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Abstract The hantavirus envelope glycoproteins Gn and Ge mediate virion assembly and cell
entry, with Ge driving fusion of viral and endosomal membranes. Although the X-ray structures and
overall arrangement of Gn and Gc on the hantavirus spikes are known, their detailed interactions
are not. Here we show that the lateral contacts between spikes are mediated by the same 2-fold
contacts observed in Gce crystals at neutral pH, allowing the engineering of disulfide bonds to
cross-link spikes. Disrupting the observed dimer interface affects particle assembly and overall
spike stability. We further show that the spikes display a temperature-dependent dynamic behavior
at neutral pH, alternating between ‘open’ and ‘closed’ forms. We show that the open form exposes
the Gc fusion loops but is off-pathway for productive Ge-induced membrane fusion and cell entry.
These data also provide crucial new insights for the design of optimized Gn/Gc immunogens to
elicit protective immune responses.

DOI: https://doi.org/10.7554/eLife.46028.001

Introduction

Hantaviruses (order Bunyavirales, family Hantaviridae, genus Orthohantavirus) persistently infect
rodents throughout the world. When transmitted to humans they can cause serious disease such as
hemorrhagic fever with renal syndrome and hantavirus pulmonary syndrome (HPS) with case fatalities
up to 10% and 40%, respectively (Kriiger et al., 2015). Yet there are no efficient preventive nor
therapeutic measures approved against these diseases. As other members of the Bunyavirales order,
their RNA genome is single stranded with negative polarity, composed of three segments. The
medium (M) segment encodes a membrane-anchored polyprotein precursor GPC, which is proc-
essed by host cell signal peptidases to generate glyoproteins Gn and Gc (Léber et al., 2001).
Virion-like particles (VLPs) are formed when GPC is expressed in the absence of other viral proteins
(Acuna et al., 2014), indicating an important role of the glycoproteins in virion budding and in cell
exit of the progeny. Authentic virions and VLPs have been shown to project spikes organized in a
square lattice (Acuna et al., 2014; Martin et al., 1985). The work of Hepojoki et al. (2010) revealed
that Gn/Gc species can be covalently crosslinked on the surface of virions and suggested oligomeric
models for spike assembly based on the characterization of detergent-solubilized spikes. Electron
cryo-tomography (cryo-ET) data revealed spikes with volumes that can accommodate the molecular
mass of (Gn/Gc), hetero-octamers, related by 2-fold symmetry axes oriented radially in the particle
(Battisti et al., 2011; Huiskonen et al., 2010). A higher resolution 15.6 A cryo-ET map allowed the
docking of the Gn ectodomain into the central lobes on the tetrameric spike, at the membrane distal
side, and masking the Gc fusion loops, suggesting that the 2-fold related spike-spike interactions
are made by the Gc moiety (Li et al., 2016). Moreover, a central role of Gn in self-association to
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eLife digest Hantaviruses infect rodents and other small mammals, but do not harm them.
When transmitted to humans, often through rodent urine, feces or saliva, they can cause serious and
even fatal diseases. Currently, there are no known methods that effectively prevent hantavirus
infections or treat the diseases that they cause.

During an infection, viruses invade the cells of their host. A hantavirus interacts with target cells
through proteins on its surface called Gn and Gc glycoproteins. Previous work has shown that these
glycoproteins are organized in bundles of four Gn and four Gc proteins, termed spikes, which
project from the membrane that surrounds the virus. The Gc protein changes shape when it is
activated and exposes a hidden region that can insert into the membrane of the target cell. The Gc
proteins then change shape again to force the cell to fuse with the viral membrane. This process
allows the virus to be taken up into the cell, where it can replicate.

While the structures of each viral glycoprotein have been determined in isolation, it was not
known how they interact within the Gn/Gc spike. Such information is crucial to understand how the
viruses infect cells and which areas are exposed to the immune system of the host — and so could be
targeted by antiviral treatments.

Bignon et al. have now identified the molecular contacts that occur between spikes and
interconnect them into a grid-like lattice on the surface of the virus. Genetically altering specific
sections of the Gc glycoprotein strengthened or weakened these contacts, which correspondingly
increased or decreased how stable the spike was. Preventing the contacts from forming resulted in
cells releasing fewer virus-like particles.

Bignon et al. also show that at the body temperature of mammals, the shape of the spike
fluctuates between an ‘open’ form that exposes the region of Gc that inserts into the cell
membrane, and a ‘closed’ form that hides this region. However, when Gc is activated, the open
form becomes unable to cause the viral and cell membranes to fuse together.

Together, the results presented by Bignon et al. help us to understand how changes to the
hantavirus surface enable the virus to infect cells. This knowledge will help researchers to design
vaccines that protect against hantavirus infections.

DOI: https://doi.org/10.7554/eLife.46028.002

form spikes has recently been confirmed by number and brightness analysis in single live cells show-
ing that separate Gn expression allows detection of Gn oligomers while separate Gc expression pre-
dominantly leads to Gc monomers and some Gc dimers (Sperber et al., 2019).

The Gn/Gce spikes on the viral surface are key in directing entry into new cells (Cifuentes-
Munoz et al., 2014). Hantavirus cell entry occurs by the interaction of the envelope glycoproteins
with host cell receptors, which leads to viral uptake into endosomes. Cell entry is completed when
Gc induces the fusion of the viral envelope with the endosomal membrane at acidic pH
(Acuia et al., 2015). Structure-function studies have also confirmed that Gc is a class Il fusion pro-
tein, and have provided insight into its fusogenic conformational change triggered by low pH
(Barriga et al., 2016; Guardado-Calvo et al., 2016; Tischler et al., 2005; Willensky et al., 2016).
This irreversible structural rearrangement of Gc into a stable post-fusion trimer involves several
steps, including the initial exposure of the Gc fusion loops, which then insert into the target cell
membrane via an extended trimeric intermediate. The individual Gc trimer subunits then adopt a
‘hairpin’ conformation that forces apposition of viral and cellular membranes, to allow the bilayers to
fuse. On the virion, the Gn and Gc residues involved in intra- and inter-spike interactions have not
been identified. These interactions control the fusion activity of Gc (Guardado-Calvo and Rey,
2017), by maintaining it at neutral pH in a functional metastable conformation (Harrison, 2015).

Here, we show that the 2-fold Gc:Ge contacts between adjacent (Gn/Gc), spikes at the surface of
the hantavirus particles are mediated by the same interface observed in a crystallographic dimer
revealed by the available X-ray structure of Gc in a pre-fusion form. These contacts regulate viral
assembly together with spike stability and subsequent disassembly for entry. We further demon-
strate that at physiological temperature, the spikes exhibit a dynamic temperature-dependent
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equilibrium between a ‘closed’ form in which the fusion peptides are masked by Gn, and an ‘open’
form that allows the particle to bind to liposomes at neutral pH.

Results

Engineering of an inter-spike disulfide bond based on the
crystallographic Gc dimer

The X-ray structure of the Hantaan virus Gc ectodomain at neutral pH (PDB: 5LJY) (Guardado-
Calvo et al., 2016) revealed a pre-fusion monomer which, among other crystal contacts, presented
two Gc molecules packing about a crystallographic 2-fold axis. The two Gc monomers in this dimer
cross at an angle of roughly 50 degrees (Figure 1a) similar to the 2-fold related spike interactions in
the cryo-ET map (Li et al., 2016). The ‘dimer’ interaction observed in the hantavirus Gce crystals is
reminiscent of the crystallographic dimer contacts presented by class Il alphavirus fusion protein E1
(Roussel et al., 2006), which is recapitulated by the 2-fold related contacts between hetero-hexame-
ric (E2/E1); spikes at the surface of alphavirus particles (Sun et al., 2013; Voss et al., 2010)
(Figure 1a).

To test whether the Ge:Ge interface observed in the crystallographic dimer is involved in contacts
between adjacent spikes at the surface of hantavirus particles, we introduced cysteine substitutions
of candidate Gc residues at the putative 2-fold interface, such that they could form inter-spike disul-
fide bonds. We surveyed residues facing each other across the crystallographic Ge dimer interface
with Ca-Ca distances ranging between 4 and 10 A and selected the highly conserved His303 and
Gly187 for single cysteine substitutions. These residues face their counterpart on the 2-fold axis of
the crystallographic dimer with Ca-Co distances of 8.4 A (His303-His303) and 5.6 A (Gly187-Gly187)
(Figure 1b). Because the Gc:Ge interface residues are highly conserved (Figure 1—figure supple-
ment 1), the observed contacts made by Hantaan virus Gec should be maintained in all hantaviruses.
We therefore turned to an Andes virus (ANDV) glycoprotein expression and VLP producer system
for the functional experiments (Acunia et al., 2014), which has the advantage of corroboration of
ANDV VLP data with authentic ANDV, which we can manipulate. We tested ANDV mutant Gn/Gc
constructs having either the Gec H303C or the G187C substitutions (the amino acid sequence num-
bering is the same between Andes and Hantaan virus Gc) for protein production in 293FT cells, sur-
veyed their transport to the plasma membrane as a measure for proper protein folding, and
monitored their assembly into VLPs released in the cells’ supernatant. We found that the cysteine
mutants were properly expressed and trafficked to the plasma membrane (Figure 1c). We next ana-
lyzed the presence of VLPs in the concentrated cells’ supernatant by reducing and non-reducing SDS
polyacrylamide gel electrophoresis (PAGE) and western blot. The wild type Gc migrated as a mono-
mer under both conditions, while the Gc cysteine mutants migrated predominantly with a molecular
mass of ~100 kDa, corresponding to Gc dimers, under non-reducing conditions. In the presence of a
reducing agent, these Gc dimers were readily dissociated to monomers (Figure 1d). Together, these
results confirm, in a biological context, that the residues forming the Gc dimer contacts in the X-ray
structure of a pre-fusion form of Gc are proximal enough to each other on viral particles to allow for
disulfide formation while still forming VLPs, thereby supporting the biological relevance of the crys-
tallographic Gc dimer. Furthermore, when comparing the yields of VLP production, the G187C
mutant resulted in higher production levels than H303C (Figure 1d). This result correlates with the
better geometry and distances between the Co atoms in the crystallographic Gec dimer for G187C
compared to H303C (Figure 1b).

We compared the spikes of the G187C mutant VLPs to the wild type VLPs in terms of their migra-
tion profile in blue native PAGE (BN-PAGE) combined with western blotting upon detergent-solubili-
zation of the spikes. When we incubated Andes VLPs bearing wild type (Gn/Gc), spikes at 20°C and
neutral pH, the detergent-solubilized spike was identified as a single band recognized by both, anti-
Gn and anti-Gc MAbs (Figure 2a). This band, corresponding to a molecular weight of ~500 kDa
matching a (Gn/Gc), spike, migrated roughly as expected in BN-PAGE, given the migration of the
individual Gn and Gc monomers (see migration at 50°C), of the Gc post-fusion homotrimer (see
migration at acidic pH), and of the standard reference bands at 480 and 720 kDa. In contrast, in the
detergent-solubilized G187C VLPs the band containing both, Gn and Gc, barely entered the gel at
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Figure 1. A cysteine residue engineered at the crystallographic Ge dimer interface cross-links spikes on viral
particles. (a) X-ray structure of the crystallographic Hantaan virus Gc dimer (upper panel, PDB: 5LJY, Guardado-
Calvo et al., 2016), displayed alongside the crystallographic alphavirus E1 dimer (PDB:2ALA, Roussel et al.,
2006) also observed in the contact between spikes on the alphavirus particles (PDB:3J2W, Sun et al., 2013) (lower

Figure 1 continued on next page
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Figure 1 continued

panel). The two-fold axis is drawn in black. The three domains are labeled; domain |, red; domain Il, yellow;
domain llI, blue. The fusion loops are indicated in orange (FL). Domain Ill of Hantaan virus Gc appears to have
adopted an orientation different than would be expected in the spike, but as it is not part of the dimer interface, it
does not affect the contacts made by domain | examined here. (b) Closeup of the crystallographic Ge dimer
interface, view slightly titled with respect to the 2-fold axes to show the selected residues for cysteine substitution
as well as other residues at the interface, shown in sticks color-coded according to atom type (nitrogen blue,
oxygen red, carbon same as the domain color). The Co of Gly187 and H303 are as green spheres and the Ca-Co.
distances across the interface for Gly187-Gly187 and His303-His303 are drawn as green dotted lines. Salt bridges
and hydrogen bonds between the carboxyl groups of Glu26 and Asp28 with the guanidinium group of Arg301 are
drawn as gray dotted lines. The imidazole rings of His303 interact by n-stacking, indicated with a yellow dotted
line. The domain | B-strands Bo, Ho and lp from each protomer are labeled. (c) Expression yields and cell
localization of ANDV Gc mutants G187C and H303C representative for two biological replicates. Western blot of
fractions obtained from 293FT cells expressing Gn and wild type (WT) or mutant Ge after surface biotinylation
using anti-Gc or anti-B-actin antibodies. (d) SDS Page and western blot under reducing and non-reducing
conditions of VLPs obtained from supernatants of cells expressing wild type Gn together with wild type, G187C or
H303C Ge, representative for four biological replicates. The absence or presence of the reducing agent B-
mercaptoethanol is indicated by Red: - and +, respectively.

DOI: https://doi.org/10.7554/eLife.46028.003

The following figure supplement is available for figure 1:

Figure supplement 1. Conservation of Gc:Ge dimer interface contacts.
DOI: https://doi.org/10.7554/eLife.46028.004

temperatures up to 40°C, indicating a high molecular mass, as expected if a disulfide bond intercon-
nects multiple adjacent spikes (Figure 2b).

The inter-spike Gc dimer contacts are required for VLP assembly

The above data on the disulfide bonds suggested that the dimer interface observed in the Hantaan
virus Gc crystals is indeed involved in lateral interactions between spikes on hantavirus particles. The
crystal contacts at this interface bury a surface area of ~545 A2 per subunit, which is a relatively small
contact patch (Figure 1b), consistent with the requirement for particle dissociation for entry into
cells. We noted that this interface contains several strictly conserved polar residues, three charged
(Glu26, Asp28, Arg301), and one ionizable (His303) (Figure 1—figure supplement 1), which make a
network of hydrogen bonds, including inter-chain salt bridges, as well as m-stacking of the His303
imidazole rings (Figure 1b).

To further assess the potential functional relevance of this interface, we introduced the following
individual site-directed mutations in Gc: E26A, D28A, R301A and H303A. As with the cysteine
mutants described above, we tested the new mutant ANDV Gn/Gc constructs for glycoprotein pro-
duction in 293FT cells, transport to the plasma membrane and assembly into VLPs with concomitant
release from cells (Figure 3a and Figure 3—figure supplement 1a and 1d). Of the single Ala substi-
tutions, only mutant D28A passed all the above tests, implying that this mutation was well tolerated,
albeit yielding significantly reduced amounts of VLP release (Figure 3a). The three other mutants
were either not detected by western blot (E26A) or led to the expression of truncated versions of
the protein (30 kDa) in 293FT and Vero E6 producer cells (R301A and H303A) (Figure 3a and Fig-
ure 3—figure supplement 1a and 1Te). Yet, substitution of these residues by more chemically similar
amino acids, such as the E26Q, R301Q and H303F mutants, still allowing interactions across the
interface, resulted in their detectable expression, transport to the plasma membrane and equivalent
amounts of assembly into VLPs (Figure 3a and Figure 3—figure supplement 1b). To introduce
repulsion at the Gc:Ge interface, we also replaced the residues with opposite charges: Gc E26K,
D28K, R301E and H303E. Although these mutants could be detected in the intracellular and plasma
membrane fractions, their release into the supernatant was significantly decreased (Figure 3a and
Figure 3—figure supplement 1c), suggesting that mutations interfering with interface interactions,
such as alanine and opposed charges, strongly impair VLP formation. Taken together, these results
indicate that the observed 2-fold related Gc:Ge inter-chain contacts are crucial for viral particle
assembly, as would be expected if this interface were indeed the site of lateral packing between
adjacent hantaviral spikes.
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Figure 2. The covalent Gc:Ge dimer disulfide bond G187C increases Gn/Ge spike stability. (a—b) Representative
BN-PAGE and western blotting of ANDV wild type (a) and G187C mutant spikes (b). The spikes were extracted
from VLPs by Triton X-100 and treated at the indicated temperatures of 20-60°C at neutral pH. The presence of Gn
or Ge in each lane was detected by western blot analysis by splitting the transferred gel in two parts and revealing

Figure 2 continued on next page
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Figure 2 continued

with anti-Gn (left panel) and anti-Gc (right panel) antibodies. As internal control for Ge species migration, Ge wild
type homotrimers were examined in each gel by treatment of VLPs at pH 5.5. No signal for Gn was detected when
treated at low pH, suggesting that either the mAb may not react with Gn in native gels when forming a more
compact tetramer (Rissanen et al., 2017), or that Gn may not enter the native gels. To further estimate the
oligomerization species of Gn and Gc (indicated on the left side of the blot), the migration of their monomeric and
multimeric forms was compared with a native protein standard (indicated on the right side of the blot). (c) Graph
of the temperature-induced Gn/Gc dissociation of detergent solubilized spikes from wild type or G187C mutant
VLPs and quantified by densitometry. Averages + s.d. from three biological replicates are shown. The curves were
fitted using a sigmoidal equation (Equation 1) and are indicated as a line.

DOI: https://doi.org/10.7554/eLife.46028.005

The following source data is available for figure 2:

Source data 1. Original blots and data points for Figure 2c.
DOI: https://doi.org/10.7554/eLife.46028.006

The dissociation temperature of the detergent-solubilized spikes is
affected by mutations at the Gc:Gc dimer interface

We used BN-PAGE to compare the stability at increasing temperatures of the detergent-solubilized
hantavirus wild type and mutant spike complexes. When we treated the wild type spike complex at
different temperatures up to 50°C, we were able to visualize on the gel that the band corresponding
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Figure 3. The inter-spike Gc:Ge dimer interface affect VLP release and hantavirus Gn/Gc spike stability. a) VLP assembly and release of ANDV Gc
mutants including Ala-substitutions, chemically similar mutations and opposed charge substitutions quantified from western blot analysis using anti-Gc
antibody of concentrated supernatant (VLP) obtained from 293FT cells expressing Gn and wild type or mutant Ge. Averages + s.d. representative for
two biological replicates are shown relative to VLP wild type (WT) release. Data were analyzed by one-way ANOVA with a Bonferroni adjustment for
multiple comparisons, p<0.001 (***), p<0.01 (**), p<0.05 (*). b) Graph of the temperature-induced Gn/Gc dissociation of the different Gc mutants
compared to wild type quantified by densitometry. Averages + s.d. from two biological replicates are shown. All dissociation curves were fitted using a
sigmoidal equation (Equation 1) and are indicated as a continuous or dotted line.

DOI: https://doi.org/10.7554/eLife.46028.007

The following source data and figure supplements are available for figure 3:

Source data 1. Data points for graphs of Figure 3a and b.

DOI: https://doi.org/10.7554/eLife.46028.008

Figure supplement 1. Characterization of the expression yields, trafficking and VLP assembly of ANDV Gc mutants.
DOV https://doi.org/10.7554/eLife.46028.009

Figure supplement 2. Thermal stability of the Gn/Gc spike complex from Ge:Ge interface mutants.

DOI: https://doi.org/10.7554/eLife.46028.010
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to the (Gn/Gc), spikes at 20°C and 30°C gradually disappeared at higher temperatures with a con-
comitant appearance of smaller migration bands, which corresponded to several oligomeric Gn
forms and to a monomeric Gc species (Figure 2a). The absence of intermediate Gn/Gc dissociation
products suggested a two-state behavior, in a highly cooperative spike dissociation process. Quanti-
fication of the temperature-induced dissociation of the detergent-solubilized wild type ANDV Gn/Gc
spike revealed a melting temperature (T,,,) of 37.7 £ 0.4°C. In comparison, the Gn/Gc band of the
G187C VLPs did not dissociate into homooligomeric Gn or Gc species up to temperatures of 45°C,
revealing a 10°C increase of its T, to 48°C (Figure 2b). The dissociated Gc species migrated to a fur-
ther distance than the band corresponding to a wild type Gc homotrimer (see Figure 2a, right
panel), in line with the expected migration of a disulfide-linked Gc dimer (Figure 2b). With the other
Gc dimer interface mutants, we found a T,, decreased by 2-5°C for the mutants E26Q, D28A,
R301Q - each affecting ionic interactions at the interface (Figure 3d and Figure 3—figure supple-
ment 2). In the case of the H303F mutant, the T,, dropped by 7°C. This more important effect in the
thermostability of H303F may be explained by the fact that the phenylalanine side chain is bulkier
than that of histidine, hence forcing the Gc protomers to re-accommodate to the change and affect
the overall Gc:Gce interaction. Together, these data suggest that the intra-spike Gn/Gc interactions
are affected by the lateral inter-spike Gc:Ge contact by allostery; when the Gec:Ge contacts are
strengthened by a disulfide bond the T,,, of the Gn/Gc spike raise, and lower the spike T, when the
Gc:Gce contacts are weakened.

Residues at the inter-spike Gc:Gce contacts affect the pH-triggered
fusion activation

We also monitored the effect of mutations at the Gc:Gce inter-spike interface on the pH required for
spike activation for membrane fusion. Among all Gc:Ge interface mutants, only Ge E26Q induced
syncytia formation of cells expressing the mutant Gn/Gc construct upon incubation at pH 5.5,
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Figure 4. The Gc:Ge dimer contacts modulate low pH fusion activation. (a-b) Fusion activity of cells expressing ANDV wild type Gn/Gc (WT) or wild
type Gn/mutant Ge at different pHs. Syncytia formation was induced by lowering the pH to 5.5 or 4.5 and was quantified by counting cells and nuclei
using three color fluorescence microscopy. Averages =+ s.d. from three biological replicates are shown. In (b) the maximal fusion activity of WT or
mutant Gn/Gc was normalized by its setting to 100% in each case. (c) Liposome coflotation assay to visualize acid-induced activation and membrane
interaction of WT and mutant VLPs. VLPs were incubated with DPH-labeled liposomes at different pHs at 37°C. Fractions of the step gradient
sedimentation were examined for the presence of Gc by western blot and liposomes by fluorescence. Western blots were quantified by densitometry
and averages + s.d. from two (D28A) and three (WT and H303F) biological replicates are shown.

DOI: https://doi.org/10.7554/eLife.46028.011

The following source data and figure supplement are available for figure 4:

Source data 1. Data points for graphs of Figure 4a, b and c.

DOI: https://doi.org/10.7554/eLife.46028.013

Figure supplement 1. Acid-induced activation and membrane interaction of WT and mutant VLPs assessed by a VLP-liposome coflotation assay.
DOI: https://doi.org/10.7554/eLife.46028.012
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retaining ~50% of the fusion activity of the wild type (Figure 4a). All other mutants were fusion inac-
tive, even at a pH as low as 4.5. When we assayed the pH for triggering cell-cell fusion by the E26Q
mutant we observed an activation pH of 6.2, that is 0.2 units higher than wild type (Figure 4b). Such
a raise in the activation pH may be explained by the loss of a salt bridge between Glu26 and Arg301
in the Gc:Ge inter-spike dimer (Figure 1b), facilitating spike dissociation and therefore leading to
fusion at a less acidic pH compared to wild type.

In order to monitor the activation step allowing interaction with membranes of wild type and Gc:
Gc interface mutant VLPs, we carried out liposome co-flotation studies at pH values ranging from
5.0 to 6.4. For this purpose, we mixed fluorescently labeled liposomes with the VLPs at each pH,
and loaded the mixture to the bottom of a sucrose step gradient. After centrifugation, we monitored
each fraction for the presence of liposomes (by fluorescence) and VLPs (by western blot against Gc).
At pH 6.2, the liposomes migrated to the top of the gradient while the wild type VLPs remained in
the bottom fractions (Figure 4c and Figure 4—figure supplement 1a), but increasing amounts of
the VLPs were observed in the top fractions at more acidic pHs, depending on the mutant. The
D28A mutant began to float at pH 6.2, 0.2 units higher compared to wild type VLPs (Figure 4c and
Figure 4—figure supplement 1b). Contrary to E26Q, mutant D28A is inactive in syncytia formation.
The X-ray structures show that Asp28 not only contributes to the Gc dimer interface (Figure 1b), but
its side chain is also involved in a network of inter-subunit polar interactions stabilizing the post-
fusion Gc trimer (Guardado-Calvo et al., 2016). Again, in this mutant, like in E26Q, the destabiliza-
tion of the Gc dimer interaction caused fusion activation at a less acidic pH. And the destabilization
of the post-fusion D28A Gc trimer likely renders it incompetent for inducing fusion, unlike E26Q.

When we analyzed the H303F mutant for pH-induced liposome coflotation, we found that it was
more resistant to activation and required a 0.2 units lower pH for fusion activation compared to wild
type (Figure 4c and Figure 4—figure supplement 1c), opposite to the effect of the E26Q and
D28A mutants (Figure 4b—c). Hence, although this mutation led to considerable destabilization of
the spike in terms of its thermal resistance (Figure 3d), it turned out to be more resistant to acidifica-
tion (Figure 4c). Taking into account that the His303 imidazole rings face each other across the inter-
face with a distance of 4.1 A (Figure 1b), they very likely undergo a strong electrostatic repulsion
upon protonation at acidic pH. Thus, when His303 is substituted by phenylalanine, this effect does
not occur, and additional residues elsewhere must become protonated in order to trigger spike dis-
sociation and fusion. Given that the H303F mutant was fusion inactive at any tested pH, the His303
role in fusion remains to be understood. Together, from these data we conclude that the hantavirus
lateral inter-spike Gec:Ge interactions indirectly control spike stability, influencing at the same time
Gn/Gc dissociation to induce membrane fusion.

Temperature-induced Gc fusion loop exposure on VLPs at neutral pH

Previous data on the hantavirus spike organization (Li et al., 2016) — and that of other class Il envel-
oped viruses such as alphaviruses and phleboviruses (Guardado-Calvo and Rey, 2017,
Halldorsson et al., 2018; Voss et al., 2010) — suggest that Gn conceals the Gc fusion loops at the
top of the spikes, keeping them from premature membrane insertion until exposure to low pH. We
hypothesized that the temperature-induced Gn/Gc dissociation observed by BN-PAGE could reflect
a conformational change within the spike, which would lead to a looser interaction between Gn and
Gc at the VLP surface. The lateral inter-spike interaction - absent in the detergent-solubilized spikes
- may restrain full dissociation of Gn and Gc on VLPs, and the Gn/Gc dissociation observed by BN-
PAGE may reflect a temperature-induced transition of the spike into a state in which the fusion loops
become exposed at the top of the hantavirus surface at neutral pH. To test this notion, we incubated
wild type Andes VLPs with liposomes at pH 7.4 at different temperatures and assayed them in the
VLP/liposome coflotation assay. When the incubation was performed at temperatures in the range
from 20°C to 30°C, we found the fluorescence-labeled liposomes at the top of the gradient while the
VLPs remained in the bottom fractions (Figure 5a), confirming previous data that VLPs and lipo-
somes do not interact under these conditions (Acufa et al., 2015). However, when increasing the
temperature to 37°C and above, we observed that at neutral pH ANDV particles floated with lipo-
somes to the upper fractions, increasing gradually with temperature (Figure 5a). To assess whether
membrane interaction at temperatures > 37°C was specifically induced by the Gc fusion loops, and
not by non-specific interactions, we tested liposome coflotation of Andes VLPs bearing the W115A/
F250A mutations in Gc. These two substitutions of aromatic residues to alanine, respectively at the
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Figure 5. Temperature-induced Gc fusion loop exposure. (a-b) Liposome coflotation assay to visualize temperature-induced membrane interaction of
ANDV wild type (WT) VLPs (a) or ANDV VLPs bearing the Gc fusion loop mutant W115A/F250A (b). VLPs were incubated with DPH-labeled liposomes at
pH 7.4 at the indicated temperatures. After flotation in a step gradient, fractions were examined for the presence of liposomes by fluorescence and Ge
by western blot. (c) Graph indicating temperature-induced Gn/Gc spike dissociation by BN-PAGE (from Figure 2a) and temperature-induced wild type
VLP-liposome coflotation (from Figure 5a) quantified by densitometry. Averages + s.d. from three biological replicates are shown. Both curves
(indicated as a line) were fitted using sigmoidal Equations 1 and 2, respectively, and show a 50% response at approximately ~37°C. T,, indicates either
the 50% Gn/Gc dissociation temperature of Triton X-100 solubilized spikes or the temperature at which 50% of the spikes expose the fusion loops
allowing for liposome coflotation. (d) Liposome coflotation assay showing the reversibility of the fusion loop exposure. VLPs were incubated at 50°C for
15 min. Then the heat-treated VLPs were allowed to recover at the indicated temperature and time, and next incubated for 5 min with liposomes at RT.
Flotation and detection was performed as in (a-b). Rec., recovery. Result representative for three biological replicates. () Graph of the temperature-
induced flotation of liposome with VLPs bearing the Ge disulfide mutant G187C compared to wild type (WT) quantified by densitometry.

Averages + s.d. from three biological replicates are indicated. The fitting of the curves was performed by using a sigmoidal equation (Equation 2). T,
indicates the temperature at which 50% of the spikes expose the fusion loops inducing membrane interaction.

DOV https://doi.org/10.7554/eLife.46028.014

The following source data and figure supplement are available for figure 5:

Source data 1. Data points for graphs of Figure 5¢ and d.
DOV https://doi.org/10.7554/eLife.46028.016
Figure 5 continued on next page
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Figure 5 continued

Figure supplement 1. Temperature-induced Gc fusion loop exposure of VLPs bearing the Gec 187C mutant measured by a VLP-liposome coflotation
assay.
DOI: https://doi.org/10.7554/eLife.46028.015

tip of the cd and ij loops (which are two of the three fusion loops of Gc), do not interfere with VLP
formation but were previously shown to abolish insertion into target membranes at low pH (Guar-
dado-Calvo et al., 2016). In contrast to wild type, high temperature treatment of the fusion loop
mutant VLPs up to 50°C at pH 7.4 did not lead to flotation with liposomes to the upper fractions
(Figure 5b), indicating that both, the acid-pH-induced and the temperature-induced interaction of
VLPs with liposomes, were specifically driven by the Ge fusion loops. In contrast, treatment at 56°C
resulted in flotation of the fusion loop mutant with the liposomes, indicative of non-specific interac-
tions with membranes likely due to partial protein denaturation and concomitant exposure of hydro-
phobic regions (Figure 5b).

Comparison of the temperature-induced Andes VLP-liposome interaction at neutral pH
(Figure 5a) with the temperature-induced dissociation of detergent-solubilized ANDV spikes
(Figure 2a), showed the same profile (Figure 5c¢). It revealed a T,, for the conformational transition -
defined as the temperature at which 50% of the VLPs floated with the liposomes - of 37.8 + 1.1°C,
matching the T,, of 37.7 + 0.4°C for the detergent-solubilized spike dissociation. Both ANDV Gn/Gc
dissociation and fusion loop exposure as a function of temperature followed a sigmoidal curve, indic-
ative of a two-states system.

The temperature-induced ‘closed’ to ‘open’ spike transition is reversible
To test the reversibility of the observed transition, we incubated the VLPs for 15 min at 50°C to
induce fusion loop exposure at neutral pH, and then back-treated them for 1 h at 4°C to see if the
spikes would return to their initial, ‘closed’ conformation. When we then assayed these VLPs in the
liposome flotation assay, we found that after sucrose step centrifugation they did not float with lipo-
somes and remained in the bottom fraction (Figure 5d). When we performed the same experiment
without allowing the VLPs to recover, or when we only back-treated them for 5 or 15 min at 4°C, the
50°C-treated VLPs still floated with liposomes and were found in the upper fractions. Similarly, the
sample still floated with liposomes when we back-treated for 1 h at 37°C instead of 4°C (Figure 5d).
Together, these data revealed that the ANDV surface is at a thermodynamic equilibrium, which at
the physiological temperature of 37°C dynamically fluctuates between closed and open forms of
spikes.

We then examined the G187C Gc mutant VLPs in the same way. We found that 50% of the
G187C mutant VLPs floated with the liposomes at 37°C, similar to wild type (Figure 5e and Fig-
ure 5—figure supplement 1). The inter-spike disulfide bond at the Gc:Gce interface therefore does
not prevent the conformational equilibrium between closed and open forms of the spike, despite
the higher Gn/Gc dissociation T,, observed by BN-PAGE (Figure 2b). This result is in line with the
Gc fusion loops being away from the Gc:Ge dimer contacts in the spikes (Figure 1a), and corrobo-
rates that the observed conformational transition is mainly an intra-spike effect.

The open spike conformation is off-pathway in the acidic pH-triggered
membrane fusion process

To assess whether the temperature-induced fusion loop exposure had an effect on viral infectivity,
we incubated ANDV for 15 min at different temperatures ranging from 20°C to 56°C. Subsequently
we infected cells through adsorption for 1 h at 37°C and quantified viral infection 16 h later. We
found that the infection of cells by ANDV was strongly reduced depending on the temperature of
the pre-treatment when the virus was adsorbed at 37°C (Figure 6a). But when after high tempera-
ture treatment the ANDV particles were allowed to recover the closed conformation of the spikes
for 1 h at 4°C during adsorption to cells, their infectivity was completely restored, indicating that the
observed inactivation is reversible (Figure 6b). Importantly, ANDV particles treated at 56°C did not
recover their infectivity, in agreement with the reported temperature of 56°C required for hantavirus
inactivation (Kallio et al., 2006).
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Figure 6. The open spike conformation does not induce viral infection and membrane fusion. (a-b) Infectivity of ANDV after temperature treatment and
recovery at 37°C (a) or 4°C (b) during adsorption to cells for 1 h. Infection was quantified by flow cytometry 16 h later using anti-ANDV nucleoprotein
antibody. Averages + standard derivation from three biological replicates; ANDV treated at 20°C versus temperature-treated ANDV were analyzed by
one-way ANOVA with a Bonferroni adjustment for multiple comparisons, p<0.001 (***), p<0.01 (**), p<0.05 (*) and non-significant (ns). (c-e) Lipid mixing
of R18-labeled Andes VLPs (c), Hantaan virus VLPs (d) or Sin Nombre virus VLPs (e) with liposomes at pH 5.5. Before the VLPs were incubated with
liposomes, they were either untreated, or incubated for 15 min at 50°C. Alternatively, the VLPs treated at 50°C were allowed to recover for 1 h at 4°C,
before being subject to the lipid mixing assay. ‘Rec’ indicates recovery. R18 dequenching was continuously measured at 37°C and constant stirring. (f)
Effect of heat-treatment of VLPs on acid-induced Gc trimerization. VLPs were either untreated, or incubated for 15 min at 50°C. Subsequently, they were
incubated for 30 min at 37°C at the indicated pH. The Gc multimerization species were separated by sucrose gradient sedimentation and the fractions
subjected to western blot using anti-Gc antibody. A molecular standard was used to estimate their molecular mass. Results of (c) to (f) are
representative for three biological replicates.

DOV https://doi.org/10.7554/elife.46028.017

Figure 6 continued on next page
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Figure 6 continued
The following source data is available for figure é:

Source data 1. Data points for graphs and statistics of Figure é6a-e.
DOI: https://doi.org/10.7554/eLife.46028.018

To understand how the temperature-induced fusion loop exposure affects viral infectivity in
mechanistic terms, we next analyzed the fusion activity of viral particles with liposomes. For this pur-
pose, we labeled Andes VLPs with octadecyl rhodamine B (R18) and incubated them with liposomes.
We observed R18 dequenching upon dropping the pH to 5.5, which indicated lipid mixing between
the labeled VLPs and the unlabeled liposomes, as described previously (Guardado-Calvo et al.,
2016). In turn, when we first incubated the Andes VLPs at 50°C and then mixed them with liposomes
at acidic pH, we detected no lipid mixing, confirming the infectivity results obtained with authentic
ANDV. We further tested whether the fusion activity could be restored when the 50°C-treated VLPs
were incubated for 1 h at 4°C and then subjected to liposome fusion assays at acidic pH. Under
these conditions, we found that the VLP-liposome fusion activity was restored (Figure éc), again in
line with the reversibility of the closed-to-open states transition and the virus infection results.

To test the validity of our observation across hantaviruses, we produced Sin Nombre VLPs as well
as Hantaan VLPs and labeled them with R18. The labeled VLPs gave a clear lipid mixing signal upon
acidification (Figure 6d-e), which was lost upon treatment at 50°C, as observed with Andes VLPs.
When the 50°C-treated Sin Nombre or Hantaan VLPs were allowed to recover for 1 h at 4°C, they
fully restored lipid mixing activity when incubated with liposomes at low pH (Figure 6d—e). Hence,
these data suggest that the temperature-induced fusion loop exposure and reversible reduction of
fusion activity is not an ANDV specificity but a property shared by hantaviruses in general.

To understand the molecular basis of the drop in viral infectivity and membrane fusion after treat-
ment of hantavirus particles at high temperature, we tested whether the temperature treatment
would still allow for Gc homo-trimerization towards the post-fusion form, as a measure of an early
step in the virus-cell fusion mechanism. We thus incubated Andes VLPs at different temperatures
and assayed them for low-pH induced Gc trimerization by sedimentation on a sucrose gradient. As
expected, this method allowed the detection of Gc running as monomer at pH 7.4 and homotrimer
at pH 5.5 when using untreated VLPs. But when we pre-treated the VLPs at 50°C and then incubated
them at pH 5.5, we found Gc migrating predominantly as monomer. The temperature-treatment of
the VLPs thus resulted in a form of Gc unable to undergo trimerization at acidic pH to induce mem-
brane fusion (Figure 6f). When VLPs incubated at 50°C were back-treated for 1 h at 4°C and then
incubated at pH 5.5, we found Gc again sedimenting as homotrimer, confirming the reversibility of
the effect. This result indicates that in the open spike Gc is maintained in a form that cannot react to
low pH by undergoing the fusogenic conformational change. Only when the spikes were allowed to
adopt the closed conformation, they re-acquired the capacity to respond to low pH by allowing Gc
homotrimerization to induce membrane fusion.

Discussion

Here we have addressed the surface organization of pleomorphic hantavirus particles. By combining
structural, biochemical and functional analyses, we revealed the molecular interface by which individ-
ual (Gn/Gc)4 hetero-octameric spikes associate laterally via 2-fold related Gec:Ge contacts (Figure 1)
akin to the contacts observed in alphavirus particles, and that an inter-spike disulfide bond across a
2-fold related Gc:Ge dimer interface improved the overall spike stability (Figure 2b-c). An assembly
model in which 2-fold Gc contacts relate individual (Gn/Gc)s spikes is consistent with electron
microscopy observations showing a continuous surface lattice of spikes that interact sidewise to
form a grid-like pattern (Battisti et al., 2011; Huiskonen et al., 2010; Li et al., 2016; Martin et al.,
1985) and with molecular assembly models proposed earlier (Hepojoki et al., 2010). Contrary to
the study of Hepojoki et al. (2010) suggesting that Gc is mostly dimeric when solubilized from
spikes, this and previous work show that Gc is monomeric when solubilized from viral particles
(Acunia et al., 2015; Barriga et al., 2016) or when recombinantly expressed in the absence of the
transmembrane segment (Guardado-Calvo et al., 2016; Willensky et al., 2016). These observations
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are consistent with the small Ge:Ge contact patch, which appears too weak to maintain Gec dimers in
solution. Similarly, membrane-anchored Gc expression in the absence of Gn was predominantly
monomeric in live cells, although some Gc dimers were detected (Sperber et al., 2019). Therefore,
it is likely that Gec anchoring in the context of lateral inter-spike constrains may be required for effi-
cient Gc:Ge association. The residues involved in Ge:Ge contacts are highly conserved across hanta-
viruses in general, suggesting that our results can be extended to viruses across the mammal-
infecting branch of the Hantaviridae family (Figure 1—figure supplement 1). Our results also show
that mutation to residues that interfere with interface contacts significantly decrease virus particle
production (Figure 3a), implying a role for these contact residues in viral assembly by connecting
spikes laterally, building the viral surface lattices. Because hantaviruses do not have a matrix protein
to induce membrane curvature, as do most of the other enveloped RNA viruses, the Gc:Ge contacts
driving lateral interactions between spikes on the membrane are likely to play an important role in
virion budding.

In spite of the unique four-fold symmetry of the hantavirus spikes, their overall arrangement on
the particles has clear similarities to that of other class Il enveloped viruses, such as alphaviruses,
which display 3-fold symmetric spikes (Lescar et al., 2001). The inter-spike contact area of ~500 A?
of the 2-fold related hantavirus Ge:Ge (Guardado-Calvo et al., 2016) and alphavirus E1:E1 dimers
(Roussel et al., 2006) include a highly conserved His residue at the center the dimer interface; Gc
His303 and E1 His125. Their substitution decreases the pH threshold for acid-induced activation in
hantaviruses (Figure 4c and Figure 4—figure supplement 1c) and in alphaviruses (Qin et al., 2009),
suggesting in both cases that inter-spike dissociation is driven by repulsion upon protonation.

The results reported here have also revealed that the hantavirus spikes exhibit a dynamic equilib-
rium between closed and open forms, with the latter exposing the Gc fusion loops at physiological
temperatures even at neutral pH (Figure 5a). We found that at 37°C - the physiological temperature
of its rodent hosts — about 50% of the Andes VLPs bound to liposomes via Gc fusion loop exposure.
The steep sigmoidal curve of liposome binding and detergent-solubilized spike dissociation as a
function of temperature (Figure 5¢) suggests a strongly cooperative effect. A possible explanation
for these observations can be provided by assuming that the spikes change conformation intermit-
tently, in a stochastic fashion, as represented in Figure 7.

Contrary to alphaviruses, hantavirus particle maturation does not involve proteolytic processing
of the spikes during exocytosis. It is therefore possible that the observed reversibility of fusion loop
exposure is related to the absence of irreversible proteolytic priming for fusion. Some mechanism
must ensure, however, that Gc escapes from undergoing a premature irreversible conformational
change triggered by the low pH environment of the exocytosis pathway of the cell, a mechanism
that awaits to be discovered.

Our observation that hantavirus particles with spikes in the open form are not capable of inducing
low-pH triggered membrane fusion (Figure 6c-e) correlates with the inability of Gc in these particles
to form homotrimers (Figure 6f), suggesting that low pH treatment in the presence of multiple
spikes in the open form engages Gc in non-functional interactions with itself from adjacent spikes,
such that it cannot reach its trimeric post-fusion form (Figure 7g). There appears, however, to be a
thin divide between the open conformation of the particles (around 50°C, Figure 7c) which allows
recovery of their fusogenicity by returning to the ground state (i.e., a closed particle, Figure 7b),
and an irreversible state in which they cannot recover it (i.e., treatment to 56°C) likely involving par-
tial protein denaturation and aggregation (Figures 5b and 7e).

Figures 2a and 5¢ show that at room temperature the VLPs appear to be essentially in the closed
form, where no flotation with liposomes is observed. This suggests that the stability of the infectious
particle is much higher in the external environment, contributing to their propagation in nature.
Within a mammalian host, there would be a much more rapid particle turnover. This notion is in line
with previous data showing that hantaviruses are highly labile at 37°C, while displaying prolonged
infectivity outside a host (Kallio et al., 2006). It is possible that the dynamic spike behavior at 37°C
results from adaptation to their rodent hosts, providing advantages for establishing chronical infec-
tions; on the one hand the major lability of hantaviruses at 37°C may help to restrict their dissemina-
tion within the host by decreasing the time window for viral spread, while on the other hand the
conformational diversity may represent an important decoy for escape from the hosts” immune
response. Furthermore, the observed dynamic behavior of the spikes is likely important for virus
infectivity. In contrast to liposomes, the plasma membrane is a crowded environment with multiple
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Figure 7. Hantavirus Gn/Gc spike dynamics and Gc conformational changes. Diagrammatic representation of ‘breathing’ spikes. (a) The Gn ectodomain
is represented in gray and Gc in colors: red for domain I; yellow domain Il; blue domain IlI; stem and transmembrane (TM) segment magenta. The Gc
fusion loops are labeled FL. Gn-masked Gc FLs are in orange, while the exposed FLs are highlighted in red. (b-d) Top view of two (Gn/Gc), hetero-
octameric spikes on the viral surface. The spike 4-fold symmetry axis and the 2-fold axis relating the spikes are perpendicular to the plane of the Figure
(radial in the particle). For clarity, only the Gn ectodomain is represented, and in the top views the Gc stem and TM segments are not drawn either. At
the T, of 37°C (d), the Andes virus spikes are in equilibrium between closed (b) and open (c) forms, with Gc exposing the fusion loops in the latter. At
lower temperatures, the equilibrium is shifted towards the closed conformation (b) and at higher temperatures toward the open conformation (c). The
latter conformation is unstable, and leads to aggregates and inactivation at even higher temperatures (e). A side view closeup of two Gn/Gc
heterodimers from the two spikes and related by Gc contacts at the inter-spike 2-fold symmetry axis is shown at the center, in between panels b) and
c), corresponding to the area marked by dotted rectangles in the tops views. (f) Side view of a Gc homotrimer in the post-fusion conformation, bound
Figure 7 continued on next page
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to a fused membrane resulting from the low-pH triggered fusogenic conformational change of Ge. (g) Diagram represents an open spike interacting
with membranes at neutral pH. Incubation at acidic pH in this conformation does not result in productive fusion, and no Gc homotrimer is formed.
DOI: https://doi.org/10.7554/eLife.46028.019
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Reagent type

proteins and glycosaminoglycans, and whether fusion loop exposure can already allow for particle
binding to cells is an open question. It could take place, for instance, after binding to a protein
receptor (such as B30 integrins) (Choi et al., 2008; Gavrilovskaya et al., 1998, Jangra et al., 2018)
that could bring the hantavirus surface into proximity of a patch of naked membrane before its
uptake by endocytosis. At any rate, at 37°C there should be enough spikes in the closed conforma-
tion on the virion to allow for productive fusion once in the acidic environment of the endosomes.

Similar conformational dynamics have been observed for a number of unrelated viruses
(Heyrana et al., 2016; Kuhn et al., 2015; Lewis et al., 1998, Munro et al., 2014). It has been
shown that a similar dynamic behavior of dengue virus particles elicits highly cross-reactive but
poorly neutralizing antibodies targeting the conserved but cryptic fusion loop (Beltramello et al.,
2010; Oliphant et al., 2006). These antibodies are believed to be responsible for antibody-depen-
dent enhancement of the infection, which is the main obstacle to developing an efficient vaccine
against dengue virus (Rey et al., 2018). The observed dynamic behavior of the hantavirus particles
described here can have therefore an important impact in the development of suitable immunogens
capable to confer protection against these pathogens (Graham, 2017, Kotecha et al., 2015;
McLellan et al., 2013; Rey and Lok, 2018). Our data thus suggest the possibility of designing a sub-
unit vaccine that exposes an inert ‘closed spike’ conformation only would elicit the strongest anti-
body response, similar to the closed form of the HIV Env trimers (Torrents de la Pena et al., 2017).
Our results now pave the way for testing this type of approaches against hantavirus infections.

Materials and methods

(species) or Source or

resource Designation reference Identifiers Add. inform.
Strain, strain Andes virus Galeno et al., 2002

background isolate CHI-7913

(Andes virus)

Cell line 293FT Thermo Fisher Cat.:R700-07,;

(Homo sapiens) Scientific RRID:CVCL_6911

Cell line Vero 76 (Vero Eb) American Type CRL 1587;

(Cercopithecus Culture Collection RRID:CVCL_0603

aethiops) (ATCCQC)

Recombinant
DNA reagent

pl.18/GPC from ANDV Cifuentes-Murioz et al., 2010

Recombinant
DNA reagent

pWRG/PUU-M(s2) Hooper et al., 2006

Recombinant
DNA reagent

pcDNA/Sin Nombre Kleinfelter et al., 2015

virus-GP

Biological sample

L-a-phosphatidylcholine Cat.:840051C

(egg, chicken)

Avanti Polar Lipids

Biological sample

L-a-phosphatidyl- Cat.:840021C
ethanolamine (egg,

chicken)

Avanti Polar Lipids

Biological sample

Sphingomyelin Cat.:860062C

(Brain, Porcine)

Avanti Polar Lipids

Biological sample

Continued on next page

Cholesterol (ovine wool) Avanti Polar Lipids Cat.:700000P
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(species) or Source or
resource Designation reference Identifiers Add. inform.
Biological sample Gel Filtration Biorad Cat.:1511901

Standard
Biological sample NativeMark Unstained Thermo Fisher Scientific Cat.:LC0725

Protein Standard
Biological sample PageRuler Prestained Thermo Fisher Scientific Cat.:26616

Protein Ladder
Antibody Mouse anti-ANDV Tischler et al., 2008 1:2000 dilution
(monoclonal) nucleoprotein clone

7B3/F6
Antibody Mouse anti-Ge Godoy et al., 2009 1:2500 dilution
(monoclonal) clone 2H4/F6
Antibody Mouse anti-Gn Cifuentes-Murnoz et al., 2010 1:2500 dilution
(monoclonal) clone 6B9/F5
Antibody Mouse anti-B-actin Sigma Cat:A2228; 1:2500 dilution
(monoclonal) RRID:AB_476697
Antibody Goat anti-mouse Thermo Fisher Scientific Cat:A28180; 1:500 dilution

(oligoclonal)

immunoglobulin RRID:AB_2536164

Alexa 555 conjugate

Antibody Goat anti-mouse 1gG Thermo Fisher Scientific Cat:31430; 1:5000 dilution
(polyclonal) (H + L) horseradish RRID:AB 228307
peroxidase conjugate
Antibody Goat anti-mouse 1gG Thermo Fisher Scientific Cat:A28175; 1:500 dilution
(oligoclonal) (H + L) Alexa555 RRID:AB_2536161
conjugate
Recombinant DNA reagent Mutant constructs This paper, produced by
of pl.18/GPC GenScript, Piscataway, NJ.
Commercial Cell surface protein Pierce Cat:89881
assay or kit isolation kit
Commercial 1,6-diphenyl-1, Sigma-Aldrich Cat.:D208000
assay or kit 3,5-hexatriene (DPH)
Commercial Octadecyl Rhodamine Thermo Fisher Scientific Cat..0246
assay or kit B Chloride (R18)
Commerecial 5-chloromethyl-fluorescein Thermo Fisher Scientific Cat.:C7025
assay or kit diacetate (Cell Tracker
green CMFDA)
Commercial Lipofectamine 2000 Thermo Fisher Scientific Cat.:11668019
assay or kit

Software, algorithm

Software, algorithm

GraphPad Prism, GraphPad Software
version 6, and SPSS

software (SPSS, Inc)

SigmaPlot 12.0 Systat Software

Other Gc ectodomain Guardado-Calvo et al., 2016 PDB: 5LJY
(Hantaan virus) structure from Hantaan virus
Other (Semliki E1 ectodomain structure Roussel et al., 2006 PDB: 2ALA

Forest virus)

from Semliki Forest virus

Virus and cells

ANDYV isolate CHI-7913 (Galeno et al., 2002) (kindly provided by Héctor Galeno, Instituto de Salud
Pudblica, Chile) was propagated in Vero E6 cells (ATCC) as described before (Barriga et al., 2013).
All work involving the infectious ANDV was performed under strict biosafety level three conditions
(Centro de Investigaciones Médicas, Pontificia Universidad Catélica de Chile, Chile). 293FT cells
(Thermo Fisher Scientific) were propagated in DMEM supplemented with 10% fetal calf serum (FCS).
Vero E6 cells (ATCC) were grown in MEM containing 10% FCS, non-essential amino acids and 1 mM
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sodium pyruvate (Thermo Fisher Scientific). STR profiling was performed for human cell line authenti-
cation (ATCC) and mycoplasma testing was negative for all used cell lines.

Expression plasmids and design of Gc mutants

For ANDV Gn/Gc expression we used the plasmid pl.18/GPC that codes for the full length GPC of
ANDV strain CHI-7913 under the control of the cytomegalovirus promotor (Cifuentes-Muroz et al.,
2010). Site-directed mutations were generated by DNA synthesis and sub-cloning into pl.18/GPC
using intrinsic restriction sites (GenScript). To express the full length GPC from Hantaan virus or Sin
Nombre virus, the plasmids pWRG/HTN-M(x) (Hooper et al., 2006) (kindly donated by Dr. Jay
Hooper, USMARIID) and pcDNA/Sin Nombre virus-GP plasmid (Kleinfelter et al., 2015) were used
(kindly provided by Drs. Kartik Chandran and Rohit Jangra from Albert Einstein College of
Medicine).

Expression of Gn/Gc and assembly into VLPs

For Gn/Gc expression, 293FT cells (Thermo Fisher Scientific) were grown in 100 mm plates and cal-
cium-transfected with the corresponding GPC encoding plasmid. 48 h later, cell surface proteins
were labeled with biotin in order to separate the biotinylated (surface proteins) from non-biotiny-
lated (intracellular proteins) fractions using a cell surface protein isolation kit (Pierce). For protein
detection by western blot, primary anti-Gc monoclonal antibody (MAb) 2H4/F6 (Godoy et al.,
2009), anti-Gn monoclonal antibody 6B9/F5 (Cifuentes-Murioz et al., 2010) or anti-B-actin MAb
(Sigma) were used at 1:2500 and subsequently detected with an anti-mouse immunoglobulin horse-
radish peroxidase conjugate (Thermo Fisher Scientific) 1:5000 and a chemiluminescent substrate
(Pierce). All these antibodies were previously characterized concerning their reactivity with negative
controls (Cifuentes-Murnoz et al., 2011; Cifuentes-Munoz et al., 2010). VLPs were harvested from
supernatants of 293FT cells transfected with the pl.18/GPC wild type or the different mutant con-
structs at 48 h post-transfection and concentrated as previously established (Acuia et al., 2014).
The amount of GPC encoding plasmid used for each mutant was adjusted in order to reach similar
amounts of cell surface accumulation to wild type.

BN-PAGE and western blotting

The discontinuous native protein gel electrophoresis was performed similar to as previously
described (Niepmann and Zheng, 2006). Briefly, VLP samples harvested from pl.18/GPC wild type
or the different mutant constructs were incubated with Coomassie G-250 0.25% and Triton X-100
0.5% for 15 min at different temperatures just before loading onto a 3-16% gradient polyacrylamide
gel. The native gel electrophoresis was run at 130 mV for 15 h at 4°C. The buffering system was 200
mM Tris for anode buffer and 50 mM Tris, 100 mM glycine cathode buffer. The size of Gn and Gc¢
species was estimated using the migration rate of a molecular standard (Native Mark Unstained Pro-
tein Standard, Invitrogen) which was independently stained. The rest of the gel was incubated in
transfer buffer at room temperature. After the transfer, the nitrocellulose was blocked in PBS includ-
ing 5% skim milk and next Gn and Gc glycoproteins were stained separately by using anti-Gn MAb
6B9/F5 (Cifuentes-Murioz et al., 2010) and anti-Gc MAb 2H4/F6 or 5D11/G7 (Godoy et al., 2009)
at a 1:2500 dilution each. Primary antibody staining was detected as described above. For the quan-
tification of the Gn/Gc spike dissociation, the densitometry values of dissociated Gc (monomeric or
dimeric Gc) were divided by the densitometry values of the total signal for Ge, using the ImageJ
software (Schneider et al., 2012). The average value and standard derivation (s.d.) of biological rep-
licates was calculated for each temperature condition and a sigmoidal curve fitted using Equation 1.

Gn/Ge dissociation (%) = Gn/Gec disociation (20°C) + Gn/Gec dissociation MAX/ <1 + ef(TfT"‘)/b) (1)

were Gn/Gc dissociation (20°C) is the basal dissociation at 20°C, Gn/Gc dissociation MAX is the maxi-
mal dissociation value, T, is the temperature at 50% Gn/Gc dissociation and b is the Hill's slope of
the curve, indicating its steepness. The curve was fitted using a sigmoidal four parameters equation
in SigmaPlot 12.0, Systat Software.
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VLP-liposome coflotation

Liposomes were prepared fresh by the freeze-thaw and extrusion method (Castile and Taylor,
1999). PC (phosphatidylcholine, from chicken egg) and PE (phosphatidylethanolamine, from chicken
eggq), sphingomyelin (from porcine brain), cholesterol (from ovine wool), were purchased from Avanti
Polar Lipids and large multilaminar vesicles (liposomes) were prepared using PC/PE/sphingomyelin/
cholesterol in a 1/1/1/1.5 ratio respectively. The coflotation of viral particles with liposomes was per-
formed as previously established (Acuia et al., 2015). First, liposomes were labeled with 200 mM
1,6-diphenyl-1,3,5-hexatriene (DPH) and VLPs prepared from wild type or mutant pl.18/GPC con-
structs were incubated at pH 5.5 for 15 min at 37°C as positive control or at pH 7.4 using different
temperatures. The VLP-liposome mixture was then added to the bottom and adjusted to 25% (w/v)
sucrose. Additional sucrose steps of 15% and 5% were then over-layered. After centrifugation for 2
h at 300,000 g, liposomes were detected by the fluorescence emission of DPH (Aex = 230 nm;
Aem = 320 nm) and VLPs by western blot using anti-Gc MAb 2H4/Fé.

The western blot signal was quantified using the ImageJ software (Schneider et al., 2012) and
VLP-liposome coflotation calculated by dividing the densitometry value of liposome associated Gc
by the densitometry value of the total signal for Gc. The average value and s.d. of biological repli-
cates was calculated and a sigmoidal VLP-liposome coflotation curve fitted using Equation 2.

VLP coflotation (%) = VLP coflotation (20°C) + VLP coflotation MAXx (1 + e*Tme)/b) (2)

were VLP coflotation (20°C) is the VLP coflotation at 20°C, VLP coflotation MAX is the maximal VLP
coflotation percentage, Tm is the temperature at 50% VLP coflotation and b is the Hill's slope of the
curve. The curve was fitted using a sigmoidal four parameters equation in SigmaPlot 12.0, Systat
Software.

Infection of cells with ANDV

ANDV was incubated at different temperatures for 15 min and subsequently added to Vero Eé cells
(MOI = 1). After 1 h of adsorption at 4°C or 37°C, the cells were washed in excess and next infection
was allowed to proceed for 16 h by incubation in MEM 10% FBS at 37°C. Quantification of viral infec-
tion was performed as previously described (Barriga et al., 2013) by detecting viral nucleoprotein
expressing cells by using flow cytometry. Briefly, infected cells were detached and fixed with 2%
paraformaldehyde for virus inactivation. Subsequently, the fixed cells were permeabilized using 0.1%
Triton X-100 and then stained with primary MAb 7B3/Fé anti-ANDV nucleoprotein (Tischler et al.,
2008) by incubation for 2 h at RT, which in turn was detected by goat anti-mouse immunoglobulin
conjugated to Alexa Fluor 488 (Thermo Fisher Scientific). Flow cytometry was performed in a cytom-
eter (FACS CAN I, Becton Dickinson) counting at least 5,000 cells. The gate for ANDV nucleoprotein
positive cells was established using as negative control non-infected cells labeled with the same pri-
mary and secondary antibodies.

VLP-liposome lipid mixing

For the lipid mixing assay, VLPs were labeled with 1 pg/ml of R18 (Invitrogen). Labeled VLPs were
then mixed with liposomes in a continuously stirred fluorimeter cuvette at 37°C and lipid mixing was
monitored by the decrease in R18 fluorescence generated by the dilution of the R18 probe with the
unlabeled phospholipids in the liposome membrane. Fluorescence was recorded continuously at 580
nm using a fluorescence spectrophotometer (Varian Eclypse, Agilent Technologies) at an excitation
wavelength of 560 nm using a 10 nm slit width for excitation and emission. After a stable base line
was established at pH 7, it was subtracted from recording and established as base line value corre-
sponding to 0% lipid mixing. The reaction initiation time (t = 0) corresponds to the lowering of the
pH to 5.5. The maximal extent (100%) of excimer dilution was defined by the addition of Triton
X-100 0.1% (v/v) after lipid mixing of each condition had concluded.

Sucrose gradient sedimentation

Acid-induced Gc homotrimerization was tested as established before (Acuna et al., 2015). VLPs con-
stituted of ANDV Gn/Gc were incubated for 30 min at 37°C at the indicated pH to induce multimeri-
zation changes. Next, Triton X-100 1% (v/v) was added to allow the extraction of the membrane
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glycoproteins from the viral particle. The extracted glycoproteins were then added to the top of a
sucrose gradient (7-15%; w/v) and centrifuged at 150,000 g for 16 h. Next, fractions were collected
and the presence of Gc was analyzed by western blot using MAbs anti-Gec 2H4/F6. The molecular
mass of fractions was determined experimentally by a molecular marker (Biorad).

Cell-cell fusion

This three-color fluorescence assay was performed as previously described (Cifuentes-Munoz et al.,
2011). Vero E6 cells (ATCC) seeded into 16 well chamber slides were transfected with the pl.18/
GPC wild type or the different mutant constructs using lipofectamine 2000 (Thermo Fisher Scientific).
The DNA amounts were adjusted to obtain similar levels of Gc at the cell surface. 48 h later, the cells
were incubated in E-MEM (pH 5.5) at 37°C for 5 min, subsequently washed with PBS, and the incuba-
tion continued for 3 h at 37°C in E-MEM (pH 7.2). The cell cytoplasm was then stained for one hour
with 1 uM of 5-chloromethylfluorescein diacetate (Cell Tracker green CMFDA, Thermo Fisher Scien-
tific) and cells then fixed for 20 min with 4% paraformaldehyde. For immunelabelling, the cells were
then permeabilized with PBS 0.1% Triton X-100 and Gc stained using the monoclonal antibody 2H4/
F6 1:500 and secondary antibody goat anti-mouse immunoglobulin conjugated to Alexa Fluor555
1:500 (Thermo Fisher Scientific). Finally, nuclei were stained for 5 min with DAPI 1 ng/uL and samples
examined under a fluorescence microscope (BMAX51, Olympus). The fusion index of Gc expressing
cells was calculated using the formula: 1- [number of cells/number of nuclei]. Approximately 200
nuclei per field were counted (10X magnification) and five fields used to calculate the fusion index
for each sample of at least three biological replicates.

Statistic analysis
All statistical analyses were carried in GraphPad Prism, version 6, and SPSS software (SPSS, Inc).

Molecular graphics and structure analyses
For protein structure analyses and graphics PyMOL Molecular Graphics System Version 2.0 (Schré-
dinger, LLC) was used.

Acknowledgements

We thank the use of the BSL3 facility of the Centro de Investigaciones Médicas (CIM), Facultad de
Medicina de la Pontificia Universidad Catdlica de Chile. We also thank Dr. Héctor Galeno from Insti-
tuto de Salud Publica de Chile for providing Andes virus CHI-7913, Dr. Jay Hooper from USAMRIID
for providing the plasmid pWRG/PUU-M(s2) and Drs. Kartik Chandran and Rohit Jangra from Albert
Einstein College of Medicine for providing the pcDNA/Sin Nombre virus-GP plasmid.

Additional information

Competing interests

Eduardo A Bignon, Pablo Guardado-Calvo, Félix A Rey, Nicole D Tischler: Is named inventor on a
patent application describing disulfide bonds for hantavirus spike stabilization (PCT/US19/22134).
The other author declares that no competing interests exist.

Funding
Funder Grant reference number  Author
Comisién Nacional de Investi- Fondo Nacional de Nicole D Tischler

gacion Cientifica y Tecnolégica Desarrollo Cientifico y
Tecnolégico FONDECYT
1181799

Comisién Nacional de Investi- Programa de Apoyo a Nicole D Tischler
gacion Cientifica y Tecnoldgica Centros con Financiamiento

Basal 170004 to Fundacién

Ciencia and Vida

Bignon et al. eLife 2019;8:e46028. DOI: https://doi.org/10.7554/eLife.46028 20 of 24


https://doi.org/10.7554/eLife.46028

e LI FE Research article

Biochemistry and Chemical Biology | Microbiology and Infectious Disease

Comisién Nacional de Investi- FONDEQUIP EQM130092  Nicole D Tischler
gacién Cientifica y Tecnolégica for the improvement of

BSL3 of Pontificia

Universidad Catdlica de

Chile
Labex IBEID ANR-10-LABX-62-IBEID Felix A Rey
Labex IBEID ANR-10-LABX-62-IBEID 4E  Pablo Guardado-Calvo
AAP Félix A Rey
Seventh Framework Pro- Infect-ERA IMI European Pablo Guardado-Calvo
gramme network HantaHunt Félix A Rey
Program
Comisién Nacional de Investi- Fondo Nacional de Amelina Albornoz

gacién Cientifica y Tecnolégica Desarrollo Cientifico y
Tecnolégico FONDECYT
3150695

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Eduardo A Bignon, Conceptualization, Data curation, Software, Formal analysis, Validation,
Investigation, Visualization, Methodology, Writing—original draft, Writing—review and editing;
Amelina Albornoz, Resources, Data curation, Investigation, Methodology; Pablo Guardado-Calvo,
Conceptualization, Writing—review and editing; Félix A Rey, Conceptualization, Formal analysis,
Funding acquisition, Writing—review and editing; Nicole D Tischler, Conceptualization, Resources,
Formal analysis, Supervision, Funding acquisition, Validation, Visualization, Methodology, Writing—
original draft, Project administration, Writing—review and editing

Author ORCIDs

Eduardo A Bignon (i https://orcid.org/0000-0002-9116-3352
Amelina Albornoz (i https://orcid.org/0000-0003-1030-8650
Pablo Guardado-Calvo (& https://orcid.org/0000-0001-7292-5270
Félix A Rey (2 https://orcid.org/0000-0002-9953-7988

Nicole D Tischler @ https://orcid.org/0000-0002-4578-4780

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.46028.022
Author response https://doi.org/10.7554/elife.46028.023

Additional files

Supplementary files
« Transparent reporting form
DOV https://doi.org/10.7554/eLife.46028.020

Data availability

All data generated or analysed during this study are represented in the manuscript. Numerical data
and statistics summary data source is provided for all graphs (Figures 2C, 3A, 3B, 4A, 4B, 4C, 5C,
5E, 6A, 6B, 6C, 6D and 6E).

References

Acuiia R, Cifuentes-Mufioz N, Marquez CL, Bulling M, Klingstrém J, Mancini R, Lozach PY, Tischler ND. 2014.
Hantavirus gn and gc glycoproteins self-assemble into virus-like particles. Journal of Virology 88:2344-2348.
DOI: https://doi.org/10.1128/JVI.03118-13, PMID: 24335294

Bignon et al. eLife 2019;8:e46028. DOI: https://doi.org/10.7554/eLife.46028 21 of 24


https://orcid.org/0000-0002-9116-3352
https://orcid.org/0000-0003-1030-8650
https://orcid.org/0000-0001-7292-5270
https://orcid.org/0000-0002-9953-7988
https://orcid.org/0000-0002-4578-4780
https://doi.org/10.7554/eLife.46028.022
https://doi.org/10.7554/eLife.46028.023
https://doi.org/10.7554/eLife.46028.020
https://doi.org/10.1128/JVI.03118-13
http://www.ncbi.nlm.nih.gov/pubmed/24335294
https://doi.org/10.7554/eLife.46028

e LI FE Research article

Biochemistry and Chemical Biology | Microbiology and Infectious Disease

Acuiia R, Bignon EA, Mancini R, Lozach PY, Tischler ND. 2015. Acidification triggers andes hantavirus membrane
fusion and rearrangement of gc into a stable post-fusion homotrimer. Journal of General Virology 96:3192—
3197. DOI: https://doi.org/10.1099/jgv.0.000269, PMID: 26310672

Barriga GP, Martinez-Valdebenito C, Galeno H, Ferrés M, Lozach PY, Tischler ND. 2013. A rapid method for
infectivity titration of andes hantavirus using flow cytometry. Journal of Virological Methods 193:291-294.
DOI: https://doi.org/10.1016/j.jviromet.2013.06.022, PMID: 23806566

Barriga GP, Villalén-Letelier F, Marquez CL, Bignon EA, Acufia R, Ross BH, Monasterio O, Mardones GA, Vidal
SE, Tischler ND. 2016. Inhibition of the hantavirus fusion process by predicted domain Ill and stem peptides
from glycoprotein gc. PLOS Neglected Tropical Diseases 10:e0004799. DOI: https://doi.org/10.1371/journal.
pntd.0004799, PMID: 27414047

Battisti AJ, Chu YK, Chipman PR, Kaufmann B, Jonsson CB, Rossmann MG. 2011. Structural studies of hantaan
virus. Journal of Virology 85:835-841. DOI: https://doi.org/10.1128/JVI.01847-10, PMID: 21068243

Beltramello M, Williams KL, Simmons CP, Macagno A, Simonelli L, Quyen NT, Sukupolvi-Petty S, Navarro-
Sanchez E, Young PR, de Silva AM, Rey FA, Varani L, Whitehead SS, Diamond MS, Harris E, Lanzavecchia A,
Sallusto F. 2010. The human immune response to dengue virus is dominated by highly cross-reactive antibodies
endowed with neutralizing and enhancing activity. Cell Host & Microbe 8:271-283. DOI: https://doi.org/10.
1016/j.chom.2010.08.007, PMID: 20833378

Castile JD, Taylor KM. 1999. Factors affecting the size distribution of liposomes produced by freeze-thaw
extrusion. International Journal of Pharmaceutics 188:87-95. DOI: https://doi.org/10.1016/50378-5173(99)
00207-0, PMID: 10528086

Choi Y, Kwon YC, Kim SI, Park JM, Lee KH, Ahn BY. 2008. A hantavirus causing hemorrhagic fever with renal
syndrome requires gC1qR/p32 for efficient cell binding and infection. Virology 381:178-183. DOI: https://doi.
org/10.1016/j.virol.2008.08.035, PMID: 18834607

Cifuentes-Mufioz N, Darlix JL, Tischler ND. 2010. Development of a lentiviral vector system to study the role of
the andes virus glycoproteins. Virus Research 153:29-35. DOI: https://doi.org/10.1016/j.virusres.2010.07.001,
PMID: 20619306

Cifuentes-Mufioz N, Barriga GP, Valenzuela PD, Tischler ND. 2011. Aromatic and polar residues spanning the
candidate fusion peptide of the Andes virus Ge protein are essential for membrane fusion and infection.
Journal of General Virology 92:552-563. DOI: https://doi.org/10.1099/vir.0.027235-0, PMID: 21123541

Cifuentes-Mufioz N, Salazar-Quiroz N, Tischler ND. 2014. Hantavirus gn and gc envelope glycoproteins: key
structural units for virus cell entry and virus assembly. Viruses 6:1801-1822. DOI: https://doi.org/10.3390/
v6041801, PMID: 24755564

Galeno H, Mora J, Villagra E, Fernandez J, Hernandez J, Mertz GJ, Ramirez E. 2002. First human isolate of
hantavirus (Andes virus) in the americas. Emerging Infectious Diseases 8:657-661. DOI: https://doi.org/10.
3201/eid0807.010277, PMID: 12095430

Gavrilovskaya IN, Shepley M, Shaw R, Ginsberg MH, Mackow ER. 1998. beta3 integrins mediate the cellular
entry of hantaviruses that cause respiratory failure. PNAS 95:7074-7079. DOI: https://doi.org/10.1073/pnas.95.
12.7074, PMID: 9618541

Godoy P, Marsac D, Stefas E, Ferrer P, Tischler ND, Pino K, Ramdohr P, Vial P, Valenzuela PD, Ferrés M, Veas F,
Lépez-Lastra M. 2009. Andes virus antigens are shed in urine of patients with acute hantavirus cardiopulmonary
syndrome. Journal of Virology 83:5046-5055. DOI: https://doi.org/10.1128/JVI.02409-08, PMID: 19279096

Graham BS. 2017. Vaccine development for respiratory syncytial virus. Current Opinion in Virology 23:107-112.
DOI: https://doi.org/10.1016/j.coviro.2017.03.012, PMID: 28525878

Guardado-Calvo P, Bignon EA, Stettner E, Jeffers SA, Pérez-Vargas J, Pehau-Arnaudet G, Tortorici MA, Jestin
JL, England P, Tischler ND, Rey FA. 2016. Mechanistic insight into Bunyavirus-Induced membrane fusion from
Structure-Function analyses of the hantavirus envelope glycoprotein gc. PLOS Pathogens 12:e1005813.

DOI: https://doi.org/10.1371/journal.ppat.1005813, PMID: 27783711

Guardado-Calvo P, Rey FA. 2017. The envelope proteins of the bunyavirales. Advances in Virus Research 98:83-
118. DOI: https://doi.org/10.1016/bs.aivir.2017.02.002, PMID: 28433053

Halldorsson S, Li S, Li M, Harlos K, Bowden TA, Huiskonen JT. 2018. Shielding and activation of a viral
membrane fusion protein. Nature Communications 9:349. DOI: https://doi.org/10.1038/s41467-017-02789-2,
PMID: 29367607

Harrison SC. 2015. Viral membrane fusion. Virology 479-480:498-507. DOI: https://doi.org/10.1016/j.virol.2015.
03.043, PMID: 25866377

Hepojoki J, Strandin T, Vaheri A, Lankinen H. 2010. Interactions and oligomerization of hantavirus glycoproteins.
Journal of Virology 84:227-242. DOI: https://doi.org/10.1128/JVI.00481-09, PMID: 19828613

Heyrana KJ, Goh BC, Perilla JR, Nguyen TN, England MR, Bewley MC, Schulten K, Craven RC. 2016.
Contributions of charged residues in structurally dynamic capsid surface loops to rous sarcoma virus assembly.
Journal of Virology 90:5700-5714. DOI: https://doi.org/10.1128/JVI.00378-16, PMID: 27053549

Hooper JW, Custer DM, Smith J, Wahl-Jensen V. 2006. Hantaan/Andes virus DNA vaccine elicits a broadly cross-
reactive neutralizing antibody response in nonhuman primates. Virology 347:208-216. DOI: https://doi.org/10.
1016/j.virol.2005.11.035, PMID: 16378630

Huiskonen JT, Hepojoki J, Laurinmaki P, Vaheri A, Lankinen H, Butcher SJ, Griinewald K. 2010. Electron
cryotomography of tula hantavirus suggests a unique assembly paradigm for enveloped viruses. Journal of
Virology 84:4889-4897. DOI: https://doi.org/10.1128/JVI.00057-10, PMID: 20219926

Jangra RK, Herbert AS, Li R, Jae LT, Kleinfelter LM, Slough MM, Barker SL, Guardado-Calvo P, Roméan-Sosa G,
Dieterle ME, Kuehne Al, Muena NA, Wirchnianski AS, Nyakatura EK, Fels JM, Ng M, Mittler E, Pan J, Bharrhan

Bignon et al. eLife 2019;8:e46028. DOI: https://doi.org/10.7554/eLife.46028 22 of 24


https://doi.org/10.1099/jgv.0.000269
http://www.ncbi.nlm.nih.gov/pubmed/26310672
https://doi.org/10.1016/j.jviromet.2013.06.022
http://www.ncbi.nlm.nih.gov/pubmed/23806566
https://doi.org/10.1371/journal.pntd.0004799
https://doi.org/10.1371/journal.pntd.0004799
http://www.ncbi.nlm.nih.gov/pubmed/27414047
https://doi.org/10.1128/JVI.01847-10
http://www.ncbi.nlm.nih.gov/pubmed/21068243
https://doi.org/10.1016/j.chom.2010.08.007
https://doi.org/10.1016/j.chom.2010.08.007
http://www.ncbi.nlm.nih.gov/pubmed/20833378
https://doi.org/10.1016/S0378-5173(99)00207-0
https://doi.org/10.1016/S0378-5173(99)00207-0
http://www.ncbi.nlm.nih.gov/pubmed/10528086
https://doi.org/10.1016/j.virol.2008.08.035
https://doi.org/10.1016/j.virol.2008.08.035
http://www.ncbi.nlm.nih.gov/pubmed/18834607
https://doi.org/10.1016/j.virusres.2010.07.001
http://www.ncbi.nlm.nih.gov/pubmed/20619306
https://doi.org/10.1099/vir.0.027235-0
http://www.ncbi.nlm.nih.gov/pubmed/21123541
https://doi.org/10.3390/v6041801
https://doi.org/10.3390/v6041801
http://www.ncbi.nlm.nih.gov/pubmed/24755564
https://doi.org/10.3201/eid0807.010277
https://doi.org/10.3201/eid0807.010277
http://www.ncbi.nlm.nih.gov/pubmed/12095430
https://doi.org/10.1073/pnas.95.12.7074
https://doi.org/10.1073/pnas.95.12.7074
http://www.ncbi.nlm.nih.gov/pubmed/9618541
https://doi.org/10.1128/JVI.02409-08
http://www.ncbi.nlm.nih.gov/pubmed/19279096
https://doi.org/10.1016/j.coviro.2017.03.012
http://www.ncbi.nlm.nih.gov/pubmed/28525878
https://doi.org/10.1371/journal.ppat.1005813
http://www.ncbi.nlm.nih.gov/pubmed/27783711
https://doi.org/10.1016/bs.aivir.2017.02.002
http://www.ncbi.nlm.nih.gov/pubmed/28433053
https://doi.org/10.1038/s41467-017-02789-2
http://www.ncbi.nlm.nih.gov/pubmed/29367607
https://doi.org/10.1016/j.virol.2015.03.043
https://doi.org/10.1016/j.virol.2015.03.043
http://www.ncbi.nlm.nih.gov/pubmed/25866377
https://doi.org/10.1128/JVI.00481-09
http://www.ncbi.nlm.nih.gov/pubmed/19828613
https://doi.org/10.1128/JVI.00378-16
http://www.ncbi.nlm.nih.gov/pubmed/27053549
https://doi.org/10.1016/j.virol.2005.11.035
https://doi.org/10.1016/j.virol.2005.11.035
http://www.ncbi.nlm.nih.gov/pubmed/16378630
https://doi.org/10.1128/JVI.00057-10
http://www.ncbi.nlm.nih.gov/pubmed/20219926
https://doi.org/10.7554/eLife.46028

e LI FE Research article

Biochemistry and Chemical Biology | Microbiology and Infectious Disease

S, Wec AZ, et al. 2018. Protocadherin-1 is essential for cell entry by new world hantaviruses. Nature 563:559—
563. DOI: https://doi.org/10.1038/s41586-018-0702-1, PMID: 30464266

Kallio ER, Klingstrém J, Gustafsson E, Manni T, Vaheri A, Henttonen H, Vapalahti O, Lundkvist A. 2006.
Prolonged survival of puumala hantavirus outside the host: evidence for indirect transmission via the
environment. Journal of General Virology 87:2127-2134. DOI: https://doi.org/10.1099/vir.0.81643-0, PMID: 16
847107

Kleinfelter LM, Jangra RK, Jae LT, Herbert AS, Mittler E, Stiles KM, Wirchnianski AS, Kielian M, Brummelkamp
TR, Dye JM, Chandran K. 2015. Haploid genetic screen reveals a profound and direct dependence on
cholesterol for hantavirus membrane fusion. mBio 6:e00801. DOI: https://doi.org/10.1128/mBio.00801-15,
PMID: 26126854

Kotecha A, Seago J, Scott K, Burman A, Loureiro S, Ren J, Porta C, Ginn HM, Jackson T, Perez-Martin E, Siebert
CA, Paul G, Huiskonen JT, Jones IM, Esnouf RM, Fry EE, Maree FF, Charleston B, Stuart DI. 2015. Structure-
based energetics of protein interfaces guides foot-and-mouth disease virus vaccine design. Nature Structural &
Molecular Biology 22:788-794. DOI: https://doi.org/10.1038/nsmb.3096, PMID: 26389739

Kriiger DH, Figueiredo LT, Song JW, Klempa B. 2015. Hantaviruses—globally emerging pathogens. Journal of
Clinical Virology 64:128-136. DOI: https://doi.org/10.1016/j.jcv.2014.08.033, PMID: 25453325

Kuhn RJ, Dowd KA, Beth Post C, Pierson TC. 2015. Shake, rattle, and roll: Impact of the dynamics of flavivirus
particles on their interactions with the host. Virology. 479-480:508-517. DOI: https://doi.org/10.1016/].virol.
2015.03.025

Lescar J, Roussel A, Wien MW, Navaza J, Fuller SD, Wengler G, Wengler G, Rey FA. 2001. The fusion
glycoprotein shell of semliki forest virus: an icosahedral assembly primed for fusogenic activation at Endosomal
pH. Cell 105:137-148. DOI: https://doi.org/10.1016/50092-8674(01)00303-8, PMID: 11301009

Lewis JK, Bothner B, Smith TJ, Siuzdak G. 1998. Antiviral agent blocks breathing of the common cold virus.
PNAS 95:6774-6778. DOI: https://doi.org/10.1073/pnas.95.12.6774, PMID: 9618488

Li S, Rissanen |, Zeltina A, Hepojoki J, Raghwani J, Harlos K, Pybus OG, Huiskonen JT, Bowden TA. 2016. A
Molecular-Level account of the antigenic hantaviral surface. Cell Reports 15:959-967. DOI: https://doi.org/10.
1016/j.celrep.2016.03.082, PMID: 27117403

Léber C, Anheier B, Lindow S, Klenk HD, Feldmann H. 2001. The hantaan virus glycoprotein precursor is cleaved
at the conserved pentapeptide WAASA. Virology 289:224-229. DOI: https://doi.org/10.1006/viro.2001.1171,
PMID: 11689045

Martin ML, Lindsey-Regnery H, Sasso DR, McCormick JB, Palmer E. 1985. Distinction between bunyaviridae
genera by surface structure and comparison with hantaan virus using negative stain electron microscopy.
Archives of Virology 86:17-28. DOI: https://doi.org/10.1007/BF01314110, PMID: 2412528

McLellan JS, Ray WC, Peeples ME. 2013. Structure and function of respiratory syncytial virus surface
glycoproteins. Current Topics in Microbiology and Immunology 372:83-104. DOI: https://doi.org/10.1007/978-
3-642-38919-1_4, PMID: 24362685

Munro JB, Gorman J, Ma X, Zhou Z, Arthos J, Burton DR, Koff WC, Courter JR, Smith AB, Kwong PD, Blanchard
SC, Mothes W. 2014. Conformational dynamics of single HIV-1 envelope trimers on the surface of native
virions. Science 346:759-763. DOI: https://doi.org/10.1126/science. 1254426, PMID: 25298114

Niepmann M, Zheng J. 2006. Discontinuous native protein gel electrophoresis. Electrophoresis 27:3949-3951.
DOI: https://doi.org/10.1002/elps.200600172, PMID: 16991206

Oliphant T, Nybakken GE, Engle M, Xu Q, Nelson CA, Sukupolvi-Petty S, Marri A, Lachmi BE, Olshevsky U,
Fremont DH, Pierson TC, Diamond MS. 2006. Antibody recognition and neutralization determinants on
domains | and Il of west nile virus envelope protein. Journal of Virology 80:12149-12159. DOI: https://doi.org/
10.1128/JVI1.01732-06, PMID: 17035317

Qin ZL, Zheng Y, Kielian M. 2009. Role of conserved histidine residues in the low-pH dependence of the semliki
forest virus fusion protein. Journal of Virology 83:4670-4677. DOI: https://doi.org/10.1128/JVI.02646-08,
PMID: 19244325

Rey FA, Stiasny K, Vaney MC, Dellarole M, Heinz FX. 2018. The bright and the dark side of human antibody
responses to flaviviruses: lessons for vaccine design. EMBO Reports 19:206-224. DOI: https://doi.org/10.
15252/embr.201745302, PMID: 29282215

Rey FA, Lok SM. 2018. Common features of enveloped viruses and implications for immunogen design for Next-
Generation vaccines. Cell 172:1319-1334. DOI: https://doi.org/10.1016/j.cell.2018.02.054, PMID: 29522750

Rissanen |, Stass R, Zeltina A, Li S, Hepojoki J, Harlos K, Gilbert RJC, Huiskonen JT, Bowden TA. 2017. Structural
transitions of the conserved and metastable hantaviral glycoprotein envelope. Journal of Virology 91:€00378.
DOI: https://doi.org/10.1128/JVI.00378-17, PMID: 28835498

Roussel A, Lescar J, Vaney MC, Wengler G, Wengler G, Rey FA. 2006. Structure and interactions at the viral
surface of the envelope protein E1 of semliki forest virus. Structure 14:75-86. DOI: https://doi.org/10.1016/].
str.2005.09.014, PMID: 16407067

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH image to ImageJ: 25 years of image analysis. Nature
Methods 9:671-675. DOI: https://doi.org/10.1038/nmeth.2089, PMID: 22930834

Sperber HS, Welke RW, Petazzi RA, Bergmann R, Schade M, Shai Y, Chiantia S, Herrmann A, Schwarzer R. 2019.
Self-association and subcellular localization of puumala hantavirus envelope proteins. Scientific Reports 9:707.
DOI: https://doi.org/10.1038/s41598-018-36879-y, PMID: 30679542

Sun S, Xiang Y, Akahata W, Holdaway H, Pal P, Zhang X, Diamond MS, Nabel GJ, Rossmann MG. 2013.
Structural analyses at Pseudo atomic resolution of Chikungunya virus and antibodies show mechanisms of
neutralization. eLife 2:e00435. DOI: https://doi.org/10.7554/elLife.00435, PMID: 23577234

Bignon et al. eLife 2019;8:e46028. DOI: https://doi.org/10.7554/eLife.46028 23 of 24


https://doi.org/10.1038/s41586-018-0702-1
http://www.ncbi.nlm.nih.gov/pubmed/30464266
https://doi.org/10.1099/vir.0.81643-0
http://www.ncbi.nlm.nih.gov/pubmed/16847107
http://www.ncbi.nlm.nih.gov/pubmed/16847107
https://doi.org/10.1128/mBio.00801-15
http://www.ncbi.nlm.nih.gov/pubmed/26126854
https://doi.org/10.1038/nsmb.3096
http://www.ncbi.nlm.nih.gov/pubmed/26389739
https://doi.org/10.1016/j.jcv.2014.08.033
http://www.ncbi.nlm.nih.gov/pubmed/25453325
https://doi.org/10.1016/j.virol.2015.03.025
https://doi.org/10.1016/j.virol.2015.03.025
https://doi.org/10.1016/S0092-8674(01)00303-8
http://www.ncbi.nlm.nih.gov/pubmed/11301009
https://doi.org/10.1073/pnas.95.12.6774
http://www.ncbi.nlm.nih.gov/pubmed/9618488
https://doi.org/10.1016/j.celrep.2016.03.082
https://doi.org/10.1016/j.celrep.2016.03.082
http://www.ncbi.nlm.nih.gov/pubmed/27117403
https://doi.org/10.1006/viro.2001.1171
http://www.ncbi.nlm.nih.gov/pubmed/11689045
https://doi.org/10.1007/BF01314110
http://www.ncbi.nlm.nih.gov/pubmed/2412528
https://doi.org/10.1007/978-3-642-38919-1_4
https://doi.org/10.1007/978-3-642-38919-1_4
http://www.ncbi.nlm.nih.gov/pubmed/24362685
https://doi.org/10.1126/science.1254426
http://www.ncbi.nlm.nih.gov/pubmed/25298114
https://doi.org/10.1002/elps.200600172
http://www.ncbi.nlm.nih.gov/pubmed/16991206
https://doi.org/10.1128/JVI.01732-06
https://doi.org/10.1128/JVI.01732-06
http://www.ncbi.nlm.nih.gov/pubmed/17035317
https://doi.org/10.1128/JVI.02646-08
http://www.ncbi.nlm.nih.gov/pubmed/19244325
https://doi.org/10.15252/embr.201745302
https://doi.org/10.15252/embr.201745302
http://www.ncbi.nlm.nih.gov/pubmed/29282215
https://doi.org/10.1016/j.cell.2018.02.054
http://www.ncbi.nlm.nih.gov/pubmed/29522750
https://doi.org/10.1128/JVI.00378-17
http://www.ncbi.nlm.nih.gov/pubmed/28835498
https://doi.org/10.1016/j.str.2005.09.014
https://doi.org/10.1016/j.str.2005.09.014
http://www.ncbi.nlm.nih.gov/pubmed/16407067
https://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1038/s41598-018-36879-y
http://www.ncbi.nlm.nih.gov/pubmed/30679542
https://doi.org/10.7554/eLife.00435
http://www.ncbi.nlm.nih.gov/pubmed/23577234
https://doi.org/10.7554/eLife.46028

e LI FE Research article

Biochemistry and Chemical Biology | Microbiology and Infectious Disease

Tischler ND, Gonzalez A, Perez-Acle T, Rosemblatt M, Valenzuela PD. 2005. Hantavirus gc glycoprotein:
evidence for a class Il fusion protein. Journal of General Virology 86:2937-2947. DOI: https://doi.org/10.1099/
vir.0.81083-0, PMID: 16227214

Tischler ND, Rosemblatt M, Valenzuela PD. 2008. Characterization of cross-reactive and serotype-specific
epitopes on the nucleocapsid proteins of hantaviruses. Virus Research 135:1-9. DOI: https://doi.org/10.1016/].
virusres.2008.01.013, PMID: 18342973

Torrents de la Peiia A, Julien JP, de Taeye SW, Garces F, Guttman M, Ozorowski G, Pritchard LK, Behrens AJ,
Go EP, Burger JA, Schermer EE, Sliepen K, Ketas TJ, Pugach P, Yasmeen A, Cottrell CA, Torres JL, Vavourakis
CD, van Gils MJ, LaBranche C, et al. 2017. Improving the immunogenicity of Native-like HIV-1 envelope trimers
by hyperstabilization. Cell Reports 20:1805-1817. DOI: https://doi.org/10.1016/].celrep.2017.07.077, PMID: 2
8834745

Voss JE, Vaney MC, Duquerroy S, Vonrhein C, Girard-Blanc C, Crublet E, Thompson A, Bricogne G, Rey FA.
2010. Glycoprotein organization of chikungunya virus particles revealed by X-ray crystallography. Nature 468:
709-712. DOI: https://doi.org/10.1038/nature09555, PMID: 21124458

Willensky S, Bar-Rogovsky H, Bignon EA, Tischler ND, Modis Y, Dessau M. 2016. Crystal structure of
glycoprotein C from a hantavirus in the Post-fusion conformation. PLOS Pathogens 12:1005948. DOI: https://
doi.org/10.1371/journal.ppat. 1005948, PMID: 27783673

Bignon et al. eLife 2019;8:e46028. DOI: https://doi.org/10.7554/eLife.46028 24 of 24


https://doi.org/10.1099/vir.0.81083-0
https://doi.org/10.1099/vir.0.81083-0
http://www.ncbi.nlm.nih.gov/pubmed/16227214
https://doi.org/10.1016/j.virusres.2008.01.013
https://doi.org/10.1016/j.virusres.2008.01.013
http://www.ncbi.nlm.nih.gov/pubmed/18342973
https://doi.org/10.1016/j.celrep.2017.07.077
http://www.ncbi.nlm.nih.gov/pubmed/28834745
http://www.ncbi.nlm.nih.gov/pubmed/28834745
https://doi.org/10.1038/nature09555
http://www.ncbi.nlm.nih.gov/pubmed/21124458
https://doi.org/10.1371/journal.ppat.1005948
https://doi.org/10.1371/journal.ppat.1005948
http://www.ncbi.nlm.nih.gov/pubmed/27783673
https://doi.org/10.7554/eLife.46028

