neither a specific sequence nor length of the SFV stem is
required [40]. The flavivirus stem appears to have a more defined structure, and can promote
trimerization [41] and trimer stability [42]. Peptides corresponding to the stem region of DV
E protein inhibit infection by DV and West Nile Virus [43]. Thus the stem-central trimer
interaction might be a feasible antiviral target for the flaviviruses but not the alphaviruses.

The outer layer of the class Il hairpin is also composed of DIII, which dramatically reorients
towards the fusion loop during hairpin formation (Figures 2 and 4). Recombinant SFV and DV
DIl proteins specifically inhibit virus fusion and infection when present during the low pH-
triggered conformational change [44]. This inhibition is due to the binding of exogenous DIlI
to a trimeric intermediate in which the endogenous D111 has not completely folded back against
the central trimer. Although not required, inhibition by DIl is enhanced by the presence of the
stem, suggesting that the stem confers increased stability. Thus, DIII inhibition demonstrates
the existence of a trimeric intermediate during class Il fusion and suggests that the specific and
stable interaction between DIl and the core trimer could serve as a target for class Il fusion
inhibitors.

Control of low pH-dependent fusion

Viral fusion proteins that are triggered by the acidic environment of endosomes have evolved
specific mechanisms to respond to low pH. The term “pH sensor” will be used here to denote
regions or residues that, upon proton binding, destabilize the prefusion conformation to initiate
fusion protein refolding. Low pH can also act by titrating residues that are involved in forming
or stabilizing the post-fusion conformation, thus helping to drive the fusion reaction to
completion. Important examples of both types of mechanisms have been recently described
for the flaviviruses and alphaviruses and will be reviewed here.

Given the pH threshold of these viruses, residues whose side chains titrate with a pKa in the
~ 5-7 range could be relevant players in the pH response, and thus histidines (pKa ~6.5) have
been proposed to play key roles in fusion [45]. It is also worth noting that the pKa of a titratable
group can vary widely, depending on the electrostatic potential and solvent accessibility of its
local environment [46]. For example, while the carboxylate of free glutamate and aspartate
titrates in the 4.4 range in solution, within proteins its pKa can range from ~2 to 10 [47]. Surface
residues are directly affected by solvent pH, but even buried residues can be influenced by pH
changes through interactions that network with residues on the surface of a protein [48].
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The hydrophobic fusion loop of the flavivirus fusion protein is hidden in the dimer interface
(Figure 2c), and the dimer must dissociate at low pH to permit fusion loop insertion in the
target membrane [49]. A recent study of TBEV carefully defined the role of conserved histidine
residues in this response to low pH [50, also discussed in 51] (Figures 2c, 2d, and Table 1).
H323, located in a region of DIII that protects the fusion loop of its dimeric partner, acts as an
initial pH sensor. Mutation of H323 to alanine inhibits dimer dissociation, fusion loop exposure
and membrane insertion, and fusion. The conserved H149 on DI may also be involved in initial
pH sensing, although this residue could not be tested by mutagenesis [50]. H323 and H149 are
located in the interface between DI and DIII and are thus positioned to disrupt the dimer
interface and fusion loop “pocket” upon protonation.

In addition to mediating the initial release of the dimer, H323 also functions to increase the
stability of the post-fusion trimer. This probably occurs through formation of a salt bridge
between H323 and E373 on DIII, thereby inhibiting return to the prefusion interaction of E373
with an arginine (R9) on DI [50]. The new results may also explain interesting earlier findings.
Treatment of TBEV at pH 10 causes dissociation of dimers and membrane-insertion of fusion
loops, but does not trigger stable trimer formation or fusion [52]. Under these conditions, H323
would not be protonated and the release of the pre-fusion DIII-DI interface interactions and
the stabilization of the final trimer conformation would not occur. These data also indicate that
fusion loop insertion is pH-independent.

Several other regions of the flavivirus E protein affect its pH-dependence. Mutations in the
hinge region between DI and DI alter the pH threshold of flavivirus fusion [10,11]. In general,
these mutations convert long hydrophobic chains to short hydrophobic chains, perhaps
allowing for tighter packing of the hydrophobic pocket of the hinge, thus making dimer
dissociation more difficult. A double mutation of H287A and H248N blocks TBEV fusion by
decreasing the stability of the trimer, presumably through dual effects on the trimer interface
(H287A) and stem packing (H248N) [50] (Figure 2, Table 1). Thus there is strong evidence
for important roles of both initial pH-sensing and fusion protein refolding in the regulation of
flavivirus fusion.

The first observed response of alphaviruses to low pH treatment is the dissociation of the E2-
E1 heterodimer [53] (Figure 4). Based on mutants in E2 that require a lower pH [54-56], and
on the relative resistance of the p62-E1 dimer to low pH dissociation [21,25], dimer dissociation
appears to be mediated primarily through effects of low pH on the E2 protein. However,
evidence indicates that low pH is also involved in triggering subsequent conformational
changes in the E1 protein [57,58]. A recent study addressed the role of conserved histidine
residues in the response of SFV E1 to low pH [59] (Figure 2a, 2b, and Table 1). Unlike the
flaviviruses, histidine residues in SFV DIl (H331, H333) are not involved in pH sensing, even
though they are located at the interface of DIl with DI in the prefusion form. Although E1 has
a hinge region and forms the icosahedral lattice on the alphavirus surface, mutation of a
conserved histidine (H125) that lies in the hinge and at an interface between E1 proteins on
the virus surface does not significantly affect virus fusion or pH dependence. However,
mutation of H3, a conserved histidine in DI, to alanine decreases virus infectivity, fusion, and
trimer formation, and markedly shifts the pH-threshold required for fusion and E1
trimerization. H3 is located near the DI/DIII linker region that extends during the fold-back of
DIl to the post-fusion conformation and is also positioned to affect intermolecular interactions
within the trimer (Figure 2). It will be important to determine the interactions of H3 that mediate
its effects on E1 trimerization.
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Mechanistic studies of alphavirus E1 trimerization

Trimerization of the E1 or E protein is a critical step in alphavirus and flavivirus fusion. Soluble
E1 or E ectodomains can interact to form trimers, demonstrating that the interactions in
trimerization are inherent to the proteins, rather than requiring the specific geometry found on
the virus particle. The structures of the alphavirus and flavivirus homotrimers show inter-chain
interactions through contacts in DI and DII, with DIl clamping into the grooves of this central
trimer region [17-19]. Analysis of the steps in trimerization, their requirements, and the stages
of fusion they mediate is important to our understanding of the fusion mechanism. Recent
findings on SFV EL1 trimerization will be summarized here.

As discussed above, inhibition studies using exogenous DIII identified a trimeric pre-fusion
intermediate in which DIII is not completely folded-back [44]. This result suggests that the
central trimer may be formed prior to D111 fold-back. Recent mutagenesis studies of a conserved
aspartate D188 located in the trimer interface region of E1 DII (Figure 2a, 2b) indicate that
neutralization of D188 by either protonation or salt-bridge formation is important in formation
of the central trimer and in fusion [60].

Truncated E1 proteins containing only DI and DIl (termed E1 DI/I1) were used to analyze the
properties of E1 trimer formation [58]. Similar to the complete E1 ectodomain, E1 DI/II
specifically interacts with cholesterol-containing membranes at low pH and forms a stable
trimer. Thus the DI/1I protein contains the elements required for low pH-dependent
trimerization. Negative stain electron microscopy was used to compare the trimers formed by
the complete E1 ectodomain and E1 DI/I1. Both types of trimers insert into membranes through
the fusion loop-containing tip, and interact with adjacent trimers to form rings of 5 or 6 trimers
and hexagonal trimer lattices [58,61]. The E1 DI/II trimers promote deformation of rounded
liposomes into membrane tubules [58], indicating that the inter-trimer fusion loop interactions
can cause membrane bending in the absence of DIII and final hairpin formation.

These E1 DI/II trimers were used as targets for the binding of exogenous SFV DIII proteins
[58]. Binding is specific, efficient, and stable. While the stem region is not required for DIII
binding, it does increase the overall stability of the DIlI-core trimer complex. Although
formation of the core trimer requires low pH, once this intermediate is formed the binding of
DIl is independent of pH. Thus these truncated E1 proteins reconstitute the interactions that
produce the fusogenic E1 hairpin. The in vitro interaction of DIII with the core trimer may
enable the identification of small molecules that both inhibit this protein-protein interaction
and block virus fusion.

Concluding remarks and future directions

The alphavirus and flavivirus fusion proteins are assembled with companion proteins that
protect them from acid pH during exocytic transport and that are processed by furin to permit
fusion in the physiological pH range. During virus entry in the low pH environment of
endosomes, the E1 and E fusion proteins dissociate from their dimeric interactions, insert into
the endosome membrane, trimerize, and refold to a hairpin conformation, thus driving
membrane fusion (see model in Figure 4). As summarized in this review, recent studies have
defined the role of pH and processing during flavivirus maturation, identified important
histidine residues involved in flavivirus dimer dissociation and in the refolding of the E and
E1 proteins, and developed in vitro systems to reconstitute the protein-protein interactions
during virus fusion. The combined results from structural, biochemical and molecular biology
approaches have been synergistic and exciting. These results also identify outstanding
questions in the field, and suggest potential experimental strategies to begin to address them.
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Studies of the response of the alphaviruses and flaviviruses to low pH have primarily focused
on the role of histidine residues. Computer modeling programs are becoming increasingly
sophisticated at predicting the pKa of an ionizable group in a known protein structure (reviewed
in [46]). Such modeling programs may be helpful in identifying other ionizable residues
involved in pH regulation, and in modeling the effects of histidine substitutions on adjacent
titratable groups. Results from mutagenesis studies already suggest specific regions that may
play a role during protein refolding and trimerization, particularly the DI-DIII linker and the
trimer interface region.

The recent findings on the structure, processing and pH sensitivity of the flavivirus prM/pr
protein demonstrate the importance of this companion protein. For the alphaviruses, many
fundamental questions on the companion protein p62/E2 remain, including structural
characterization, the role of the E3 polypeptide, and the control of the differential pH sensitivity
of the p62 vs. E2 interaction with E1. More broadly, it will be important to understand how
viruses in the same families, such as hepatitis C and rubella virus, protect their fusion proteins
during biosynthesis, since the putative companion proteins of these viruses do not appear to
be proteolytically-processed.

Current evidence indicates that the insertion of the flavivirus fusion loop into the target
membrane does not require low pH. Will this also be the case for the alphaviruses? What is
the relative role of pH vs. cholesterol for the alphaviruses, and will there be differences in the
requirements for initial fusion loop-membrane insertion vs. stable membrane interaction of the
final refolded trimer? Studies of membrane-inserted SFV E1 and E1 DI/1I trimers reveal
striking lateral interactions. Further experiments will be required to determine the function of
these inter-trimer interactions during fusion. One potentially useful approach will be to use
two-dimensional E1 lattices in combination with cryo-electron microscopy to image the
interactions of the fusion loop with the target membrane and its cooperative interactions with
the fusion loops of adjacent trimers.

The studies of alphavirus and flavivirus biosynthesis, processing, and membrane fusion suggest
a number of interesting targets for inhibitors. On the biosynthetic side, these include the
interaction of pr with E and of p62 with E1, as disruption of this interface could leave the fusion
protein unprotected against acidic pH in the TGN. Conversely, stabilization of various dimer
interfaces would also prevent fusion, and the pr peptide is a paradigm for amolecule that bridges
two E proteins and prevents their dissociation [27]. During virus entry, potential targets include
the interactions between the three subunits that form the DI/II core trimer, and the binding of
DIl to the core trimer. We have learned over the past few years that experiments to define
these targets provide important information about fusion protein intermediates. In the future,
this information may translate into new approaches for antiviral therapies.
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Ectodomain a portion of a membrane protein that extends into the extracellular space.

In silico dockimgmputational method to characterize the complementarity of a ligand and a
protein target. It can be used to identify small molecules that bind to a defined
region of a target protein structure.

Icosahedral synicnsahgdron is composed of 20 triangular faces, contains 12 vertices, and has
five-fold, three-fold, and two-fold axes of rotational symmetry. The organization
of many virus particles is based on such 5:3:2 symmetry principles.

Metastable capfoterationmformation that exists due to an energy barrier that prevents the
formation of the most stable form. The metastable conformation can be triggered
to overcome the energy barrier, releasing energy as it refolds to the final stable
conformation.

Plus-sense RMiAaBMNMgenome with message-sense polarity that serves as an mRNA for
translation of viral proteins.

Polyprotein larger protein that is cleaved to produce functionally distinct polypeptides. A viral
polyprotein can by processed by viral and/or cellular proteases.

Trans-Golgi aebiwokk(@GmYicles and tubules at the trans face of the Golgi apparatus that
functions in processing and sorting of newly synthesized membrane proteins and
other molecules.
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Alphavirus Flavivirus
(SFV) (Dengue)

Figure 1.

Schematic diagrams of mature alphavirus and flavivirus particles. The plus-sense viral RNAs
are represented inside the capsids in black. The capsids are shown as either a blue polygon to
represent the icosahedral organization in the alphaviruses, or as a blue circle for the flaviviruses.
The viral membrane bilayers are shown as a grey double layer containing the inserted viral
glycoproteins. Viral particles are not to scale. (a) Organization of the Semliki Forest virus
particle. The inset shows the trimer of heterodimers (two in side view, one end-on) formed by
El and E2 inserted in the membrane. E1 is colored by domains as in Figure 2, with the
transmembrane (TM) domain in light brown. The E2 protein is shown in cyan and demonstrates
the interaction of E2 with E1 that protects the fusion loop (green star). (b) Organization of the
dengue virus particle. The inset shows the E protein homodimer, with the fusion loops (green
stars) protected by the dimeric interaction. The E domains are colored as in Figure 2, and the
two alpha helices of the stem and the two TM domains are shown in light brown. The mature
M protein is shown in cyan.
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dlll

linker

Figure 2.

Pre- and post-fusion structures of the alphavirus and flavivirus fusion proteins. (a) Structure
of the prefusion SFV E1 protein ectodomain (PDB 2ALA [8,9]). The three domains (D) of E1
are shown in the standard color scheme: DI in red, DIl in yellow with the fusion loop (fl) shown
in green, and DIl in blue. The linker between DI and DIII is shown in purple. A stem region
connects DIl with the TM domain, and the portion of the stem present in the structure is shown,
also colored purple. Histidine residues discussed in the text are highlighted in gray, and the
hinge region between DI and DI is indicated by the black arrow. (b) SFV post-fusion
homotrimer (PDB 1RER [17]), with histidine residues from panel A indicated. (c) Structure
of the prefusion TBEV E protein ectodomain homodimer (PDB 1SVB [10]). Each fusion loop
is hidden within a “pocket” formed by DI and DIII of the dimeric partner. Conserved histidine
residues that play a role in the fusion mechanism are highlighted in gray, along with H146.
Domains are colored as in panel A, and the hinge, linker and stem are in analogous positions
as those indicated in panel A. (d) TBEV post-fusion homotrimer (PDB 1URZ [18]), with
histidine residues from (c) indicated. This figure was prepared using the program PyMOL
[62]. Cartoons of each structure colored in the same domain scheme are also shown.
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Figure 3.

Flavivirus maturation pathway. (a) Immature flavivirus particle at neutral pH. The virus buds
into the neutral pH environment of the endoplasmic reticulum (ER), and the immature particle
contains spiky trimers of prM-E heterodimers. One (prM-E) trimer is shown, with E colored
by domains as in Figure 2; the stem and transmembrane domains are displayed brown and
translucent. The prM protein is colored cyan. It is unclear whether the region of M (denoted
by a question mark) that normally forms a membrane-proximal alpha-helix in the mature
particle has this conformation in the immature particle. (b) Immature flavivirus particle at low
pH. As the virions progress through the trans-Golgi network (TGN), the acidic environment
induces the rearrangement from (prM-E) trimers to (prM-E) dimers (one of which is shown)
with similar orientation and organization as in the mature virus. This low pH-induced transition
is reversible in DV [28], but not in TBEV [26]. The transition allows access for furin to cleave
prM to pr plus M, as indicated by the red arrows. At low pH, pr remains bound to E. (c) Mature
flavivirus particle at neutral pH. The particle is secreted into the extracellular space. The pr
polypeptide dissociates from E at neutral pH, readying the virus for fusion during entry.
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Figure 4.

Proposed model of the alphavirus membrane fusion mechanism. (a) Virus particle in the pre-
fusion state. The virus membrane, depicted in light blue, contains a trimer of E2-E1
heterodimers, shown colored as in Figures 1 and 2. The target membrane is shown in pink. The
fusion protein E1 is in a metastable conformation. (b) Triggering. Upon exposure to low pH,
dissociation of the E2-E1 heterodimer occurs, exposing the E1 fusion loop. The disposition of
E2 after heterodimer dissociation is unknown. (c) The fusion loop inserts in the target
membrane through a low pH and cholesterol-dependent mechanism. A core trimer is formed
by DI and DII. This step is promoted by residues H3 (DI) and D188 (DIl), as discussed in the
text. (d-e) In a pH-independent interaction, DI1I and the stem region are folded against the core
trimer in the groove formed by two E1 proteins. The distortion of the target membrane by
fusion loop insertion, the fold-back of DIl and stem, and the cooperative action of several
trimers (of which only two are shown) are proposed to provide the force to mediate membrane
fusion. (e) Fusion proceeds through a hemifusion step in which the two outer leaflets merge.
(f) E1 forms the final stable post-fusion homotrimer, in which the fusion loops and the
transmembrane domains are located at the same side of the molecule. Concomitantly, this
refolding drives complete fusion via formation of the fusion pore. While this model depicts
alphavirus fusion, the general features of steps (c-f) appear similar for flavivirus fusion.
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Histidine mutations that affect the flavivirus and alphavirus fusion mechanisms.

Mutation(s) | Location?® | Fusion phenotype | Proposed role(s) in fusion
Flavivirus (TBEV)
H248N P + H287A DIl ij loopC close to fusion loop; in trimer groove Fusion block Trimer formation and stabilization
DI: hinge, trimer interface
H323A DIII: at interface with DI Fusion block pH sensor for dimer dissociation; trimer

stabilization

Alphavirus (SFV)

H3A DI: near linker region in trimer pH shift, decreased fusion| Regulation of trimerization
H125A DIl: hinge, E1-E1 interface in virus glycoprotein shelll No significant phenotype None
H230A DII: ij loop® close to fusion loop; in trimer groove Fusion block Late step in fusion after trimer formation; no pH
effect
H331A + H333A DIII: at interface with DI No significant phenotype None

aDomain location and position in prefusion conformation, unless indicated as trimer.
b . . .
Note that H244 of DV (discussed in text) is analogous to H248 of TBEV.

CThe ij loop is at the tip of DII, connecting B-strands i and j.

Trends Microbiol. Author manuscript; available in PMC 2010 November 1.




