1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

NATIG,

o
HE

s sy,
Y

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Curr Opin Virol. 2013 February ; 3(1): 3-12. doi:10.1016/j.coviro.2012.12.001.

Flaviviruses: Braking the entering

Theodore C. Pierson! and Margaret Kielian?2

lviral Pathogenesis Section, National Institute of Allergy and Infectious Diseases, NIH, Bethesda,
MD 20910

2Department of Cell Biology, Albert Einstein College of Medicine, Bronx, NY, 10461

Abstract

Flaviviruses are small spherical virus particles covered by a dense icosahedral array of envelope
(E) proteins that mediate virus attachment to cells and the fusion of viral and cellular membranes.
Our understanding of the mechanism by which flavivirus E proteins orchestrate entry into cells
has been advanced by studies of E structure and arrangement on the virion at different steps of the
virus entry/membrane fusion process. When combined with an increasingly clear (albeit still
incomplete) view of the cell biology of virus entry, these advances suggest new antiviral
strategies. Indeed, inhibitors that target cellular and viral processes involved in entry show
promise as powerful tools to study this critical step of the viral lifecycle, and with luck, may
ultimately lead to therapeutic advances.

Flaviviruses are a group of enveloped viruses vectored principally by arthropods, and
include important human pathogens such as dengue (DENV), West Nile (WNV), and yellow
fever viruses. These viruses cause a broad spectrum of disease in humans including fever,
encephalitis, meningitis, and hemorrhage. Together the members of this genus are
responsible each year for more than 50 million human infections worldwide [1]. Flaviviruses
encapsidate an ~11kb positive-stranded RNA genome that is translated as a single
polyprotein and subsequently cleaved into at least ten functionally distinct proteins; three of
these (capsid, envelope (E), and premembrane (prM)) are incorporated into the virus particle
[2]. Flavivirus entry into cells is coordinated by the activities of E proteins arrayed on the
surface of the virion. These proteins orchestrate both the attachment of virus particles to
cells, and the subsequent low pH-triggered fusion of viral and target cell membranes during
endocytic entry. Significant mechanistic insight into these early steps in the virus lifecycle
has arisen from structural and biochemical studies of the E protein of several different
flaviviruses (reviewed in [3,4]). Interest in this process is enhanced by the fact that E
proteins are the principle targets of neutralizing antibodies, and more recently, have been
identified as targets for novel therapeutics [5,6]. Beyond their potential clinical utility,
inhibitors that target flavivirus entry into cells have proven to be powerful tools for
dissecting how viral envelope fusion proteins promote attachment to target cells and
membrane fusion [7]. In this review, we will discuss recent progress towards understanding
flavivirus entry and strategies being developed to block this critical phase of the virus
lifecycle.
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The envelope protein

The structure of the E protein ectodomain has been determined at high resolution for several
flaviviruses (reviewed in [4])(Figure 1a). The E protein is an elongated predominantly -
stranded structure composed of three distinct domains connected by flexible linkers of one
or more chains [8,9]. E protein domain Il (E-DII) consists of two extended loops that
contribute important dimerization contacts that coordinate the antiparallel E arrangement on
mature virus particles [8,10,11](Figure 1b). A highly conserved glycine-rich fusion loop is
located at the distal tip of E-DII [12]. Domain 111 (E-DIII) is an immunoglobulin-like
structure thought to be the site of interactions with cellular receptors, although to date much
of the evidence in support of this concept remains indirect [4]. Domain | (E-DI) is a central
eight-stranded p-barrel structure that serves to connect E-DII and E-DIII. E proteins contain
one or two asparagine-linked (N-linked) carbohydrates that may participate in stabilizing E
protein dimers present on mature viruses [8,13] and can mediate interactions with cellular
attachment factors during virus entry [14-17]. The E protein ectodomain is connected to the
viral membrane by a helical region called the stem anchor [18] followed by two antiparallel
transmembrane domains [19](Figure 3).

The structure of the E ectodomain of DENV2 solved by Modis and Harrison revealed a
hydrophobic pocket at the junction of E-DI and E-DII capable of accommodating an n-octyl-
B-D-glucoside detergent molecule [13]. This structure will be referred to hereafter as the -
OG pocket (Figure 1c). Mutations around this pocket alter the pH required for E protein
activation [20-23]. E protein structures solved in the presence or absence of this detergent
suggest that a hairpin loop (the kil loop) regulates access to the pocket, rendering it in an
“open” or “closed” state. In the closed state (captured by all other reported E protein
structures) the ki loop lies over the top of the pocket. Because the B-OG pocket is located at
an interface between E-DI and E-DII that rotates considerably during fusion (Figure 3),
molecules that fit into the pocket may block this transition and thus have potential as
therapeutics (Table 1).

Flavivirus virions

Flaviviruses are heterogeneous and dynamic structures (reviewed in [24-26]). Newly
assembled flaviviruses bud into the lumen of the endoplasmic reticulum as immature non-
infectious virions that incorporate sixty spikes, which are trimers of heterodimers of the
transmembrane prM and E proteins [27,28]. As the virus particles transit the secretory
pathway, the acidic environment of the exocytic pathway triggers a conformational
rearrangement of the virus particle that allows cellular furin to process prM into pr peptide
and transmembrane M [29-31]. The pr peptide remains bound to the virus particle until virus
exit into the neutral pH of the extracellular space. prM processing and pr release are required
for virion infectivity [32]. On mature virions, the E proteins are organized as 30 rafts of
three anti-parallel dimers arranged with pseudo-icosahedral symmetry (Figure 1b) [10,19].
These dimers are oriented parallel to the viral membrane, resulting in the relatively smooth
appearance of the mature virion. In this configuration, E proteins are located adjacent to a
five-, three-, or two-fold symmetry axis. Whether E proteins located in each of these
symmetry environments play distinct roles in virus entry or fusion (e.g. receptor binding) is
unknown.

While cryo-electron microscopy studies (cryoEM) have provided valuable snapshots of the
structure of flaviviruses [19,27,30,33], several recent studies suggest unresolved structural
complexity may contribute significantly to the biology of flaviviruses. Under physiological
conditions, flaviviruses likely exist as an ensemble of conformations at equilibrium; the
“breathing” of flaviviruses has been suggested to markedly impact antibody recognition
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[25,26,34]. Whether the structural dynamics of the virion also regulate exposure of surfaces
recognized by cellular proteins involved in virus attachment remains to be studied.
Flaviviruses released from cells are also heterogeneous with respect to the extent of prm
cleavage [35-39]. A recent investigation of the structure of such “partially mature” virions
suggests these virus particles are a mosaic of regions of “spikey” immature character and
those with a smooth structure consistent with mature viruses [40]. More than 90% of DENV
virions retain at least some uncleaved prM [35]. Because of the very different orientation of
the E proteins in these two regions (and the unresolved junction between regions), it is
possible these portions of partially mature virions provide unique surfaces for interactions
with cellular attachment factors and receptors.

Membrane fusion

Flavivirus membrane fusion involves a series of conformational and organizational changes
in the E proteins triggered by exposure to the mildly acidic endosomal environment. Fusion
is thought to proceed in several rapid steps (Figure 3). Exposure of the virion to low pH
(~6.4 or below) results in the dissociation of the E homodimer and the rotation of E-DI|I
away from E-DI and the viral membrane (Figure 2). The “hinge” region enabling this
rotation includes the hydrophobic B-OG pocket. This rotation results in the exposure of the
fusion loop, which inserts into the outer leaflet of the target cell membrane. E proteins in
this extended state form a core trimer through interactions of E-DI and E-DII. E-DIII then
moves towards the target cell membrane to pack against the core trimer, followed by
packing of the stem anchor to produce the final post-fusion E structure, a “hairpin” in which
the fusion loops and TM anchors are at the same end of the trimer. The well-studied fusion
proteins of HIV-1 and influenza virus mediate fusion by refolding into a topologically
similar (although structurally distinct) hairpin (reviewed by [41]). The number of E trimers
required for flavivirus fusion is unknown, although inter-trimer interactions are observed /in
vitro and suggest possible cooperative effects [42].

The cell biology of flavivirus entry

Despite considerable interest, the identity and roles of cellular factors that participate in
flavivirus entry into cells remain poorly understood. For many viruses, interactions between
viral envelope proteins and cellular receptors play an essential role in determining cellular
tropism and/or activating the fusion potential of virally-encoded fusion proteins (e.g.
chemokine receptors and HIV-1). A required role for specific cellular factors as flavivirus
“receptors” is not so clear. Flaviviruses are capable of fusing with synthetic membranes
devoid of cellular proteins [43-45]. Thus, the cellular requirements for entry may be more
general; several paths and/or cellular factors may contribute to delivering the virus into a
low pH compartment in which membrane fusion can occur. The first (often quite inefficient)
step in the entry of viruses into cells is the stable attachment of the virion to the cell surface
[46]. Cellular factors that increase the efficiency of this process, but are not absolutely
required for infection, are referred to as “attachment factors”. Flavivirus attachment to cells
is mediated by the E protein [47], although interactions between cellular factors and prM
may be sufficient for infectious entry in some contexts [36].

Two of the best characterized attachment structures for flaviviruses are heparan sulfate and
the c-type lectin DC-SIGN. Heparan sulfates (HS) are a heterogeneous group of linear
anionic polysaccharides that can decorate cell surface proteins and have been shown to
interact with several flaviviruses [48-50]. HS binding is mediated by basic patches on the
surface of the E protein [49,51], reflects an adaptation to propagation in tissue culture [51],
and results in reduced virulence [52]. Thus, while HS binding can play a critical role in the
entry of other viruses, the significance of HS interactions with flaviviruses is not yet clear.
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DC-SIGN (CD209) and DC-SIGNR (CD209L) bind DENV and WNYV via interactions with
carbohydrates present on the E and prM proteins [14-16,36]. While the expression of DC-
SIGN on cells may dramatically increase their permissiveness to infection, experiments with
internalization-deficient forms of DC-SIGN suggest that other cellular factors may actually
mediate virus internalization [53]. It is also clear that antibody-bound flaviviruses can be
internalized by the Fc-receptor in some cell types, a process that may enhance infection
(reviewed by [54]).

Several lines of evidence indicate that flaviviruses enter mammalian and insect cells via
clathrin-mediated endocytosis [46,55-60]. For example, the entry of DENV into living cells
has been visualized using single virus particle tracking methodology [60]. This elegant study
demonstrates that DENV binds cells and diffuses across the surface until it encounters a pre-
formed clathrin coated pit. These structures are then internalized and deliver the virion to an
early endosomal compartment (Rab5+) that subsequently matures into a late endosome with
the acquisition of Rab7. Both early and late endosomal compartments have been implicated
as the site of viral membrane fusion [55,60]. A recent study suggests the unique lipid
composition of the late endosome may be required for DENV fusion [45].

Several recent studies suggest that under some circumstances flaviviruses may enter cells
via routes that do not involve clathrin [61,62]. For example, the DENV2 strain NGC is
markedly less sensitive to treatment of Vero cells by chlorpromazine, an inhibitor of
clathrin-mediated endocytosis, than a DENV1 strain assayed in parallel. In contrast, DENV2
infection of A549 cells was reported to be dependent on clathrin [62]. The viral determinants
that influence the pathway of virus internalization and its variation among cell types are not
clear. Perhaps most importantly, does this matter? Does delivery of the virion to an acidic
compartment via one endocytic pathway vs. another confer advantages to specific infectivity
or virus yield?

Targeting virus entry: the potential for anti-viral therapies

Each step of the flavivirus entry and fusion pathway represents a potential druggable target
(Figure 3 and Table 1). Cellular processes usurped by flaviviruses during virus entry, such
as endocytosis and endosomal acidification, may be difficult to inhibit without significant
cytotoxicity. Other steps involving specific flavivirus interactions with cells or the
mechanics of E protein fusion represent promising targets for intervention. Targeting
analogous steps during the virus entry pathway has led to clinically useful inhibitors of
HIV-1 (reviewed by [63]). In contrast to HIV-1, flavivirus fusion is extremely rapid, being
essentially complete within seconds of exposure to acidic conditions at 37°C [43-45]. Thus,
the speed of fusion and its endosomal location are important challenges in the development
of flavivirus fusion inhibitors.

Cell surface attachment

This step is critical for flavivirus infection, and its utility as a target is supported by the
finding that a number of monoclonal antibodies (mAbs) neutralize infection by blocking
initial attachment to cells (reviewed by [54]). In addition, highly sulfated forms of heparan
can block infection by HS-utilizing flavivirus strains (reviewed in [6]). The identification of
additional receptors and/or attachment factors may enable the development of more specific
inhibitors in the future.

Endocytosis and acidification

Inhibitors of endocytosis or endosomal acidification have been useful in defining the entry
pathway. Results from entry studies and genome-wide screens may identify host factors in
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these pathways that can be targeted without deleterious effects on cells. Translating these to
clinical use will be complex, as shown by clinical trials with chloroquine, which efficiently
inhibits acidification and DENV infection /in vitro but does not have strong protective effects
in vivo [64]. This may reflect the difficulties of raising endosomal pH above the relatively
high DENV fusion threshold.

E protein early conformational changes

Identification of the p-OG pocket and its proposed role in the conformational changes that
drive membrane fusion suggested its value as a target for antiviral drug discovery [13].
Numerous /7 sifico screens for molecules capable of binding the B-OG pocket have
identified lead compounds that inhibit flavivirus infection [65-68]. Several such compounds
have subsequently been optimized for greater activity and reduced toxicity [69,70]. The
most potent of these inhibitors block infection at high nanomolar/low micromolar
concentrations /n vitro. Time of addition experiments suggest an early step in the viral
lifecycle is blocked by these molecules [67,68]. In support of this mechanism, several of
these inhibitors have been shown more directly to inhibit fusion using cell-cell [65,68] and
virus-liposome fusion assays [68]. A peptide targeting the hinge region of DENV E also
inhibits virus infection, apparently inducing changes in the virus particle that block cell
surface binding and/or E conformational changes [71]. The subsequent steps of fusion loop
insertion into the target membrane and E core trimer formation, while clearly required for
flavivirus fusion, have not yet been specifically targeted. The neutralizing mAb E16 binds
E-DIII and blocks WNV fusion by interfering with initial rearrangements on the particle
surface, trapping the particle in a radially expanded form thought to reflect the extension of
the E protein stem away from the virion surface [72].

E protein refolding to final hairpin

Formation of the E homotrimer is completed by packing of the core trimer with an outer
layer composed of E-DIII and the stem region [73,74]. This E refolding step and consequent
virus fusion and infection can be blocked by the addition of soluble recombinant E-DIII
molecules that contain the first helix of the stem [75,76]. The final zipping of the E protein
stem against the core trimer can be inhibited by exogenous stem peptide fragments [77-79].
Peptides derived from the membrane proximal portion of the stem anchor (including the
conserved spacer and helix two, Figure 3a) block infection and membrane fusion. Such stem
peptides first interact hydrophobically with the viral membrane, and are thus carried into
acidic endosomes where the E core trimer target is generated and inhibition of fusion occurs
[77]. This endosomal delivery, which does not occur with DIII proteins, is a critical factor in
stem peptide efficacy. The impact of virion maturation efficiency and structural dynamics on
peptide access to the viral membrane and inhibition has not yet been investigated.

The interaction of a labeled stem peptide with a “stemless” E trimer was used as a screen for
small molecule fusion inhibitors [80]. The inhibitor 1662G07 and derivatives thereof block
stem-trimer binding, DENV infection, and membrane fusion. Rather than targeting the stem-
trimer interaction directly, 1662G07 binds E-DI/DII and prefusion E dimers as well as the
post-fusion trimer. These results suggest that 1662G07 inhibits fusion by trapping the trimer
in a B-OG pocket-open state that is inactive in stem binding.

Inhibitors targeting the virus lipid bilayer

During fusion the virus lipid bilayer and target membrane form highly curved transient
structures such as the hemifusion intermediate in which the outer leaflets of the two
membranes have merged (Figure 3E). Such curvature is energetically unfavorable and can
be inhibited by the presence of lipids or other amphiphiles whose shape favors the opposing
curvature (reviewed by [81]). Two different approaches have identified compounds that
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intercalate into the virus membrane and block infection by flaviviruses and other enveloped
viruses by interfering with late stages of lipid rearrangement during fusion [82,83].
Importantly, the lipid biosynthetic capacity of cells makes them relatively resistant to the
inhibitors, and thus such antiviral compounds, while acting broadly to inhibit many
enveloped viruses, have low cytotoxicity.

The pr-E interaction

Summary

Recent advances in understanding the biogenesis of the flavivirus fusion protein suggest an
additional target for antiviral therapies. As discussed above, prM is cleaved during exocytic
transit of the virion. Interaction of the pr peptide and the E protein is maintained in the
mildly acidic pH of the exocytic pathway and serves to silence the fusion protein during
virus exit [84,85]. pr-E binding has been reconstituted 7 vitro [85], suggesting a system to
screen for small molecules that could block this interaction and thus allow premature
triggering and inactivation of the fusion protein.

Flaviviruses enter cells via a multiple-step process orchestrated by E proteins on the virion.
Insight into the mechanisms of attachment, entry, and fusion has informed the strategies for
blocking this pathway. While at extremely early stages of development from a therapeutic
perspective, these inhibitors will undoubtedly be of immediate use in studies to understand
virus entry with greater precision and resolution.
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Figure 1. The structure and arrangement of the E protein on the mature virion

(A.) Structure of the flavivirus E protein. E proteins form antiparallel dimers on the mature
virus particle. The structure of the DENV3 E protein dimer (PDB 1UZG) is shown as a
ribbon diagram from the top and side (top and bottom panels, respectively) [86]. Domains I,
I1, and 111 are colored in red, yellow, and blue, respectively, with the conserved fusion loop
at the distal tip of E-DII in green. Asparagine linked carbohydrate modifications of E-DI and
E-DII are shown as ball and stick representations. The E protein is linked to the protein’s
transmembrane anchor by a helical stem (not depicted) at the carboxyl-terminus of E-DIII
(B.) The mature flavivirus particle contains 90 E protein dimers arranged with pseudo-T=3
icosahedral symmetry. The domain structure of individual E proteins is colored as described
above. Image constructed using PDB 1K4R. (C.) Structural details of the open and closed
state of the -OG pocket. The structure of the E protein of the DENV2 strain S1 was solved
in the presence of the detergent n-octyl-p-D-glucoside [13]. The structure of E in the
presence (colored ribbons; PDB 10OKE) or absence (grey ribbons; PDB 10AN) of detergent
are superimposed to illustrate changes in the orientation of the kl loop in the pocket “open”
and “closed” state. The detergent molecule is shown as a ball and stick representation.
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Figure 2. Structural transitions involved in E protein-mediated fusion

Exposure of the E protein to an acidic environment triggers a conformational change in the
E protein and a transition from antiparallel dimers (depicted in Figure 1) to a trimer that
projects away from the surface of the virus particle. (A.) The structural changes that occur
during this transition are shown. The structure of the DENV2 pre-fusion monomer (colored
ribbons; PDB 10AN) is shown superimposed on the post-fusion structure of E (grey ribbon;
PDB 10K&8)[73,86]. This depiction illustrates the ~30° rotation that occurs between E-DI
and E-DII, and the dramatic folding-back of E-DIII against the exterior surface of the trimer.
(B.) Structure of the post-fusion trimer, showing the DI/DII core trimer packed by E-DIII.
The stem region (not contained in this structure) is predicted to pack against the surface of
the core trimer. (C.) Face-on view of the fusion loops at the tip of the E trimer from the
perspective of the endosomal membrane.
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Figure 3. Entry and fusion of flaviviruses

The cell biology of flavivirus entry into cells is incompletely understood. Viruses bind the
cell surface via interactions with largely uncharacterized cellular receptors and/or
attachment factors. Cellular factors shown to directly increase the efficiency of virus
attachment are shown and include heparan sulfate, DC-SIGN, and the mannose receptor. In
addition, antibodies may significantly increase the efficiency of virus attachment and entry
via interactions with Fc-y-receptors (a process termed antibody-dependent enhancement of
infection)[54]. Flaviviruses are internalized into cells via clathrin-mediated endocytosis and
traffic into a late endosomal compartment in which fusion occurs (detailed in [60]). The
current model for the fusion process is depicted in the inset. Upon exposure to an acidic pH,
the E protein dimers present on mature virions (panel A) disassociate and project away from
the cell surface. The extended intermediate shown in panel B was captured by the low pH
structure of WNV bound to the neutralizing mAb E16 [72]. In this orientation, the fusion
loop of the E protein is positioned to interact with the endosomal membrane coincident with
the formation of the core trimer (panel C). E-DIII then folds back against the exterior
surface of the core trimer (panel D). This rotation and the packing of the helical stem anchor
into grooves on the exterior of the E protein core trimer (panel E) pulls the carboxyl-
terminal viral membrane-anchored transmembrane domains towards the target cell
membrane. This dramatic conformational change is thought to provide the free energy
required for lipid mixing (hemifusion; panel E) and fusion (panel F).
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Table 1

Potential flavivirus entry inhibitors

Step in Pathway Target Inhibitor examples
Endocytic entry Receptor/attachment factor Heparan
Endocytic uptake Clathrin inhibitors

Endosomal acidification

Early fusion protein changes E hinge movements
Fusion loop-membrane insertion
Trimerization

Late fusion protein changes Outer layer packing

Lipid rearrangements during fusion ~ Membrane curvature

intermediates

Chloroquine, bafilomycin
“Pocket” binding compounds
NA

NA

E-DIII

1662G07

E stem peptides

LJ001

Rigid amphiphiles
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