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Abstract

Infection by human parainfluenza viruses (HPIVs) causes widespread lower respiratory dis-
eases, including croup, bronchiolitis, and pneumonia, and there are no vaccines or effective
treatments for these viruses. HPIV3 is a member of the Respirovirus species of the Para-
myxoviridae family. These viruses are pleomorphic, enveloped viruses with genomes com-
posed of single-stranded negative-sense RNA. During viral entry, the first step of infection,
the viral fusion complex, comprised of the receptor-binding glycoprotein hemagglutinin-
neuraminidase (HN) and the fusion glycoprotein (F), mediates fusion upon receptor binding.
The HPIV3 transmembrane protein HN, like the receptor-binding proteins of other related
viruses that enter host cells using membrane fusion, binds to a receptor molecule on the
host cell plasma membrane, which triggers the F glycoprotein to undergo major conforma-
tional rearrangements, promoting viral entry. Subsequent fusion of the viral and host mem-
branes allows delivery of the viral genetic material into the host cell. The intermediate states
in viral entry are transient and thermodynamically unstable, making it impossible to under-
stand these transitions using standard methods, yet understanding these transition states is
important for expanding our knowledge of the viral entry process. In this study, we use cryo-
electron tomography (cryo-ET) to dissect the stepwise process by which the receptor-bind-
ing protein triggers F-mediated fusion, when forming a complex with receptor-bearing mem-
branes. Using an on-grid antibody capture method that facilitates examination of fresh,
biologically active strains of virus directly from supernatant fluids and a series of biological
tools that permit the capture of intermediate states in the fusion process, we visualize the
series of events that occur when a pristine, authentic viral particle interacts with target
receptors and proceeds from the viral entry steps of receptor engagement to membrane
fusion.
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Author summary

Human parainfluenza viruses (HPIVs) cause the majority of childhood cases of croup,
bronchiolitis, and pneumonia. HPIV3, like most other paramyxoviruses, uses two special-
ized proteins to mediate cell entry: the fusion protein (F) and the receptor-binding pro-
tein, hemagglutinin-neuraminidase (HN). F is only activated to mediate membrane
fusion during entry when it is triggered by a signal from the separate receptor-binding
molecule, HN-a mechanism first elucidated for HPIV3 and later extended to this entire
group of human pathogenic viruses. These two distinct membrane glycoproteins work in
synchrony as a molecular machine, exquisitely tuned to enter the right cells at the right
time. Much has been learned about the functional sites on the receptor-binding and F
molecules for this group of viruses, and mechanisms have been proposed to explain
molecular, biochemical, and crystal structure data. But the key intermediate steps, from
receptor binding to membrane fusion, are fleeting and unstable. Furthermore, it is unclear
how HN ultimately promotes F-mediated fusion. Thus, it is impossible to understand
intermediate fusion states, using standard methods and static observations. Here, we use
an on-grid antibody capture method that facilitates examination of fresh, biologically
active strains of virus directly from supernatant fluids by cryo-electron tomography and
new biological tools that permit capture of the intermediate states in the fusion process. It
allows us to visualize the series of events that occur as an authentic HPIV3 viral particle
interacts with target receptors and proceeds through intermediate stages from receptor
engagement to membrane fusion.

Introduction

Human parainfluenza virus (HPIV) entry into human airway epithelial cells, as the initial step
of infection, is mediated by fusion of viral and host cell membranes at the cell surface. HPIV3
is a member of the Respirovirus species of the Paramyxoviridae family and is a pleomorphic,
enveloped virus with a genome composed of single-stranded negative-sense RNA. The
3-dimensional ultrastructure of HPIV3 virions in the absence of receptor engagement has
been previously characterized [1]. Virus-cell fusion for parainfluenza, as well as for most other
enveloped RNA viruses of the Paramyxovirus family [2,3], results from the coordinated action
of the two envelope glycoproteins that comprise the viral entry complex—the receptor binding
protein (hemagglutinin neuraminidase (HN) for HPIV3) and a separate membrane fusion
protein (F). This well-timed cooperation between two separate surface glycoproteins is differ-
ent than the fusion machinery of influenza virus, wherein just the hemagglutinin protein con-
tains both the receptor-binding and the fusion domains. Instead, the HPIV3 envelope
glycoproteins, HN and F, form a fusion complex and work together to mediate viral attach-
ment and entry into host cells. While the exact receptor is unknown, the HPIV3 transmem-
brane protein HN binds preferentially to a 0:2,3-linked sialic acid-containing receptor [4,5] on
the host cell plasma membrane, and the F protein, once activated by the receptor-binding pro-
tein after receptor engagement [6-8], mediates the fusion of viral and host membranes, in
order to deliver the viral genetic material into the host cell.

Paramyxovirus F proteins are synthesized as precursors (Fy) that are cleaved within the cell
to yield the pre-fusion F trimer with F; and F, remaining covalently linked via a disulfide
bond [9,10]. This trimeric F structure is present on the surface of an infectious viral particle in
a metastable pre-fusion conformation with the hydrophobic “fusion peptide” buried in the
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interior of the molecule. However, once the F protein undergoes a major structural transition,
the hydrophobic fusion peptide emerges from its protected site, inserting into the host mem-
brane when the appropriate biological trigger is sensed, ideally upon contact of the receptor
binding protein with the host cell and then F converts to a highly stable post-fusion form [11-
16]. Active participation of receptor-engaged HN is required for the F-mediated fusion process
of HPIV3 [8,17,18]. In addition, the engagement of other paramyxovirus receptor-binding
proteins (HN for HPIV-1,-2,-3,-4; hemagglutinin (H) for measles; G glycoprotein for Nipah,
or Hendra virus) with their respective receptors are necessary to induce conformational
changes in their respective F proteins, resulting in fusion of the viral and cellular membranes
[2,3,16,19-23]. After activation, when F proceeds to refold into its energetically stable post-
fusion structure, as the N-terminal and C-terminal complementary heptad repeats meet to
form a stable six-helix bundle, the refolding drives fusion of the viral and cell membranes and
release of the viral genetic material into the target cell [12,13,15,16,24-30].

HPIV3 fusion machinery has primarily been studied in cell biological assays [19,31-35] or
in biochemical settings, removed from natural systems [36-38]. In previous studies using viral
glycoproteins expressed in cultured monolayer cells, we showed that the HPIV3 HN and F
proteins interact before and during fusion activation [34] and observed the sequence of events
leading up to HN-F-mediated membrane fusion in real-time in live cells, using bimolecular
fluorescent complementation, a technique that allows HN-F interactions to be studied under
biological conditions [11,33,34,39-41]. We showed that HN’s engagement with receptor mole-
cules drives the formation of HN-F clusters at the site of fusion and that a second sialic acid
receptor-binding site, positioned in the dimer interface of HPIV3 HN (“site II”), directly mod-
ulates interaction with F and in turn F-activation in living cells [8,11,32,39,42]. After initial
activation of F, HN and F remain associated, and HN acts on F, even beyond the step of fusion
peptide insertion into the host membrane. As fusion progresses further, either HN or F disso-
ciate from the complex, or the clusters of HN-F complexes disperse [11].

While well-characterized for influenza [43-46] and HIV [47-52], the structural organiza-
tion of glycoproteins and their architecture on HPIV3 viral surfaces is largely unknown [1,11].
The 3-dimensional structure of the F fusion trimer from multiple paramyxoviruses, including
HPIV3, has been described in both the pre-fusion and post-fusion forms [12,53-56]. The F
monomers oligomerize into a squat trimer with a central cavity, giving it a rounded appear-
ance from the side and a triangular shape when viewed from above [13,57]. The ectodomain
sits on top of a short tether, formed by portions of the C-terminal heptad repeat (HRC) seg-
ments, which are anchored via the transmembrane domain to the viral membrane. Recently,
the structure of HPIV3 pre-fusion F was solved by cryo-electron microscopy (EM) [53]. This
modified structure included multiple non-natural disulfide bonds, along with other mutations
to stabilize the soluble form. Currently, there are no proposed structures of either authentic
full-length HN or F inserted into lipid bilayer membranes, i.e. in their natural state.

The activities of HN-receptor binding, receptor cleaving, fusion activation, and possibly F
protein stabilization—are regulated at specific points during the viral life cycle. The stalk of HN
confers specificity for the homologous F in the fusion activation process [8,58-63]. The pri-
mary binding/neuraminidase active site residues are located on the globular head of HN for
HPIV3 and for the receptor-binding protein of other paramyxoviruses for which crystal struc-
ture information is available [64-67]. For Newcastle disease virus (NDV), HPIV1, and HPIV3,
a secondary sialic acid binding site on HN plays a distinctive role in receptor-binding and/or
promoting fusion [8,32,39,42,65,68]. Receptor-binding proteins from various paramyxoviruses
have been characterized using crystallography in several conformations and oligomeric forms
[8,22,42,58,66,67,69-75]. These methods have led to the suggestion that these proteins can
adopt at least three arrangements, including a “heads-down” tetramer in which two dimers of
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HN are organized around a 4-helix stalk [58], a “heads-up” tetramer form [67], and a two
“heads-up” two “heads-down” form that has been proposed to represent an intermediate con-
formation [69]. However, it has not previously been possible to probe these molecules directly,
using unperturbed, authentic virions or to use biologically relevant viruses to test the models
of activation that have emerged from experimental data [2,3,6,11,16,19-23,34,42].

Cryo-EM has been previously employed to examine the architecture of paramyxoviruses,
including measles virus [76-78], canine distemper virus [79], Sendai virus [80-81], respiratory
syncytial virus [82-84], and simian virus 5 /parainfluenza virus 5 (SV5/PIV5) [85,86]. We pre-
viously used cryo-electron tomography (cryo-ET) to image the 3-dimensional architecture of
HN-F complexes on the surfaces of virions, prior to receptor engagement [1]. For those experi-
ments, we used viral particles that had been processed similarly to many viral particles studied
by EM: purified by ultracentrifugation. We showed that, prior to receptor engagement, HN
and F are associated with each other on the surface of virions and that F in complex with HN
is present in its pre-fusion conformation [1]. However, until now, it has not been possible to
image the series of events that occur affer HN binds to the receptor, and F is activated by HN
to fuse, as a hydrophobic region of F (the fusion peptide) emerges from its protected site, in
order to insert into the host membrane. Then, the F protein rearranges and becomes elon-
gated, and the protein folds back onto itself to form a “hairpin”, and fusion proceeds, resulting
in merging of the viral and cellular membranes. These intermediate states in viral entry are
transient and thermodynamically unstable, making it impossible to understand these transi-
tions using standard methods. Images of the simian virus 5 / parainfluenza virus 5 (SV5/PIV5)
fusion protein intermediate state, triggered by heat and captured with a fusion-inhibitory pep-
tide, were examined using negative stain EM [85]; more recently, multiple intermediate states
of influenza hemagglutinin (HA), including the first structures of an extended trimer state,
were solved using cryo-EM [43,87]. These rarely visualized transition states are significant for
fundamental understanding of the viral entry process.

Advances in grid affinity purification techniques have improved the ability to capture and
image challenging biological specimens [88,89]. Nickel-NTA lipids adhered to cryo-EM grids
have been used to capture pleomorphic viruses, including measles and influenza viral particles
[88]. Coating grids with antibodies as an approach to capture viral particles for purification
and visualization was first described in 1973 for the detection of plant viruses [90]. This on-
grid antibody technique has since been adapted for use in the detection of rotaviruses [91] and
noroviruses [92,93] in patient samples. Recently, this technique was adapted for use in cryo-
EM by Yu et. al (2016) for imaging the glycoprotein complexes of several viruses, including the
Sindbis and Tulane viruses [94,95]. Here, we used an on-grid antibody capture method that
permits examination of fresh, biologically active strains of virus directly from supernatant flu-
ids, combined with a series of new biological tools to visualize the events that occur as viral
particles interact with target receptors, proceeding stepwise from receptor engagement to
membrane fusion.

Results
Capture of authentic viral particles avoids purification artifacts

Previous studies in our laboratory used viral preparations that had been ultracentrifuged to
concentrate the viruses, using standard methods [1], requiring several manipulation steps.
These steps could undermine capture of native states. We adapted a method that permits the
capture of fresh virus directly from cellular supernatant fluid with minimal manipulation
[94,96]. In our method, the grids are coated with an anti-HN antibody at room temperature,
and supernatant fluid containing virus is added directly at any desired temperature. The
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experimental conditions of interest (e.g., compound incubation or exposure to cellular mem-
branes) can be carried out directly on these grids. This method can be performed in tandem
with other biological assays, allowing correlation between biological and structural data. In
this way, the viral particles are not subjected to manipulation that could introduce potential
artifacts. The on-grid antibody capture of viral particles directly from cell culture supernatant
fluid eliminates the need for purification and yields clean grids with authentic viral particles
that are intact and infectious.

HPIV3 particle morphology

In previous ultrastructural studies, paramyxoviruses were observed to be pleomorphic, as
examined using both negative-stain and cryo-EM and cryo-ET [76,80,82,86,97,98]. In our pre-
vious cryo-ET study, where we used standard ultracentrifugation methods for viral prepara-
tion [1], we observed a combination of elongated and spherical particles. The vast majority of
particles (~90%) that we observed appeared to lack a membrane-associated matrix layer, and
those that did exhibit thicker envelopes with an internal matrix layer appeared to be generally
smaller particles, sometimes with discernable post-fusion F proteins on their surfaces [6,99].
In contrast, using the on-grid antibody capture method, we found that, while viral particles
still showed similarities in their diameter, lipid bilayer and lack of matrix organization, >95%
of the viral particles were spherical, prior to receptor engagement or fusion (Fig 1). We did not
observe the panoply of diverse viral shapes observed in previous studies, which utilized pro-
cessed virions [1,77,100]. Using this method, we obtained clean images of individual HPIV3
particles free of cellular debris, and >95% of the viral particles imaged contained a dense gly-
coprotein coat on all the viral surfaces (Fig 1A and 1B). Of note, the viral particles that we had
frozen and thawed once had the same surface glycoprotein organization as those that were cap-
tured and vitrified directly from fresh supernatant fluid (Fig 1C and 1D), and all samples had
irregular matrix protein layers, as seen with NDV particles after budding [98]. When we
applied this on-grid antibody capture method to ultracentrifuged viral particles (Fig 1E-1G),
those particles lacked glycoprotein arrays and contained shape distortions, indicated by a high
aspect ratio, confirming that the deviations from authentic viral particle morphology are
related to the prior purification techniques (Fig 1H) [101].

Tomograms obtained using the on-grid antibody capture method show that the viral sur-
faces are wrapped in two primary layers of density (Fig 2A, S1 Movie). These densities corre-
spond to pre-fusion F molecules that form a lower layer (Fig 2A) adjacent to and below HN
molecules. Half-maximal distance from the membrane for HN is approximately 17 nm, and
this distance is approximately 12 nm for F (Fig 2B and 2C), in line with previously measured
distances [1]. However, in the current images of on-grid antibody-captured virions, the double
layered areas, composed of HN molecules and pre-fusion F molecules, cover the observable
viral surface, and we did not observe patches of arrays with HN or F alone, as previously noted
with standard purification methods, including centrifugation [1]. To better resolve the com-
plex of HN and F, we used sub-volume averaging (Fig 2D-2I and S1A Fig) and obtained a
complex of HN and F at a resolution of 17 A (S1B-S1D Fig). 2D slices through the middle of
the sub-volumes show defined features for HN, F, and the membrane (Fig 2D and 2E). Fitting
prefusion F (PDB ID:6MJZ) [53] and HN dimer (PDB ID:4MZA) [42] structures into the 3D
sub-volume averages further supports the idea that these densities in the original tomograms
were HN and F complexes (Fig 2F and 2G). The top-down view of the HN region shows a
density consistent with an HN dimer (Fig 2H), while the top-down view of the F region repre-
sents a trimeric-shaped density (Fig 2I). To further assess the oligomeric state of HN, we fitted
two PIV5 HN crystal structures, one with both HN dimers in a heads-up position (PDB
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Fig 1. Changes in viral morphology resulting from different purification methods. Contrast inverted cryo-ET central slices of clarified supernant fluid
collected directly from infected Vero cells and either imaged after being flash frozen (A, B), fresh (C, D), or ultracentrifuged (E-G). Inserts represent
enlarged regions of the viral glycoprotein layer. (H) Viral particle aspect ratio of all three purification methods (n = 50). Scale bars: (A-G) 50 nm.

https://doi.org/10.1371/journal.ppat.1008883.9001

ID:1Z50) [67] and the other with one HN dimer in a heads-down position (PDB ID:4JF7) [69]
in the sub-volume averages. Neither structures matched the observed density (S2 Fig). For the
paramyxovirus NDV, examination of HN ectodomains that included the stalk domains
revealed primarily monomers and dimers in solution [58]. Our data strongly suggest that HN
exists primarily as a dimer at the surface of HPIV3, prior to receptor engagement, and that it is
in a “heads-up” conformation.

HPIV3 particles imaged in contact with target cell receptors: Viral entry
step 1

In order to image the viral surface interacting with natural receptor molecules without pro-
gression to fusion, receptor-bearing erythrocyte fragments were exposed to virus captured on
grids at 4°C (Fig 3, S3 Fig, S2 Movie). Erythrocyte-derived membranes contain the sialic acid
receptors used by HPIV3 [102], as well as a reasonably authentic lipid composition, similar to
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Fig 2. Viral tomographic reconstructions. (A) Contrast inverted cryo-ET central slice of HPIV3 before receptor engagement. Red arrows
indicate ribonucleoprotein helical tubes. (B, C) Enlarged regions of the surface glycoproteins with HN and F in tight arrangement. (D, E)
Central (D) X slice and (E) Y slice through the subtomogram average of HPIV3 surface glycoproteins. (F, G) Sub-volume average of surface
glycoproteins with crystal structure of the HN dimer (PDB ID: 4MZA) and the cryo-EM structure of pre-fusion F (PDB ID: 6MJZ) in green
and pink (respectively), fitted into the sub-volume average. (H) Top-down view of HN and (I) top-down view of F. Scale bars: (A) 50 nm and
(D, E) 10 nm.

https://doi.org/10.1371/journal.ppat.1008883.9002

typical plasma membranes [102]. We previously showed that presenting receptor in this man-
ner allows efficient F protein activation and fusion [33,34]. While HPIV3 does not infect eryth-
rocytes in humans, erythrocyte fragment membranes can provide an excellent surrogate lipid
bilayer cell membrane. This approach allows us to avoid using an artificial composition of lip-
ids and glycolipids (used in synthetic liposomes) in our target membrane. After incubating the
grids with antibody (see the methods section), the grids were placed on top of a mixture of
supernatant fluid containing both viral particles and target erythrocyte fragment membranes
at 4°C. After 30 minutes, the grids were washed with Dulbecco’s modified phosphate-buffered
saline (DPBS) to ensure that predominantly target erythrocyte fragment membranes that had
attached to the viral particles will remain on the grids. At 4°C, the viruses bind to target mem-
branes, but F cannot be activated [34,41]. This stage represents the first step in entry, binding
of HN to cellular receptors, and F should maintain a pre-fusion state [11,34]. Our results
showed viral particles closely bound to target erythrocyte fragment membranes (Fig 3 and
S3A-S3D Fig). As the sample was incubated at 4°C to inhibit F insertion into the target eryth-
rocyte fragment membrane, these viruses should only be attached to the target membrane via
the engagement of HN with its target receptor. To test this hypothesis, we repeated our experi-
ment at 4°C with the addition of 2 mM zanamivir, a small molecule that prevents HN-receptor
engagement [103], after the initial incubation of viruses with target erythrocyte fragment
membranes (S3E-S3H Fig). As expected, almost no target erythrocyte fragment membranes
could be found interacting with viral particles; the images show that, even where target eryth-
rocyte fragment membranes are present, they do not contact viral particles. This shows that,
even after the erythrocyte fragment membranes attach to viral glycoproteins, the addition of
zanamivir detaches them from the virus, consistent with previous results [34] and with the
idea that at 4°C these viral particles attach to host membranes via HN-receptor engagement
alone and not via F insertion into the host membrane. Further supporting this notion, we
observe the characteristic Y-shaped density of HN at several virus-erythrocyte fragment con-
tact points, with thin lines of density extending from the HN head to the target erythrocyte
fragment membrane (Fig 3 and S3 Fig), which we suggest are HNs engaged with their
receptor.

To assess the geometry and conformation of the glycoproteins at areas of virus-erythrocyte
fragment contact and away from these areas, we measured the size of structures on the viral
membrane (Fig 3D, 3E and 3F). Distal to the viral-erythrocyte fragment region of contact,
HN measures approximately 163 A from the viral surface (Fig 3D and 3F), while F measures
90-120 A, consistent with previous values for HN and pre-fusion F [1]. In regions of contact
between the viral and target erythrocyte fragment membranes, the average distance between
the viral membrane and the HN heads is 138 A (Fig 3E and 3F, teal). Intriguingly, this is 25 A
less than the distance from the viral membrane to the HN head, in absence of the host receptor.
This difference suggests that HN undergoes some adjustment after receptor engagement. Fur-
ther supporting this notion, the distance between the viral membrane and the target erythro-
cyte fragment membrane in areas of contact is only 165 A (Fig 3E and 3F, pink). HN in the
conformation measured in the absence of target erythrocyte fragment membrane (Fig 3E and
3F, yellow) would not fit in such space without rearrangement. Furthermore, at points of con-
tact, we observe that the average distance between the HN heads and the target erythrocyte
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Fig 3. Imaging the interaction of the HPIV3 virions with a natural host receptor. To capture viral-host interactions and prevent the activation of F, samples
were incubated at 4°C prior to vitrification. (A, B, C) Contrast-inverted (A) cryo-ET and (B, C) cryo-EM images of HPIV3 interactions with target erythrocyte
fragment membranes. Insets: enlarged areas show thin lines of density connecting HN to the target erythrocyte fragment membranes. (D, E) Enlarged regions
(D) distal and (E) proximal to the viral-host interaction site with accompanying density line plots of each region. Relative density measurements in arbitrary
units (a.u.) of the space between the viral envelope (V.E.) and HN or the target human erythrocyte fragment membrane (H.E.) with distances measured from
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positions of half-maximum density (distance at half-maximum density of outer leaflet to peak intensity distal to membrane), showing the positions of each viral
envelope glycoprotein. (F) Box plot of distances measured from regions equivalent to (D) and (E) with each distance represented by boxes of the same color as
those overlaid in the graphs of panels (D) and (E). Dashed vertical lines indicate half maximum distance of the viral envelope (V.E.), HN, and host envelope (H.
E.). Numbers indicate average heights of 38 measurements with +/- standard deviations. Scale bars: (A, B, C) 50 nm.

https://doi.org/10.1371/journal.ppat.1008883.9003

fragment membrane is 27 A (Fig 3E and 3F, orange). This significant gap is not consistent
with a conformation of HN constrained by steric clash with the target erythrocyte fragment
membrane at the stage visualized here.

Capture of the transient intermediate state of F, extended and inserted into
the target membrane: viral entry step 2

To observe the next step in viral entry, the temperature was warmed to allow activation of F to
occur, while progress towards fusion was blocked using VIKI-PEG,-chol, a peptide that corre-
sponds to the C-terminal heptad repeat (HRC) region of F protein [85,104-109] and binds to
the extended intermediate states of F [41,110] (Fig 4, S4 and S5 Figs, S3 Movie). To capture
the transient intermediate fusion state just after HN activates F, receptor-bearing target eryth-
rocyte fragment membranes were exposed to virus on grids at 37°C, in the presence of the
fusion inhibitory peptide VIKI-PEG,-chol [33]. The peptide inserts into the target cell mem-
brane via lipid tails and binds to the N-terminal HR regions of F, “locking” the extended F in
its transient intermediate state by blocking interaction of the N-terminal HR with its C-termi-
nal complement, thereby preventing refolding to the post-fusion conformation [33] (schemati-
cally diagrammed in Fig 4A). At this temperature, HN can activate F [33-34], and, if HN-
receptor engagement is permitted, the HN-receptor interaction will trigger F, and the peptide
will interact with the N-terminal HR region of F [33]. At 37°C, in the presence of the lipid-con-
jugated fusion inhibitory peptide (VIKI-PEG,-chol), viral particles can be observed attached
to target erythrocyte fragment membranes (Fig 4B-4D and S4 Fig) with densities crossing the
space between the viral surface and the target erythrocyte membrane (Fig 4C-4E). The densi-
ties that extend from the viral membrane to the target erythrocyte fragment membrane do not
correspond to either HN or to the pre-fusion F (as seen in Fig 2A-2C) and are distinct from
the observed configuration of F during receptor engagement at 4 °C (as seen in Fig 3A-3E).
Density profiles of these regions reveal palisade-like densities with diameters estimated to be
between 19 and 30 A (Fig 4C-4E and $4 Fig). In the presence of the fusion inhibitory peptide
(VIKI-PEGy-chol), which halts the progression of fusion past the insertion of F into the target
membrane, no fused particles were observed. When zanamivir, the small molecule that dis-
rupts HN-receptor interaction, is added, the thin lines of density between the viral membrane
and target erythrocyte fragment membrane do not detach, confirming that the interaction
between the membranes is not merely due to HN-receptor binding but via F insertion into the
target erythrocyte fragment membrane [8,34] (S5D-S5F Fig). In the presence of the fusion
inhibitory peptide VIKI-PEG,-chol, we also observed viral-host lipid bilayer contact (S5A-
S5C Fig) and weak density near viral-erythrocyte fragment membrane contact areas, suggest-
ing potential lipid mixing (S5B and S5C Fig).

Progression to fusion with the target membrane: Viral entry step 3

In order to permit fusion to proceed, target erythrocyte fragment membrane were simply (i.e.,
without any inhibitors) exposed to virus on grids at 37°C. As shown in Fig 5A and 5B, these
viruses underwent fusion with the target erythrocyte fragment membranes. The ribonucleo-
protein content of the viral particle is much denser than the content of the target erythrocyte
fragment membrane, and the portion of the structure that derives from each entity can be
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Fig 4. Capture of the transient intermediate state of F with lipid-conjugated fusion inhibitory peptides. To capture
the transient intermediate fusion state just after HN activates F, receptor-bearing target erythrocyte fragment
membranes were exposed to virus on grids at 37°C in the presence of lipid conjugated fusion inhibitory peptides (i.e.,
VIKI-PEG;,-chol), prior to vitrification. (A) Schematic of lipid-conjugated peptides inserting into the target cell
membrane via their lipid tails and “locking” the extended F in its transient intermediate state, preventing refolding to
the post-fusion conformation. (B, D) Contrast-inverted images where viral particles can be observed attached to target
erythrocyte fragment membranes using (B) cryo-EM and (D) cryo-ET. (C, E) Enlarged region of interactions between
the viral and target erythrocyte fragment membranes where elongated densities linking both membranes are visible.
Insets include cyan lines where distance plot measurements were taken. (C,D,E, bottom) Density line plots revealing a
repeating 20-35 A-wide density. Scale bars: (B, E) 50 nm.

https://doi.org/10.1371/journal.ppat.1008883.9004
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Fig 5. Fusion of HPIV3 with a target erythrocyte fragment membrane. (A, B) Contrast-inverted viruses that underwent fusion with target erythrocyte
fragment membranes (top) with density color representation overlaid below. The purple color represents the dense viral ribonucleoprotein, and the yellow
color represents the erythrocyte content. (C) Negative control where grids were kept at 4°C, prior to vitrification to prevent fusion of target erythrocyte
membranes with the viruses. (D) Particle aspect ratio of viruses in the presence of zanamivir (also incubated at 4°C, as in C), compared to fused particles

(n = 23). (E) Fusion with a small target erythrocyte fragment membrane reveals a lack of prefusion F density near the sites of fusion (inserts). (F) A possible
instance of hemifusion where the target erythrocyte fragment membrane surface shows no evidence of surface glycoproteins, and the viral surface shows a lack
of prefusion F density near the sites of fusion (inserts). Scale bars: (A-C) and (E, F) 50 nm.

https://doi.org/10.1371/journal.ppat.1008883.9005

discerned by density differences that correspond to regions of the virus that have lost their
sphericity (Fig 5D). To highlight those density differences, we represented content density
using a color scale (Fig 5A and 5B lower panels). In contrast, when grids were kept at 4°C to
prevent erythrocyte-virus fusion, viral particles retain their sphericity, and no density fluctua-
tions are observed within them (Fig 5C and 5D). A physiological host target cell would clearly
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be far larger in diameter than these erythrocyte fragment membranes but would not be amena-
ble to cryo-EM or cryo-ET analysis without the combined use of correlative light and electron
microscopy and FIB-milling to identify and image virus-host interaction events. In Fig 5E, a
sparse glycoprotein layer can be seen in areas where fusion has occurred. Insets of Fig 5E and
5F indicate a lack of density in the lower glycoprotein layer, along with a density that appears
to be post-fusion F (Fig 5E and 5F insets). Images of the hemifusion and early fusion pore
states were rarely seen; one particle that we identified in a possible hemifusion state appears to
have a 500 A wide merged membrane (Fig 5F).

Discussion

The cryo-ET and cryo-EM studies reported here provide images of glycoprotein organization
on the surface of HPIV3 during the steps of viral entry and fusion, starting with receptor
engagement and ending with fusion of the viral envelope with a target membrane (summa-
rized in Fig 6). This process shows the ability to capture undisrupted virus that is intact and
biologically active. Taken together with experimental data, these results form a basis for eluci-
dation of the authentic entry mechanism of paramyxoviruses.

A set of biological tools that were generated and validated in biological, biochemical, and
biophysical assays [6,11,33] have now permitted us to capture each of the steps of viral entry
from viral receptor binding through fusion with the host membrane. These tools include small
binding inhibitors (zanamivir) and lipid-conjugated fusion-inhibitory peptides (VIKI-PEG,-
chol) that engage the fusion protein once extended but prevent it from refolding into its post-
fusion state. The use of antiviral antibodies for isolating virus on EM grids without centrifuga-
tion and the presentation of a host target membrane surrogate on the grid made it possible to
examine authentic viral particles interacting with target membranes. These strategies can be

Fig 6. Sequence of events in HPIV3 entry, corresponding to cryo-electron microscopy imaging. (A) HN (green) and F (dark pink) can be found densely
packed on the viral surface (light pink) (Image from Fig 1A). (B) Sialic acid (purple) binding to HN occurs in the presence of a host target membrane (blue)
(Image from Fig 3B). (C) Upon triggering of F by HN, F undergoes a large conformational change from a pre-fusion globular structure to an extended
structure that crosses both membranes (Image from Fig 4B). (D) After this intermediate state, F folds back onto itself, pulling both membranes towards each
other, creating a pore in a process that ultimately results in a merged membrane. Scale bars: (A-D) 50 nm.

https://doi.org/10.1371/journal.ppat.1008883.9006
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applied to studying a wide variety of viruses and other agents that interact with host target
membranes, as well as biological assemblies and macromolecular complexes.

In contrast to previous images of parainfluenza viruses, where a variety of particle shapes,
ranging from spherical to filamentous were noted [77,82,100], the authentic HPIV3 virions
here are predominantly spherical. This leads us to speculate that perhaps this distinction that
results from preparation method applies to other enveloped viruses as well. Filamentous and
spherical viral particles of several related viruses, including measles, respiratory syncytial virus,
and Newcastle disease virus, have been captured during the assembly process of authentic
viruses using whole-cell tomography, but, of note, these images were captured during and
immediately after viral egress [77,80,97,98]. While previous studies, including ours, showed
both filamentous particles and irregular patches of glycoproteins on viral surfaces, including
some patches of HN alone [1], the particles we observed here, in the absence of ultracentrifuga-
tion, were, in contrast, quite spherical and uniformly coated with a double layer of glycopro-
teins, comprised of HN and pre-fusion F. Ultracentrifugation can not only alter viral particle
integrity, as has been shown for influenza, but also promote the artificial selection of viruses of
a specific density or morphology [101].

Despite differences in viral shape and surface glycoprotein organization, we could not see
ordered matrix protein under the viral membrane, regardless of preparation method. The dis-
association of the matrix protein from the viral membrane is necessary for infection, and
spherical particles with a dissociated matrix layer have been hypothesized to represent a
primed infectious viral particle after budding [98]. We contend that the surface glycoprotein
organization and stability observed in the past may be due to artifacts generated by purification
approaches. Of note, our previous study used the CV-1 cell line for viral propagation, instead
of the Vero cell line used in this study, which could theoretically affect the morphology of the
viral particles, despite the fact that both cell lines are derived from African green monkey kid-
neys. However, we observed that the ultracentrifuged particles propagated in Vero cells in this
study have identical characteristics as ultracentrifuged particles obtained from CV-1 cells,
including differences in surface glycoprotein organization and viral shape (Fig 1), suggesting
that the process of ultracentrifugation, not the specific cell line used, promotes alterations in
virion morphology. Future studies that employ the on-grid antibody capture methods will
examine whether surface glycoprotein features differ between viruses that are collected from
cell lines and isolates from ex vivo tissues and/or in vivo.

Previous structural studies have identified HN as existing in several potential oligomeric
configurations, including a heads-down conformation, prior to sialic acid binding [3] imply-
ing that an HN heads-up conformation would occur upon receptor engagement. Early cross-
linking studies suggested that HPIV3 HN could exist as a tetramer [111], although crystal
structures of HPIV3 HN have only shown the dimeric form [66]. Here, prior to receptor
engagement, we found HN only as a dimer and only with the globular heads extended above
the stalk at a level above the head of F. While crystal structures of other Paramyxoviridae fam-
ily receptor-binding proteins have been solved in a tetrameric state [65,67,112] (in solution),
in this study, direct visual evidence using subtomogram averaging shows no evidence of tetra-
meric forms of HN on the surface of authentic virions. (Fig 2 and S2 Fig). Imposing different
tetrameric references in our subtomogram averaging caused a divergence from the tetrameric
reference back to the dimer densities. We show that there is a close association between HN
and F, prior to receptor engagement, and, using subtomogram averaging, we did not observe
HN in a heads-down conformation (Fig 2). While we cannot eliminate the possibility that, in
some conditions, HN may exist in a heads-down conformation or as a tetramer, under the
conditions used in this study (minimal perturbation and physiological temperatures), we did
not observe a heads-down state on the surface of viral particles. It is theoretically possible that
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the enrichment of particles by binding to antibodies on the surface of cryo-EM grids could
alter the organization of surface glycoproteins distant from the site of antibody interaction. To
minimize these effects, cryo-EM grids were washed to remove excess antibody, so that only
antibodies adsorbed to the carbon surface remain, prior to virus attachment, limiting virus-
antibody binding to localized points of attachment. Furthermore, subtomogram averaging dis-
played uniform tight interaction between HN and F, indicating a stable unperturbed complex
across the viral surface with distributed orientations of all sub-volume extracted particles (S1B
Fig).

With the advances described here, it is now possible to image interactions between viral gly-
coproteins in situ, as the interacting proteins progress through their roles during entry. We
can apply cryo-EM to dissect the stepwise process by which HN triggers F-mediated fusion
when forming a complex with receptors on a target cell membrane. The target cell membranes
used here-human erythrocyte fragments—were chosen because these membranes contain the
sialic acid receptors used by HPIV3, as well as an authentic lipid composition, similar to typical
plasma membranes. The preparation of human erythrocyte fragment membranes differs from
the artificial liposomal preparation used for cryo-EM fusion studies of viruses, such as influ-
enza [113-115]. F triggering occurs at 37°C but not at 4°C [34,116], which allowed us to use
temperature to examine the receptor-engaged intermediate states of the HN-F complex, prior
to initiation of fusion (Fig 3). Receptor engagement induced HN to trigger F at 37°C, activat-
ing fusion, and the F-interacting peptide then bound to the exposed heptad repeat region of F,
blocking F’s refolding (Fig 4) and trapping the intermediates at an extended state [33]. By
blocking F’s refolding after activation by HN, we can image HN and F interactions in the pres-
ence of different inhibitors that target distinct parts of the complex.

When viral particles were permitted to interact with target membranes at 4°C (a tempera-
ture at which receptor engagement can occur, but F does not undergo conformational transi-
tion), HN and F were observed with HN both free and receptor-engaged (Fig 3). Remarkably,
HN appears less extended when receptor-engaged than when free. As shown in Fig 3F, the
average distance between the viral membrane and the HN heads when HN is receptor-engaged
is 138 A, 25 A shorter than when HN is not receptor-engaged, and this size difference does not
seem to be due to steric constraints due to the target erythrocyte fragment membrane, as we
can observe an approximately 27 A gap between HN and the target membranes. One possible
explanation for the decreased extension of HN could be image delocalization effects, due to
the contrast transfer function (CTF) of the microscope. While all images were CTF-corrected
during tomogram alignment and reconstruction, we cannot exclude that errors in CTF correc-
tion result in changes in density profiles. We do not observe visible halo effects in our images,
so we are encouraged that our analysis is not likely adversely impacted by imaging distortions.
A central question in this field has been how receptor engagement by HN leads to activation of
an adjacent F. The measurements here suggest that receptor engagement leads to a shortening
of HN, while the density of the globular domain of HN remains similar, and we propose that
this shortening may affect the stalk of HN, a domain known to be important for activating F
[8]. Future studies will address the question of whether the HN stalk may be bowing or com-
pacting and/or altering its interaction with F during viral entry.

To characterize the intermediate state of F, we used a peptide corresponding to the C-termi-
nal HR domain of F (VIKI-PEG,-chol) that prevents the intermediate F from collapsing into
the post-fusion conformation. We observed elongated densities with diameters estimated to be
between 19 and 30 A that spanned from the viral membrane to the target erythrocyte fragment
membrane (Fig 4 and $4 Fig). Recently, multiple intermediate states of influenza hemaggluti-
nin were solved by cryo-EM, wherein the extended fusion trimer structure had an average
diameter of 28 A [87], similar to the average diameters of the elongated densities we observed
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here. These elongated densities can be seen clustered together (Fig 4C-4E and S4 Fig), possi-
bly indicating a cascade of activation upon the triggering of one of more F molecules.

At 37 °C, viral particles can fuse with target erythrocyte fragment membranes. We observed
non-spherical viral particles that are likely to represent incorporation of the spherical particle
into the target erythrocyte fragment membrane. The fused particles in this study generally
have kinked membranes. While we have not seen such kinks in membranes at other viral-host
interaction steps, we cannot entirely rule out that these kinks have occurred due to vitrifica-
tion-related issues, such as sheer stress or osmotic effects, due to evaporation during sample
blotting. We observed very few instances of the hemifusion intermediate state (Fig 5F); the
incubation conditions (30 min at 37°C) might have contributed to failure to observe this state.
Previously, influenza hemifusion states have been visualized by cryo-EM with the aid of hemi-
fusion mutants or short incubation times, combined with lipid dyes used to identify these
regions [45,117]. In future studies, applying those approaches to our system should allow us to
capture hemifusion states of HPIV3 [45].

Our sub-tomogram averages show a stable interaction between HN and F in the prefusion
state, as the two proteins would otherwise not be resolved together as a complex. Higher reso-
lution of complexes on authentic viral surfaces should permit analysis of these interactions,
especially in the HN stalk region, which has been shown to be integral for F activation, and
will be necessary for understanding the relationship between HN and F prior to receptor
engagement. Recombinant viruses that bear HNs with specific mutations that alter HN-F
interaction or fusion promotion will be useful to examine the structural basis for functions of
the fusion complex [8,32,42,118-120]. Sequentially imaging HN-F complexes with an altered
primary sialic acid binding site on HN’s globular head, secondary binding site at HN’s dimer
interface, or stalk, may uncover function of these domains. Experiments like those in Figs 2-5
will reveal the mechanisms that underlie the biological impact of these residues.

Materials and methods
Virus growth and purification

Vero cells (African green monkey kidney cells) (ATCC, CCL-81) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Cellgro), supplemented with antibiotics and 10% fetal
bovine serum, in a humidified 5% CO, incubator. Cells were infected with a lab-adapted strain
of HPIV3 [121] in Opti-MEM (Thermo Fisher) and incubated for 90 min [121]. Viral inocula
were replaced with complete medium and returned to a humidified 5% CO, incubator. Next,
the cell culture supernatant fluid was collected and clarified by low speed centrifugation (1800
rcf for 10 minutes at 4°C). Clarified supernatant fluid was either used fresh or in some cases
flash frozen and immediately stored at -80°C for later use. Clarified supernatant fluid for ultra-
centrifuged samples underwent further centrifugation (25,000 rpm for 240 min at 4°C in an
SW28 rotor, Beckman L8-80M ultracentrifuge) through a 10 ml 30% (wt/vol) sucrose cushion
in phosphate-buffered saline (pH 7.4). Titers for purified viruses were at least 1.00 x 10” plaque
forming units (PFU)/ml.

Erythrocyte fragment membrane preparation

Human red blood cells (RBC) were used in experiments as a surrogate host target membrane.
RBC were separated from the plasma with a low speed centrifugation (800 rcf for 5 min) and
then washed at least 2 times with Dulbecco’s phosphate-buffered saline (DPBS) (Gibco). The
purified RBC were suspended in 10% DPBS medium and stored at 4°C for up to 5 days. For
use in cryo-EM and cryo-ET experiments, red blood cells were extruded with 10 passes
through a 400 nm filter and then subsequently through a 100 nm filter, using the Avanti lipid
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extruder. These surrogate host target membranes were used fresh within 24 hours of
preparation.

Chemicals and antibodies

Zanamivir (Acme Biosciences) was dissolved in Opti-MEM at a concentration of 50 mM and
stored at -80°C. VIKI-PEG,-chol, the fusion inhibitory peptide, was produced, as previously
described [33]. Briefly, peptides were produced by standard Fmoc-solid phase methods, and
the cholesterol moiety was attached using displacement of an o-bromoamide. Bromoacetyl-
PEG,-cholesterol was custom synthesized by Charnwood Molecular (UK). VIKI-PEG,-chol
(5mM in DMSO) was kept at -20°C. Monoclonal anti-HPIV3 HN antibodies were custom elic-
ited in rats (Aldeveron) using eGFP-HN c¢DNA, diluted in DPBS to 100 pg/ml and kept at 4°C.

Cryo-electron tomography preparation

Lacey carbon gold grids, containing a continuous layer of thin carbon (Ted Pella), were plasma
cleaned with Fischione M1070 Nanoclean on 70% power for 20 seconds with a 25% Oxygen,
75% Argon gas mixture. 8 pl drops, containing 100 pg/ml of the anti-HPIV3 HN antibody,
were incubated on the grids for 10 minutes, then the grids were washed with DPBS to remove
unabsorbed antibodies. For negative controls, we applied an antibody specific for measles H to
the grids, and we did not observe viral particles on these grids. Next, grids were blotted and
placed face-down in the Vero cell supernatant fluid, containing HPIV3 and/or host target
erythrocyte fragment membrane preparations, in a 6-well plate. For samples containing zana-
mivir or fusion inhibitory peptides, these samples were incubated with the supernatant fluid or
target erythrocyte fragment membranes, respectively. Plates were incubated for 30 min at 4°C
with rocking. After incubation in the supernatant fluid, the grids were washed in cold DPBS

15 times. Grids were then plunge frozen in liquid ethane, using a Vitrobot (Mark IV; Thermo
Fisher Scientific Co.).

Cryo-electron tomography collection for subtomogram averaging

Vitrified grids were imaged using a Titan Krios 300 kV transmission electron microscope
(Thermo Fisher Scientific Co.), equipped with a Gatan K2 direct detector and a Gatan Bio-
quantum energy filter set in zero-loss mode with a slit width of 15 eV. Movie images were cap-
tured at a 64,000x magnification for a 1.84 A/pixel image size. Movie frames were acquired
with Leginon software [122] with a 3.0 um defocus and a + 50 degree tilt and a total dose of
120 e /A%,

Cryo-electron microscopy and tomography collection for HPIV3-
erythrocyte membrane interactions

Vitrified grids were imaged using a Titan Halo 300 kV transmission electron microscope
(Thermo Fisher Scientific Co.), equipped with a direct detection Gatan K3 camera with no
energy filter. Images were captured at a magnification of 18000x and binned by a factor of 2,
giving a pixel size of 3.46 A at the specimen level. Images were acquired with SerialEM soft-
ware [123] with a 3.5 um defocus and either a single image with a total dose of 34 e~/A” or a
tilt-series at 3° steps from 51° to -51° with a total dose of ~120 e /AZ.

Cryo-EM and cryo-ET image processing

All micrograph movies were aligned using WarpEM or MotionCorr2 [124]. Tomograms were
reconstructed using Appion-Protomo [125]. All cryo-EM movie images were visualized using
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Image], IMOD [126], and Chimera [127]. Distance measurements in Fig 3 (n = 38), Fig 4

(n = 3) and S$4 Fig (n = 4) were obtained in Image], using the plot profile function with a line
width of 4 A. Distances were exported into Excel, and averages were obtained. Surface density
color representations were obtained from Image]’s 3D surface plot function, where the density
is averaged from the neighboring pixels.

The subtomogram averaging process (outlined in S4 Fig) was performed using the Dynamo
software package. Briefly, sub-volumes of the viral particle surfaces (160)> A were extracted
from 2X binned tomograms. A round of reference free alignment was followed by centering
all particles to an HN and F complex. A reference was then generated from the average of all
sub-volumes and filtered to 30 A. The data sets were subjected to two rounds of alignment in
the presence of a mask, encompassing the HN and F complex. A third round of alignment
included the membrane in the mask. Particles with the highest cross correlation were selected
as the final density. Fourier Shell Correlation and Resmap [128] were both used to validate the
final resolution. The number of particles included in the analysis, and the strategy utilized are
summarized in S1 Table.

Supporting information

S1 Fig. Cryo-electron tomography statistics. (A) Schematic of pre-fusion sub-volume aver-
age workflow. (B) Orientation distribution of particles in the final sub-volume average. (C)
Fourier shell correlations (FSC) of the final sub-volume average without (23.98 A) and with
(17.18 A) a tight HN-F complex mask. (D) Resmap resolution of the HN-F complex measured
with a tight HN-F complex mask.

(TIF)

S2 Fig. Docking of tetramer structures in sub-volume average of prefusion HN-F complex.
(A) Tetramer of PIV5 (PDB ID:1750) with both HN dimers in a heads-up conformation fitted
into the final sub-volume average. One HN dimer in the HN tetramer completely lacks any
density in the final sub-volume average. (B) Tetramer of PIV5 (PDB ID:4JF7) with one HN
dimer in heads-up and the other dimer in a heads-down conformation fitted into the final

sub-volume average.
(TIF)

S3 Fig. Imaging interactions of HPIV3 and target erythrocyte fragment membranes.
HPIV3 and target erythrocyte fragment membrane samples were incubated at 4°C prior to vit-
rification. (A-D) Contrast-inverted cryo-ET central Z-slices of HPIV3 interacting with target
erythrocyte fragment membranes. Insets show enlarged regions of viral-target membrane
interactions, where thin lines of density can be seen extending from the surface glycoproteins
to the host membrane. (E-H) HPIV3 interactions with target erythrocyte fragment membranes
in the presence of zanamivir to disrupt HN-receptor binding. Scale bars: (A-H) 50 nm.

(TIF)

$4 Fig. Imaging interactions of HPIV3 and erythrocyte fragment membranes in the pres-
ence of a fusion inhibitory peptide. All HPIV3 and target erythrocyte fragment membrane
samples were incubated at 37°C in the presence of a fusion inhibitory peptide (VIKI-PEG,-
chol) prior to vitrification. (A-D) Contrast-inverted cryo-EM images of HPIV3 interaction
with erythrocyte fragment membranes with insets below showing an enlarged region of viral-
host interactions. Enlarged insets include representative lines where distance plot measure-
ments were taken. Density line plots show widths at the half-maxima of densities. Scale bars:
(A-D) 50 nm.

(TIF)
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S5 Fig. HPIV3 interactions with erythrocyte fragment membranes in the absence and pres-
ence of zanamivir. HPIV3 and target erythrocyte fragment membrane samples were incu-
bated at 37°C in the presence of a fusion inhibitory peptide (VIKI-PEG,-chol) to lock F in an
extended state, prior to vitrification. (A-C) Contrast-inverted cryo-EM images of HPIV3 inter-
action with target erythrocyte fragment membranes with VIKI-PEG,-chol and without zana-
mivir. Insets show enlarged regions of viral-host interactions. (D-F) HPIV3 interactions with
erythrocyte fragment membranes with VIKI-PEG,-chol and with zanamivir to disrupt HN-
receptor binding. Enlarged regions show target erythrocyte fragment membrane attachment
remains where HN binding is blocked. Scale bars: (A-F) 50 nm.

(TIF)

S1 Table. Cryo-ET data collection statistics.
(TIF)

S1 Movie. Tomogram of HPIV3 prior to receptor engagement. (see Fig 2)
(MP4)

$2 Movie. Tomogram of HPIV3 and target erythrocyte fragment membrane incubated at
4°C. (see Fig 3)
(MP4)

S$3 Movie. Tomogram of the intermediate state of F captured with a lipid-conjugated pep-
tide fusion inhibitory peptide. (see Fig 4).
(MP4)

Acknowledgments

We thank the Imaging Facility of CUNY Advanced Science Research Center for instrument
use, as well as for scientific and technical assistance.

Author Contributions

Conceptualization: Tara C. Marcink, Matteo Porotto, Anne Moscona.

Data curation: Tara C. Marcink.

Formal analysis: Tara C. Marcink.

Funding acquisition: Matteo Porotto, Anne Moscona.

Investigation: Tara C. Marcink, Matteo Porotto, Anne Moscona.

Methodology: Tara C. Marcink, Matteo Porotto, Anne Moscona.

Project administration: Anne Moscona.

Resources: Tong Wang, Amedee des Georges, Matteo Porotto, Anne Moscona.
Software: Tara C. Marcink.

Supervision: Tara C. Marcink, Amedee des Georges, Matteo Porotto, Anne Moscona.
Validation: Tara C. Marcink, Amedee des Georges, Matteo Porotto, Anne Moscona.
Visualization: Tara C. Marcink, Amedee des Georges, Anne Moscona.

Writing - original draft: Tara C. Marcink, Anne Moscona.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008883  September 21, 2020 19/26


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008883.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008883.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008883.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008883.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008883.s009
https://doi.org/10.1371/journal.ppat.1008883

PLOS PATHOGENS

Parainfluenza virus fusion in action by cryo-electron tomography

Writing - review & editing: Tara C. Marcink, Amedee des Georges, Matteo Porotto, Anne
Moscona.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Gui L, Jurgens EM, Ebner JL, Porotto M, Moscona A, Lee KK. Electron tomography imaging of surface
glycoproteins on human parainfluenza virus 3: association of receptor binding and fusion proteins
before receptor engagement. MBio. 2015; 6(1):e02393—14. https://doi.org/10.1128/mBio.02393-14
PMID: 25691596

Jardetzky TS, Lamb RA. Activation of paramyxovirus membrane fusion and virus entry. COVIRO.
2014; 5C:24-33.

Plattet P, Plemper RK. Envelope protein dynamics in paramyxovirus entry. mBio. 2013; 4(4).

Fukushima K, Takahashi T, Ueyama H, Takaguchi M, lto S, Oishi K, et al. Amino acid substitutions
contributing to alpha2,6-sialic acid linkage binding specificity of human parainfluenza virus type 3 hem-
agglutinin-neuraminidase. FEBS Lett. 2015; 589(11):1278-82. https://doi.org/10.1016/j.febslet.2015.
03.036 PMID: 25871520

Tong J, FuY, Meng F, Kruger N, Valentin-Weigand P, Herrler G. The Sialic Acid Binding Activity of
Human Parainfluenza Virus 3 and Mumps Virus Glycoproteins Enhances the Adherence of Group B
Streptococci to HEp-2 Cells. Front Cell Infect Microbiol. 2018; 8:280. https://doi.org/10.3389/fcimb.
2018.00280 PMID: 30175075

Porotto M, Salah ZW, Gui L, Devito I, Jurgens EM, Lu H, et al. Regulation of paramyxovirus fusion acti-
vation: the hemagglutinin-neuraminidase protein stabilizes the fusion protein in a pretriggered state. J
Virol. 2012; 86(23):12838—48. https://doi.org/10.1128/JVI.01965-12 PMID: 22993149

Porotto M, Greengard O, Poltoratskaia N, Horga M-A, Moscona A. Human parainfluenza virus type 3
HN-receptor interaction: the effect of 4-GU-DANA on a neuraminidase-deficient variant. J Virol. 2001;
76:7481-8.

Porotto M, Murrell M, Greengard O, Moscona A. Triggering of human parainfluenza virus 3 fusion pro-
tein(F) by the hemagglutinin-neuraminidase (HN): an HN mutation diminishing the rate of F activation
and fusion. J Virol. 2003; 77(6):3647-54. https://doi.org/10.1128/jvi.77.6.3647-3654.2003 PMID:
12610140

Thompson-Wicking K, Francis RW, Stirnweiss A, Ferrari E, Welch MD, Baker E, et al. Novel BRD4-
NUT fusion isoforms increase the pathogenic complexity in NUT midline carcinoma. Oncogene. 2012.

Welch BD, Liu Y, Kors CA, Leser GP, Jardetzky TS, Lamb RA. Structure of the cleavage-activated
prefusion form of the parainfluenza virus 5 fusion protein. Proc Natl Acad Sci U S A. 2012; 109
(41):16672-7. https://doi.org/10.1073/pnas. 1213802109 PMID: 23012473

Porotto M, Palmer SG, Palermo LM, Moscona A. Mechanism of fusion triggering by human parainflu-
enza virus type Ill: communication between viral glycoproteins during entry. J Biol Chem. 2012; 287
(1):778-93. https://doi.org/10.1074/jbc.M111.298059 PMID: 22110138

Yin HS, Paterson RG, Wen X, Lamb RA, Jardetzky TS. Structure of the uncleaved ectodomain of the
paramyxovirus (hPIV3) fusion protein. Proc Natl Acad Sci U S A. 2005; 102(26):9288-93. https://doi.
org/10.1073/pnas.0503989102 PMID: 15964978

Yin HS, Wen X, Paterson RG, Lamb RA, Jardetzky TS. Structure of the parainfluenza virus 5 F protein
in its metastable, prefusion conformation. Nature. 2006; 439(7072):38—-44. https://doi.org/10.1038/
nature04322 PMID: 16397490

Palgen JL, Jurgens EM, Moscona A, Porotto M, Palermo LM. Unity in diversity: shared mechanism of
entry among paramyxoviruses. Prog Mol Biol Transl Sci. 2015; 129:1-32. https://doi.org/10.1016/bs.
pmbts.2014.10.001 PMID: 25595799

Harrison SC. Viral membrane fusion. Nat Struct Mol Biol. 2008; 15(7):690-8. https://doi.org/10.1038/
nsmb.1456 PMID: 18596815

Chang A, Dutch RE. Paramyxovirus fusion and entry: multiple paths to a common end. Viruses. 2012;
4(4):613-36. https://doi.org/10.3390/v4040613 PMID: 22590688

Moscona A, Peluso RW. Fusion properties of cells persistently infected with human parainfluenza
virus type 3: Participation of hemagglutinin-neuraminidase in membrane fusion. J Virol. 1991;
65:2773—7. https://doi.org/10.1128/JVI1.65.6.2773-2777.1991 PMID: 1851852

Moscona A, Peluso RW. Relative affinity of the human parainfluenza virus 3 hemagglutinin-neuramini-
dase for sialic acid correlates with virus-induced fusion activity. J Virol. 1993; 67: 6463-8. https://doi.
org/10.1128/JV1.67.11.6463-6468.1993 PMID: 8411349

lorio RM, Melanson VR, Mahon PJ. Glycoprotein interactions in paramyxovirus fusion. Future virology.
2009; 4(4):335-51. https://doi.org/10.2217/fvl.09.17 PMID: 20161127

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008883  September 21, 2020 20/26


https://doi.org/10.1128/mBio.02393-14
http://www.ncbi.nlm.nih.gov/pubmed/25691596
https://doi.org/10.1016/j.febslet.2015.03.036
https://doi.org/10.1016/j.febslet.2015.03.036
http://www.ncbi.nlm.nih.gov/pubmed/25871520
https://doi.org/10.3389/fcimb.2018.00280
https://doi.org/10.3389/fcimb.2018.00280
http://www.ncbi.nlm.nih.gov/pubmed/30175075
https://doi.org/10.1128/JVI.01965-12
http://www.ncbi.nlm.nih.gov/pubmed/22993149
https://doi.org/10.1128/jvi.77.6.3647-3654.2003
http://www.ncbi.nlm.nih.gov/pubmed/12610140
https://doi.org/10.1073/pnas.1213802109
http://www.ncbi.nlm.nih.gov/pubmed/23012473
https://doi.org/10.1074/jbc.M111.298059
http://www.ncbi.nlm.nih.gov/pubmed/22110138
https://doi.org/10.1073/pnas.0503989102
https://doi.org/10.1073/pnas.0503989102
http://www.ncbi.nlm.nih.gov/pubmed/15964978
https://doi.org/10.1038/nature04322
https://doi.org/10.1038/nature04322
http://www.ncbi.nlm.nih.gov/pubmed/16397490
https://doi.org/10.1016/bs.pmbts.2014.10.001
https://doi.org/10.1016/bs.pmbts.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25595799
https://doi.org/10.1038/nsmb.1456
https://doi.org/10.1038/nsmb.1456
http://www.ncbi.nlm.nih.gov/pubmed/18596815
https://doi.org/10.3390/v4040613
http://www.ncbi.nlm.nih.gov/pubmed/22590688
https://doi.org/10.1128/JVI.65.6.2773-2777.1991
http://www.ncbi.nlm.nih.gov/pubmed/1851852
https://doi.org/10.1128/JVI.67.11.6463-6468.1993
https://doi.org/10.1128/JVI.67.11.6463-6468.1993
http://www.ncbi.nlm.nih.gov/pubmed/8411349
https://doi.org/10.2217/fvl.09.17
http://www.ncbi.nlm.nih.gov/pubmed/20161127
https://doi.org/10.1371/journal.ppat.1008883

PLOS PATHOGENS

Parainfluenza virus fusion in action by cryo-electron tomography

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Steffen DL, Xu K, Nikolov DB, Broder CC. Henipavirus mediated membrane fusion, virus entry and tar-
geted therapeutics. Viruses. 2012; 4(2):280-309. https://doi.org/10.3390/v4020280 PMID: 22470837

Vigant F, Lee B. Hendra and nipah infection: pathology, models and potential therapies. Infect Disord
Drug Targets. 2011; 11(3):315-36. https://doi.org/10.2174/187152611795768097 PMID: 21488828

Navaratnarajah CK, Negi S, Braun W, Cattaneo R. Membrane fusion triggering: three modules with
different structure and function in the upper half of the measles virus attachment protein stalk. J Biol
Chem. 2012; 287(46):38543-51. https://doi.org/10.1074/jbc.M112.410563 PMID: 23007387

Mateo M, Navaratnarajah CK, Cattaneo R. Structural basis of efficient contagion: measles variations
on a theme by parainfluenza viruses. COVIRO. 2014; 5:16-23.

Moscona A. Entry of parainfluenza virus into cells as a target for interrupting childhood respiratory dis-
ease. J Clin Invest. 2005; 115(7):1688-98. https://doi.org/10.1172/JCI25669 PMID: 16007245

Lamb RA, Paterson RG, Jardetzky TS. Paramyxovirus membrane fusion: lessons from the F and HN
atomic structures. Virology. 2006; 344(1):30-7. https://doi.org/10.1016/j.virol.2005.09.007 PMID:
16364733

Plemper RK, Brindley MA, lorio RM. Structural and mechanistic studies of measles virus illuminate
paramyxovirus entry. PLoS pathog. 2011; 7(6):e1002058. https://doi.org/10.1371/journal.ppat.
1002058 PMID: 21655106

White JM, Delos SE, Brecher M, Schornberg K. Structures and mechanisms of viral membrane fusion
proteins: multiple variations on a common theme. Crit Rev Biochem Mol. 2008; 43(3):189-219.

Sapir A, Avinoam O, Podbilewicz B, Chernomordik LV. Viral and developmental cell fusion mecha-
nisms: conservation and divergence. Dev Cell. 2008; 14(1):11-21. https://doi.org/10.1016/j.devcel.
2007.12.008 PMID: 18194649

Smith EC, Popa A, Chang A, Masante C, Dutch RE. Viral entry mechanisms: the increasing diversity
of paramyxovirus entry. Febs J. 2009; 276(24):7217-27. https://doi.org/10.1111/j.1742-4658.2009.
07401.x PMID: 19878307

Lee KK, Pessi A, Gui L, Santoprete A, Talekar A, Moscona A, et al. Capturing a fusion intermediate of
influenza hemagglutinin with a cholesterol-conjugated peptide: a new antiviral strategy for influenza
virus. J Biol Chem. 2011; 286(49):42141-9. https://doi.org/10.1074/jbc.M111.254243 PMID:
21994935

Porotto M, Carta P, Deng Y, Kellogg G, Whitt M, Lu M, et al. Molecular determinants of antiviral
potency of paramyxovirus entry inhibitors. J Virol. 2007; 81(19):10567—74. https://doi.org/10.1128/JVI.
01181-07 PMID: 17652384

Porotto M, Fornabaio M, Greengard O, Murrell MT, Kellogg GE, Moscona A. Paramyxovirus receptor-
binding molecules: engagement of one site on the hemagglutinin-neuraminidase protein modulates
activity at the second site. J Virol. 2006; 80(3):1204—13. https://doi.org/10.1128/JV1.80.3.1204-1213.
2006 PMID: 16414997

Porotto M, Rockx B, Yokoyama C, Talekar A, DeVito |, Palermo L, et al. Inhibition of Nipah Virus Infec-
tion In Vivo: Targeting an Early Stage of Paramyxovirus Fusion Activation during Viral Entry. PLoS
Pathog. 2010; 6 (10) 1001168 https://doi.org/10.1371/journal.ppat.1001168 PMID: 21060819

Porotto M, Devito |, Palmer SG, Jurgens EM, Yee JL, Yokoyama CC, et al. Spring-loaded model revis-
ited: Paramyxovirus fusion requires engagement of a receptor binding protein beyond initial triggering
of the fusion protein. J Virol. 2011; 85(24):12867-80. https://doi.org/10.1128/JV1.05873-11 PMID:
21976650

Russell CJ, Kantor KL, Jardetzky TS, Lamb RA. A dual-functional paramyxovirus F protein regulatory
switch segment: activation and membrane fusion. J Cell Biol. 2003; 163(2):363—74. https://doi.org/10.
1083/jcb.200305130 PMID: 14581458

Connolly SA, Leser GP, Yin HS, Jardetzky TS, Lamb RA. Refolding of a paramyxovirus F protein from
prefusion to postfusion conformations observed by liposome binding and electron microscopy. Proc
Natl Acad Sci U S A. 2006; 103(47):17903-8. https://doi.org/10.1073/pnas.0608678103 PMID:
17093041

Connolly SA, Leser GP, Jardetzky TS, Lamb RA. Bimolecular complementation of paramyxovirus
fusion and hemagglutinin-neuraminidase proteins enhances fusion: implications for the mechanism of
fusion triggering. J Virol. 2009; 83(21):10857—-68. https://doi.org/10.1128/JVI1.01191-09 PMID:
19710150

Navaratnarajah CK, Oezguen N, Rupp L, Kay L, Leonard VH, Braun W, et al. The heads of the mea-
sles virus attachment protein move to transmit the fusion-triggering signal. Nat Struct Mol Biol. 2011;
18(2):128-34. https://doi.org/10.1038/nsmb.1967 PMID: 21217701

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008883  September 21, 2020 21/26


https://doi.org/10.3390/v4020280
http://www.ncbi.nlm.nih.gov/pubmed/22470837
https://doi.org/10.2174/187152611795768097
http://www.ncbi.nlm.nih.gov/pubmed/21488828
https://doi.org/10.1074/jbc.M112.410563
http://www.ncbi.nlm.nih.gov/pubmed/23007387
https://doi.org/10.1172/JCI25669
http://www.ncbi.nlm.nih.gov/pubmed/16007245
https://doi.org/10.1016/j.virol.2005.09.007
http://www.ncbi.nlm.nih.gov/pubmed/16364733
https://doi.org/10.1371/journal.ppat.1002058
https://doi.org/10.1371/journal.ppat.1002058
http://www.ncbi.nlm.nih.gov/pubmed/21655106
https://doi.org/10.1016/j.devcel.2007.12.008
https://doi.org/10.1016/j.devcel.2007.12.008
http://www.ncbi.nlm.nih.gov/pubmed/18194649
https://doi.org/10.1111/j.1742-4658.2009.07401.x
https://doi.org/10.1111/j.1742-4658.2009.07401.x
http://www.ncbi.nlm.nih.gov/pubmed/19878307
https://doi.org/10.1074/jbc.M111.254243
http://www.ncbi.nlm.nih.gov/pubmed/21994935
https://doi.org/10.1128/JVI.01181-07
https://doi.org/10.1128/JVI.01181-07
http://www.ncbi.nlm.nih.gov/pubmed/17652384
https://doi.org/10.1128/JVI.80.3.1204-1213.2006
https://doi.org/10.1128/JVI.80.3.1204-1213.2006
http://www.ncbi.nlm.nih.gov/pubmed/16414997
https://doi.org/10.1371/journal.ppat.1001168
http://www.ncbi.nlm.nih.gov/pubmed/21060819
https://doi.org/10.1128/JVI.05873-11
http://www.ncbi.nlm.nih.gov/pubmed/21976650
https://doi.org/10.1083/jcb.200305130
https://doi.org/10.1083/jcb.200305130
http://www.ncbi.nlm.nih.gov/pubmed/14581458
https://doi.org/10.1073/pnas.0608678103
http://www.ncbi.nlm.nih.gov/pubmed/17093041
https://doi.org/10.1128/JVI.01191-09
http://www.ncbi.nlm.nih.gov/pubmed/19710150
https://doi.org/10.1038/nsmb.1967
http://www.ncbi.nlm.nih.gov/pubmed/21217701
https://doi.org/10.1371/journal.ppat.1008883

PLOS PATHOGENS

Parainfluenza virus fusion in action by cryo-electron tomography

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Palmer SG, Porotto M, Palermo LM, Cunha LF, Greengard O, Moscona A. Adaptation of human para-
influenza virus to airway epithelium reveals fusion properties required for growth in host tissue. MBio.
2012; 3(3).

Porotto M, Salah Z, Devito |, Talekar A, Palmer SG, Xu R, et al. The second receptor binding site of
the globular head of the Newcastle disease virus (NDV) hemagglutinin-neuraminidase activates the
stalk of multiple paramyxovirus receptor binding proteins to trigger fusion. J Virol. 2012; 86(10):5730—
41. https://doi.org/10.1128/JV1.06793-11 PMID: 22438532

Farzan SF, Palermo LM, Yokoyama CC, Orefice G, Fornabaio M, Sarkar A, et al. Premature Activation
of the Paramyxovirus Fusion Protein before Target Cell Attachment with Corruption of the Viral Fusion
Machinery. J Biol Chem. 2011; 286(44):37945-54. https://doi.org/10.1074/jbc.M111.256248 PMID:
21799008

Xu R, Palmer SG, Porotto M, Palermo LM, Niewiesk S, Wilson IA, et al. Interaction between the hem-
agglutinin-neuraminidase and fusion glycoproteins of human parainfluenza virus type Il regulates viral
growth in vivo. MBio. 2013; 4(5):e00803—13. https://doi.org/10.1128/mBio.00803-13 PMID: 24149514

Turner HL, Pallesen J, Lang S, Bangaru S, Urata S, Li S, et al. Potent anti-influenza H7 human mono-
clonal antibody induces separation of hemagglutinin receptor-binding head domains. PLoS Biol. 2019;
17(2):e3000139. https://doi.org/10.1371/journal.pbio.3000139 PMID: 30716060

Chen Q, Huang X, Wei R, Zhang L, Yin C. Characterization of influenza virus PR8 strain cultured in
embryonated eggs by cryo-electron tomography. Biochem Biophys Res Commun. 2019; 516(1):57—
62. https://doi.org/10.1016/j.bbrc.2019.05.161 PMID: 31196621

Metskas LA, Briggs JAG. Fluorescence-Based Detection of Membrane Fusion State on a Cryo-EM
Grid using Correlated Cryo-Fluorescence and Cryo-Electron Microscopy. Microsc Microanal. 2019; 25
(4):942-9. https://doi.org/10.1017/S1431927619000606 PMID: 31084637

Das DK, Govindan R, Nikic-Spiegel |, Krammer F, Lemke EA, Munro JB. Direct Visualization of the
Conformational Dynamics of Single Influenza Hemagglutinin Trimers. Cell. 2018; 174(4):926-37 e12.
https://doi.org/10.1016/j.cell.2018.05.050 PMID: 29961575

LiZ, LiW, Lu M, Bess J Jr., Chao CW, Gorman J, et al. Subnanometer structures of HIV-1 envelope
trimers on aldrithiol-2-inactivated virus particles. Nat Struct Mol Biol. 2020.

Shaik MM, Peng H, Lu J, Rits-Volloch S, Xu C, Liao M, et al. Structural basis of coreceptor recognition
by HIV-1 envelope spike. Nature. 2019; 565(7739):318-23. https://doi.org/10.1038/s41586-018-0804-
9 PMID: 30542158

Pan J, Peng H, Chen B, Harrison SC. Cryo-EM Structure of Full-length HIV-1 Env Bound With the Fab
of Antibody PG16. J Mol Biol. 2020; 432(4):1158-68. https://doi.org/10.1016/j.jmb.2019.11.028 PMID:
31931014

Meyerson JR, Tran EE, Kuybeda O, Chen W, Dimitrov DS, Gorlani A, et al. Molecular structures of tri-
meric HIV-1 Env in complex with small antibody derivatives. Proc Natl Acad Sci U S A. 2013; 110
(2):513-8. https://doi.org/10.1073/pnas.1214810110 PMID: 23267106

Mattei S, Tan A, Glass B, Muller B, Krausslich HG, Briggs JAG. High-resolution structures of HIV-1
Gag cleavage mutants determine structural switch for virus maturation. Proc Natl Acad Sci U S A.
2018; 115(40):E9401-E10. https://doi.org/10.1073/pnas.1811237115 PMID: 30217893

Strauss JD, Hammonds JE, YiH, Ding L, Spearman P, Wright ER. Three-Dimensional Structural
Characterization of HIV-1 Tethered to Human Cells. J Virol. 2016; 90(3):1507-21. https://doi.org/10.
1128/JV1.01880-15 PMID: 26582000

Stewart-Jones GBE, Chuang GY, Xu K, Zhou T, Acharya P, Tsybovsky Y, et al. Structure-based
design of a quadrivalent fusion glycoprotein vaccine for human parainfluenza virus types 1—4. Proc
Natl Acad Sci U S A. 2018; 115(48):12265-70. https://doi.org/10.1073/pnas.1811980115 PMID:
30420505

McLellan JS, Yang Y, Graham BS, Kwong PD. Structure of respiratory syncytial virus fusion glycopro-
tein in the postfusion conformation reveals preservation of neutralizing epitopes. J Virol. 2011; 85
(15):7788-96. https://doi.org/10.1128/JVI.00555-11 PMID: 21613394

Swanson K, Wen X, Leser GP, Paterson RG, Lamb RA, Jardetzky TS. Structure of the Newcastle dis-
ease virus F protein in the post-fusion conformation. Virology. 2010; 402(2):372-9. https://doi.org/10.
1016/j.virol.2010.03.050 PMID: 20439109

Wen X, Krause JC, Leser GP, Cox RG, Lamb RA, Williams JV, et al. Structure of the human metap-
neumovirus fusion protein with neutralizing antibody identifies a pneumovirus antigenic site. Nat Struct
Mol Biol. 2012; 19(4):461-3. https://doi.org/10.1038/nsmb.2250 PMID: 22388735

McLellan JS, Chen M, Leung S, Graepel KW, Du X, Yang Y, et al. Structure of RSV fusion glycoprotein
trimer bound to a prefusion-specific neutralizing antibody. Science. 2013; 340(6136):1113-7. https://
doi.org/10.1126/science. 1234914 PMID: 23618766

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008883  September 21, 2020 22/26


https://doi.org/10.1128/JVI.06793-11
http://www.ncbi.nlm.nih.gov/pubmed/22438532
https://doi.org/10.1074/jbc.M111.256248
http://www.ncbi.nlm.nih.gov/pubmed/21799008
https://doi.org/10.1128/mBio.00803-13
http://www.ncbi.nlm.nih.gov/pubmed/24149514
https://doi.org/10.1371/journal.pbio.3000139
http://www.ncbi.nlm.nih.gov/pubmed/30716060
https://doi.org/10.1016/j.bbrc.2019.05.161
http://www.ncbi.nlm.nih.gov/pubmed/31196621
https://doi.org/10.1017/S1431927619000606
http://www.ncbi.nlm.nih.gov/pubmed/31084637
https://doi.org/10.1016/j.cell.2018.05.050
http://www.ncbi.nlm.nih.gov/pubmed/29961575
https://doi.org/10.1038/s41586-018-0804-9
https://doi.org/10.1038/s41586-018-0804-9
http://www.ncbi.nlm.nih.gov/pubmed/30542158
https://doi.org/10.1016/j.jmb.2019.11.028
http://www.ncbi.nlm.nih.gov/pubmed/31931014
https://doi.org/10.1073/pnas.1214810110
http://www.ncbi.nlm.nih.gov/pubmed/23267106
https://doi.org/10.1073/pnas.1811237115
http://www.ncbi.nlm.nih.gov/pubmed/30217893
https://doi.org/10.1128/JVI.01880-15
https://doi.org/10.1128/JVI.01880-15
http://www.ncbi.nlm.nih.gov/pubmed/26582000
https://doi.org/10.1073/pnas.1811980115
http://www.ncbi.nlm.nih.gov/pubmed/30420505
https://doi.org/10.1128/JVI.00555-11
http://www.ncbi.nlm.nih.gov/pubmed/21613394
https://doi.org/10.1016/j.virol.2010.03.050
https://doi.org/10.1016/j.virol.2010.03.050
http://www.ncbi.nlm.nih.gov/pubmed/20439109
https://doi.org/10.1038/nsmb.2250
http://www.ncbi.nlm.nih.gov/pubmed/22388735
https://doi.org/10.1126/science.1234914
https://doi.org/10.1126/science.1234914
http://www.ncbi.nlm.nih.gov/pubmed/23618766
https://doi.org/10.1371/journal.ppat.1008883

PLOS PATHOGENS

Parainfluenza virus fusion in action by cryo-electron tomography

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Yuan P, Swanson KA, Leser GP, Paterson RG, Lamb RA, Jardetzky TS. Structure of the Newcastle
disease virus hemagglutinin-neuraminidase (HN) ectodomain reveals a four-helix bundle stalk. Proc
Natl Acad Sci U S A. 2011; 108(36):14920-5. https://doi.org/10.1073/pnas.1111691108 PMID:
21873198

Bose S, Welch BD, Kors CA, Yuan P, Jardetzky TS, Lamb RA. Structure and mutagenesis of the para-
influenza virus 5 hemagglutinin-neuraminidase stalk domain reveals a four-helix bundle and the role of
the stalk in fusion promotion. J Virol. 2011; 85(24):12855-66. https://doi.org/10.1128/JVI.06350-11
PMID: 21994464

Deng R, Wang Z, Mirza A, lorio R. Localization of a domain on the paramyxovirus attachment protein
required for the promotion of cellular fusion by its homologous fusion protein spike. Virology. 1995;
209:457-69. https://doi.org/10.1006/viro.1995.1278 PMID: 7778280

Sergel T, McGinnes LW, Peeples ME, Morrison TG. The attachment function of the Newcastle dis-
ease virus hemagglutinin-neuraminidase protein can be separated from fusion promotion by mutation.
Virology. 1993; 193:717-26. https://doi.org/10.1006/viro.1993.1180 PMID: 8384752

Tanabayashi K, Compans R. Functional interactions of paramyxovirus glycoproteins: Identification of
a domain in Sendai virus HN which promotes cell fusion. J Virol. 1996; 70:6112-8. https://doi.org/10.
1128/JV1.70.9.6112-6118.1996 PMID: 8709235

Yuasa T, Kawano M, Tabata N, Nishio M, Kusagawa S, Komada H, et al. A cell fusion-inhibiting mono-
clonal antibody binds to the presumed stalk domain of the human parainfluenza type 2 virus hemag-
glutinin-neuraminidase protein. Virology. 1995; 206(2):1117-25. https://doi.org/10.1006/viro.1995.
1035 PMID: 7531915

Crennell S, Takimoto T, Portner A, Taylor G. Crystal structure of the multifunctional paramyxovirus
hemagglutinin- neuraminidase. Nat Struct Biol. 2000; 7(11):1068—74. https://doi.org/10.1038/81002
PMID: 11062565

Zaitsev V, von ltzstein M, Groves D, Kiefel M, Takimoto T, Portner A, et al. Second sialic acid binding
site in newcastle disease virus hemagglutinin-neuraminidase: implications for fusion. J Virol. 2004; 78
(7):3733—-41. https://doi.org/10.1128/jvi.78.7.3733-3741.2004 PMID: 15016893

Lawrence MC, Borg NA, Streltsov VA, Pilling PA, Epa VC, Varghese JN, et al. Structure of the Hae-
magglutinin-neuraminidase from Human Parainfluenza Virus Type lll. J Mol Biol. 2004; 335(5):1343—
57. https://doi.org/10.1016/j.jmb.2003.11.032 PMID: 14729348

Yuan P, Thompson TB, Wurzburg BA, Paterson RG, Lamb RA, Jardetzky TS. Structural studies of the
parainfluenza virus 5 hemagglutinin-neuraminidase tetramer in complex with its receptor, sialyllactose.
Structure. 2005; 13(5):803—15. https://doi.org/10.1016/j.str.2005.02.019 PMID: 15893670

Bousse T, Takimoto T. Mutation at residue 523 creates a second receptor binding site on human para-
influenza virus type 1 hemagglutinin-neuraminidase protein. J Virol. 2006; 80(18):9009—16. https://doi.
org/10.1128/JVI1.00969-06 PMID: 16940513

Welch BD, Yuan P, Bose S, Kors CA, Lamb RA, Jardetzky TS. Structure of the parainfluenza virus 5
(PIV5) hemagglutinin-neuraminidase (HN) ectodomain. PLoS Pathog. 2013; 9(8):e1003534. https://
doi.org/10.1371/journal.ppat. 1003534 PMID: 23950713

Yuan P, Paterson RG, Leser GP, Lamb RA, Jardetzky TS. Structure of the ulster strain newcastle dis-
ease virus hemagglutinin-neuraminidase reveals auto-inhibitory interactions associated with low viru-
lence. PLoS Pathog. 2012; 8(8):e1002855. https://doi.org/10.1371/journal.ppat.1002855 PMID:
22912577

Ader N, Brindley MA, Avila M, Origgi FC, Langedijk JP, Orvell C, et al. Structural rearrangements of
the central region of the morbillivirus attachment protein stalk domain trigger F protein refolding for
membrane fusion. J Biol Chem. 2012; 287(20):16324—34. https://doi.org/10.1074/jbc.M112.342493
PMID: 22431728

Talekar A, Moscona A, Porotto M. Measles virus fusion machinery activated by sialic acid binding glob-
ular domain. J Virol. 2013; 87(24):13619-27. https://doi.org/10.1128/JV1.02256-13 PMID: 24109225

Bose S, Song AS, Jardetzky TS, Lamb RA. Fusion Activation through Attachment Protein Stalk
Domains Indicates a Conserved Core Mechanism of Paramyxovirus Entry into Cells. J Virol. 2014; 88
(8):3925—41. https://doi.org/10.1128/JVI.03741-13 PMID: 24453369

Maar D, Harmon B, Chu D, Schulz B, Aguilar HC, Lee B, et al. Cysteines in the stalk of the Nipah virus
G glycoprotein are located in a distinct subdomain critical for fusion activation. J Virol. 2012.

Bishop KA, Hickey AC, Khetawat D, Patch JR, Bossart KN, Zhu Z, et al. Residues in the stalk domain
of the hendra virus g glycoprotein modulate conformational changes associated with receptor binding.
J Virol. 2008; 82(22):11398—409. https://doi.org/10.1128/JVI1.02654-07 PMID: 18799571

Lilieroos L, Huiskonen JT, Ora A, Susi P, Butcher SJ. Electron cryotomography of measles virus
reveals how matrix protein coats the ribonucleocapsid within intact virions. Proc Natl Acad Sci U S A.
2011; 108(44):18085-90. https://doi.org/10.1073/pnas.1105770108 PMID: 22025713

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008883  September 21, 2020 23/26


https://doi.org/10.1073/pnas.1111691108
http://www.ncbi.nlm.nih.gov/pubmed/21873198
https://doi.org/10.1128/JVI.06350-11
http://www.ncbi.nlm.nih.gov/pubmed/21994464
https://doi.org/10.1006/viro.1995.1278
http://www.ncbi.nlm.nih.gov/pubmed/7778280
https://doi.org/10.1006/viro.1993.1180
http://www.ncbi.nlm.nih.gov/pubmed/8384752
https://doi.org/10.1128/JVI.70.9.6112-6118.1996
https://doi.org/10.1128/JVI.70.9.6112-6118.1996
http://www.ncbi.nlm.nih.gov/pubmed/8709235
https://doi.org/10.1006/viro.1995.1035
https://doi.org/10.1006/viro.1995.1035
http://www.ncbi.nlm.nih.gov/pubmed/7531915
https://doi.org/10.1038/81002
http://www.ncbi.nlm.nih.gov/pubmed/11062565
https://doi.org/10.1128/jvi.78.7.3733-3741.2004
http://www.ncbi.nlm.nih.gov/pubmed/15016893
https://doi.org/10.1016/j.jmb.2003.11.032
http://www.ncbi.nlm.nih.gov/pubmed/14729348
https://doi.org/10.1016/j.str.2005.02.019
http://www.ncbi.nlm.nih.gov/pubmed/15893670
https://doi.org/10.1128/JVI.00969-06
https://doi.org/10.1128/JVI.00969-06
http://www.ncbi.nlm.nih.gov/pubmed/16940513
https://doi.org/10.1371/journal.ppat.1003534
https://doi.org/10.1371/journal.ppat.1003534
http://www.ncbi.nlm.nih.gov/pubmed/23950713
https://doi.org/10.1371/journal.ppat.1002855
http://www.ncbi.nlm.nih.gov/pubmed/22912577
https://doi.org/10.1074/jbc.M112.342493
http://www.ncbi.nlm.nih.gov/pubmed/22431728
https://doi.org/10.1128/JVI.02256-13
http://www.ncbi.nlm.nih.gov/pubmed/24109225
https://doi.org/10.1128/JVI.03741-13
http://www.ncbi.nlm.nih.gov/pubmed/24453369
https://doi.org/10.1128/JVI.02654-07
http://www.ncbi.nlm.nih.gov/pubmed/18799571
https://doi.org/10.1073/pnas.1105770108
http://www.ncbi.nlm.nih.gov/pubmed/22025713
https://doi.org/10.1371/journal.ppat.1008883

PLOS PATHOGENS

Parainfluenza virus fusion in action by cryo-electron tomography

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Ke Z, Strauss JD, Hampton CM, Brindley MA, Dillard RS, Leon F, et al. Promotion of virus assembly
and organization by the measles virus matrix protein. Nat Commun. 2018; 9(1):1736. https://doi.org/
10.1038/s41467-018-04058-2 PMID: 29712906

Desfosses A, Milles S, Jensen MR, Guseva S, Colletier JP, Maurin D, et al. Assembly and cryo-EM
structures of RNA-specific measles virus nucleocapsids provide mechanistic insight into paramyxo-
viral replication. Proc Natl Acad Sci U S A. 2019; 116(10):4256—64. https://doi.org/10.1073/pnas.
1816417116 PMID: 30787192

Kalbermatter D, Shrestha N, Gall FM, Wyss M, Riedl R, Plattet P, et al. Cryo-EM structure of the prefu-
sion state of canine distemper virus fusion protein ectodomain. J Struct Biol X. 2020; 4:100021. https://
doi.org/10.1016/j.yjsbx.2020.100021 PMID: 32647825

Loney C, Mottet-Osman G, Roux L, Bhella D. Paramyxovirus ultrastructure and genome packaging:
cryo-electron tomography of sendai virus. J Virol. 2009; 83(16):8191-7. https://doi.org/10.1128/JVI.
00693-09 PMID: 19493999

Ludwig K, Baljinnyam B, Herrmann A, Bottcher C. The 3D structure of the fusion primed Sendai F-pro-
tein determined by electron cryomicroscopy. EMBO J. 2003; 22(15):3761-71. https://doi.org/10.1093/
emboj/cdg385 PMID: 12881411

Liljeroos L, Krzyzaniak MA, Helenius A, Butcher SJ. Architecture of respiratory syncytial virus revealed
by electron cryotomography. Proc Natl Acad Sci U S A. 2013; 110(27):11133-8. https://doi.org/10.
1073/pnas.1309070110 PMID: 23776214

Ke Z, Dillard RS, Chirkova T, Leon F, Stobart CC, Hampton CM, et al. The Morphology and Assembly
of Respiratory Syncytial Virus Revealed by Cryo-Electron Tomography. Viruses. 2018; 10(8).

Stobart CC, Rostad CA, Ke Z, Dillard RS, Hampton CM, Strauss JD, et al. A live RSV vaccine with
engineered thermostability is immunogenic in cotton rats despite high attenuation. Nat Commun.
2016; 7:13916. https://doi.org/10.1038/ncomms 13916 PMID: 28000669

Kim YH, Donald JE, Grigoryan G, Leser GP, Fadeev AY, Lamb RA, et al. Capture and imaging of a
prehairpin fusion intermediate of the paramyxovirus PIV5. Proc Natl Acad Sci U S A. 2011; 108
(52):20992-7. https://doi.org/10.1073/pnas. 1116034108 PMID: 22178759

Terrier O, Rolland JP, Rosa-Calatrava M, Lina B, Thomas D, Moules V. Parainfluenza virus type 5
(PIV-5) morphology revealed by cryo-electron microscopy. Virus research. 2009; 142(1-2):200-3.
https://doi.org/10.1016/j.virusres.2008.12.017 PMID: 19185600

Benton DJ, Gamblin SJ, Rosenthal PB, Skehel JJ. Structural transitions in influenza haemagglutinin at
membrane fusion pH. Nature. 2020.

Kiss G, Chen X, Brindley MA, Campbell P, Afonso CL, Ke Z, et al. Capturing enveloped viruses on
affinity grids for downstream cryo-electron microscopy applications. Microsc Microanal. 2014; 20
(1):164—74. https://doi.org/10.1017/S1431927613013937 PMID: 24279992

Yu G, Li K, Huang P, Jiang X, Jiang W. Antibody-Based Affinity Cryoelectron Microscopy at 2.6-A Res-
olution. Structure. 2016; 24(11):1984-90. https://doi.org/10.1016/j.str.2016.09.008 PMID: 27806259

Derrick KS. Quantitative assay for plant viruses using serologically specific electron microscopy. Virol-
ogy. 1973; 56(2):652-3. https://doi.org/10.1016/0042-6822(73)90068-8 PMID: 4796553

Nicolaieff A, Obert G, van Regenmortel MH. Detection of rotavirus by serological trapping on antibody-
coated electron microscope grids. J Clin Microbiol. 1980; 12(1):101—4. https://doi.org/10.1128/JCM.
12.1.101-104.1980 PMID: 6252237

Lewis DC, Lightfoot NF, Pether JV. Solid-phase immune electron microscopy with human immuno-
globulin M for serotyping of Norwalk-like viruses. J Clin Microbiol. 1988; 26(5):938—42. https://doi.org/
10.1128/JCM.26.5.938-942.1988 PMID: 2838506

Lewis DC. Three serotypes of Norwalk-like virus demonstrated by solid-phase immune electron
microscopy. J Med Virol. 1990; 30(1):77-81. https://doi.org/10.1002/jmv.1890300117 PMID: 2154547

Yu G, Li K, Jiang W. Antibody-based affinity cryo-EM grid. Methods. 2016; 100:16—24. https://doi.org/
10.1016/j.ymeth.2016.01.010 PMID: 26804563

Yu G, Vago F, Zhang D, Snyder JE, Yan R, Zhang C, et al. Single-step antibody-based affinity cryo-
electron microscopy for imaging and structural analysis of macromolecular assemblies. J Struct Biol.
2014; 187(1):1-9. https://doi.org/10.1016/j.jsb.2014.04.006 PMID: 24780590

Brlansky R, Derrick K. Detection of seedborne plant viruses using serologically specific electron
microscopy. Phytopathology. 1979; 69:96—100.

Kiss G, Holl JM, Williams GM, Alonas E, Vanover D, Lifland AW, et al. Structural analysis of respiratory
syncytial virus reveals the position of M2-1 between the matrix protein and the ribonucleoprotein com-
plex. J Virol. 2014; 88(13):7602—-17. https://doi.org/10.1128/JV1.00256-14 PMID: 24760890

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008883  September 21, 2020 24/26


https://doi.org/10.1038/s41467-018-04058-2
https://doi.org/10.1038/s41467-018-04058-2
http://www.ncbi.nlm.nih.gov/pubmed/29712906
https://doi.org/10.1073/pnas.1816417116
https://doi.org/10.1073/pnas.1816417116
http://www.ncbi.nlm.nih.gov/pubmed/30787192
https://doi.org/10.1016/j.yjsbx.2020.100021
https://doi.org/10.1016/j.yjsbx.2020.100021
http://www.ncbi.nlm.nih.gov/pubmed/32647825
https://doi.org/10.1128/JVI.00693-09
https://doi.org/10.1128/JVI.00693-09
http://www.ncbi.nlm.nih.gov/pubmed/19493999
https://doi.org/10.1093/emboj/cdg385
https://doi.org/10.1093/emboj/cdg385
http://www.ncbi.nlm.nih.gov/pubmed/12881411
https://doi.org/10.1073/pnas.1309070110
https://doi.org/10.1073/pnas.1309070110
http://www.ncbi.nlm.nih.gov/pubmed/23776214
https://doi.org/10.1038/ncomms13916
http://www.ncbi.nlm.nih.gov/pubmed/28000669
https://doi.org/10.1073/pnas.1116034108
http://www.ncbi.nlm.nih.gov/pubmed/22178759
https://doi.org/10.1016/j.virusres.2008.12.017
http://www.ncbi.nlm.nih.gov/pubmed/19185600
https://doi.org/10.1017/S1431927613013937
http://www.ncbi.nlm.nih.gov/pubmed/24279992
https://doi.org/10.1016/j.str.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27806259
https://doi.org/10.1016/0042-6822%2873%2990068-8
http://www.ncbi.nlm.nih.gov/pubmed/4796553
https://doi.org/10.1128/JCM.12.1.101-104.1980
https://doi.org/10.1128/JCM.12.1.101-104.1980
http://www.ncbi.nlm.nih.gov/pubmed/6252237
https://doi.org/10.1128/JCM.26.5.938-942.1988
https://doi.org/10.1128/JCM.26.5.938-942.1988
http://www.ncbi.nlm.nih.gov/pubmed/2838506
https://doi.org/10.1002/jmv.1890300117
http://www.ncbi.nlm.nih.gov/pubmed/2154547
https://doi.org/10.1016/j.ymeth.2016.01.010
https://doi.org/10.1016/j.ymeth.2016.01.010
http://www.ncbi.nlm.nih.gov/pubmed/26804563
https://doi.org/10.1016/j.jsb.2014.04.006
http://www.ncbi.nlm.nih.gov/pubmed/24780590
https://doi.org/10.1128/JVI.00256-14
http://www.ncbi.nlm.nih.gov/pubmed/24760890
https://doi.org/10.1371/journal.ppat.1008883

PLOS PATHOGENS

Parainfluenza virus fusion in action by cryo-electron tomography

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Battisti AJ, Meng G, Winkler DC, McGinnes LW, Plevka P, Steven AC, et al. Structure and assembly
of a paramyxovirus matrix protein. Proc Natl Acad Sci U S A. 2012; 109(35):13996—4000. https://doi.
org/10.1073/pnas.1210275109 PMID: 22891297

Ludwig K, Schade B, Bottcher C, Korte T, Ohlwein N, Baljinnyam B, et al. Electron cryomicroscopy
reveals different F1+F2 protein States in intact parainfluenza virions. J Virol. 2008; 82(7):3775-81.
https://doi.org/10.1128/JV1.02154-07 PMID: 18216117

Compans RW, Choppin PW. The Structure and Assembly of Influenza and Parainfluenza Viruses.
Comparative Virology: Academic Press; 1971. p. 407-32.

Sugita Y, Noda T, Sagara H, Kawaoka Y. Ultracentrifugation deforms unfixed influenza A virions. J
Gen Virol. 2011; 92(Pt 11):2485-93. https://doi.org/10.1099/vir.0.036715-0 PMID: 21795472

Hu CM, Zhang L, Aryal S, Cheung C, Fang RH. Erythrocyte membrane-camouflaged polymeric nano-
particles as a biomimetic delivery platform. Proc Natl Acad Sci U S A. 2011; 108(27):10980-5. https:/
doi.org/10.1073/pnas.1106634108 PMID: 21690347

Greengard O, Poltoratskaia N, Leikina E, Zimmerberg J, Moscona A. The anti-influenza virus agent 4-
GU-DANA (Zanamivir) inhibits cell fusion mediated by human parainfluenza virus and influenza virus
HA. J Virol. 2000; 74(23):11108—14. https://doi.org/10.1128/jvi.74.23.11108-11114.2000 PMID:
11070006

Rapaport D, Ovadia M, Shai Y. A synthetic peptide corresponding to a conserved heptad repeat
domain is a potent inhibitor of Sendai virus-cell fusion: an emerging similarity with functional domains
of other viruses. Embo J. 1995; 14(22):5524-31. PMID: 8521809

Lambert DM, Barney S, Lambert AL, Guthrie K, Medinas R, Davis DE, et al. Peptides from conserved
regions of paramyxovirus fusion (F) proteins are potent inhibitors of viral fusion. Proc Natl Acad Sci U
S A. 1996; 93(5):2186-91. https://doi.org/10.1073/pnas.93.5.2186 PMID: 8700906

Yao Q, Compans RW. Peptides corresponding to the heptad repeat sequence of human parainfluenza
virus fusion protein are potent inhibitors of virus infection. Virology. 1996; 223(1):103—12. https://doi.
org/10.1006/viro.1996.0459 PMID: 8806544

Baker KA, Dutch RE, Lamb RA, Jardetzky TS. Structural basis for paramyxovirus-mediated mem-
brane fusion. Mol Cell. 1999; 3(3):309-19. https://doi.org/10.1016/s1097-2765(00)80458-x PMID:
10198633

Wild CT, Shugars DC, Greenwell TK, McDanal CB, Matthews TJ. Peptides corresponding to a predic-
tive alpha-helical domain of human immunodeficiency virus type 1 gp41 are potent inhibitors of virus
infection. Proc Natl Acad Sci U S A. 1994; 91(21):9770—4. https://doi.org/10.1073/pnas.91.21.9770
PMID: 7937889

Lu M, Blacklow SC, Kim PS. A trimeric structural domain of the HIV-1 transmembrane glycoprotein.
Nat Struct Biol. 1995; 2(12):1075-82. https://doi.org/10.1038/nsb1295-1075 PMID: 8846219

Angius F, Smuts H, Rybkina K, Stelitano D, Eley B, Wilmshurst J, et al. Analysis of a Subacute Scle-
rosing Panencephalitis Genotype B3 Virus from the 2009-2010 South African Measles Epidemic
Shows That Hyperfusogenic F Proteins Contribute to Measles Virus Infection in the Brain. J Virol.
2019; 93(4).

Collins PL, Mottet G. Homooligomerization of the hemagglutinin-neuraminidase glycoprotein of
human parainfluenza virus type 3 occurs before the acquisition of correct intramolecular disulfide
bonds and mature immunoreactivity. J Virol. 1991; 65(5):2362—71. https://doi.org/10.1128/JVI1.65.5.
2362-2371.1991 PMID: 1707981

Hashiguchi T, Ose T, Kubota M, Maita N, Kamishikiryo J, Maenaka K, et al. Structure of the measles
virus hemagglutinin bound to its cellular receptor SLAM. Nat Struct Mol Biol. 2011; 18(2):135—41.
https://doi.org/10.1038/nsmb.1969 PMID: 21217702

Calder LJ, Rosenthal PB. Cryomicroscopy provides structural snapshots of influenza virus membrane
fusion. Nat Struct Mol Biol. 2016; 23(9):853-8. https://doi.org/10.1038/nsmb.3271 PMID: 27501535

Gui L, Lee KK. Influenza Virus-Liposome Fusion Studies Using Fluorescence Dequenching and Cryo-
electron Tomography. Methods Mol Biol. 2018; 1836:261-79. https://doi.org/10.1007/978-1-4939-
8678-1_13 PMID: 30151578

Gui L, Ebner JL, Mileant A, Williams JA, Lee KK. Visualization and Sequencing of Membrane Remod-
eling Leading to Influenza Virus Fusion. J Virol. 2016; 90(15):6948—62. https://doi.org/10.1128/JVI.
00240-16 PMID: 27226364

Porotto M, Yi F, Moscona A, LaVan DA. Synthetic protocells interact with viral nanomachinery and
inactivate pathogenic human virus. PLoS One. 2011; 6(3):e16874. https://doi.org/10.1371/journal.
pone.0016874 PMID: 21390296

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008883  September 21, 2020 25/26


https://doi.org/10.1073/pnas.1210275109
https://doi.org/10.1073/pnas.1210275109
http://www.ncbi.nlm.nih.gov/pubmed/22891297
https://doi.org/10.1128/JVI.02154-07
http://www.ncbi.nlm.nih.gov/pubmed/18216117
https://doi.org/10.1099/vir.0.036715-0
http://www.ncbi.nlm.nih.gov/pubmed/21795472
https://doi.org/10.1073/pnas.1106634108
https://doi.org/10.1073/pnas.1106634108
http://www.ncbi.nlm.nih.gov/pubmed/21690347
https://doi.org/10.1128/jvi.74.23.11108-11114.2000
http://www.ncbi.nlm.nih.gov/pubmed/11070006
http://www.ncbi.nlm.nih.gov/pubmed/8521809
https://doi.org/10.1073/pnas.93.5.2186
http://www.ncbi.nlm.nih.gov/pubmed/8700906
https://doi.org/10.1006/viro.1996.0459
https://doi.org/10.1006/viro.1996.0459
http://www.ncbi.nlm.nih.gov/pubmed/8806544
https://doi.org/10.1016/s1097-2765%2800%2980458-x
http://www.ncbi.nlm.nih.gov/pubmed/10198633
https://doi.org/10.1073/pnas.91.21.9770
http://www.ncbi.nlm.nih.gov/pubmed/7937889
https://doi.org/10.1038/nsb1295-1075
http://www.ncbi.nlm.nih.gov/pubmed/8846219
https://doi.org/10.1128/JVI.65.5.2362-2371.1991
https://doi.org/10.1128/JVI.65.5.2362-2371.1991
http://www.ncbi.nlm.nih.gov/pubmed/1707981
https://doi.org/10.1038/nsmb.1969
http://www.ncbi.nlm.nih.gov/pubmed/21217702
https://doi.org/10.1038/nsmb.3271
http://www.ncbi.nlm.nih.gov/pubmed/27501535
https://doi.org/10.1007/978-1-4939-8678-1%5F13
https://doi.org/10.1007/978-1-4939-8678-1%5F13
http://www.ncbi.nlm.nih.gov/pubmed/30151578
https://doi.org/10.1128/JVI.00240-16
https://doi.org/10.1128/JVI.00240-16
http://www.ncbi.nlm.nih.gov/pubmed/27226364
https://doi.org/10.1371/journal.pone.0016874
https://doi.org/10.1371/journal.pone.0016874
http://www.ncbi.nlm.nih.gov/pubmed/21390296
https://doi.org/10.1371/journal.ppat.1008883

PLOS PATHOGENS

Parainfluenza virus fusion in action by cryo-electron tomography

117.

118.

119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

Chlanda P, Mekhedov E, Waters H, Schwartz CL, Fischer ER, Ryham RJ, et al. The hemifusion struc-
ture induced by influenza virus haemagglutinin is determined by physical properties of the target mem-
branes. Nat Microbiol. 2016; 1(6):16050. https://doi.org/10.1038/nmicrobiol.2016.50 PMID: 27572837

Porotto M, Murrell M, Greengard O, Doctor L, Moscona A. Influence of the human parainfluenza virus
3 attachment protein’s neuraminidase activity on its capacity to activate the fusion protein. J Virol.
2005; 79(4):2383-92. https://doi.org/10.1128/JV1.79.4.2383-2392.2005 PMID: 15681439

Palermo LM, Porotto M, Greengard O, Moscona A. Fusion promotion by a paramyxovirus hemaggluti-
nin-neuraminidase protein: pH modulation of receptor avidity of binding sites 1 and 1. J Virol. 2007; 81
(17):9152-61. https://doi.org/10.1128/JV1.00888-07 PMID: 17567695

Porotto M, Fornabaio M, Kellogg GE, Moscona A. A second receptor binding site on human parainflu-
enza virus type 3 hemagglutinin-neuraminidase contributes to activation of the fusion mechanism. J
Virol. 2007; 81(7):3216-28. https://doi.org/10.1128/JVI.02617-06 PMID: 17229690

Mathieu C, Augusto MT, Niewiesk S, Horvat B, Palermo LM, Sanna G, et al. Broad spectrum antiviral
activity for paramyxoviruses is modulated by biophysical properties of fusion inhibitory peptides. Sci
Rep. 2017; 7:43610. https://doi.org/10.1038/srep43610 PMID: 28344321

Suloway C, Pulokas J, Fellmann D, Cheng A, Guerra F, Quispe J, et al. Automated molecular micros-
copy: the new Leginon system. J Struct Biol. 2005; 151(1):41-60. https://doi.org/10.1016/j.jsb.2005.
03.010 PMID: 15890530

Mastronarde DN. Automated electron microscope tomography using robust prediction of specimen
movements. J Struct Biol. 2005; 152(1):36-51. https://doi.org/10.1016/j.jsb.2005.07.007 PMID:
16182563

Li X, Mooney P, Zheng S, Booth CR, Braunfeld MB, Gubbens S, et al. Electron counting and beam-
induced motion correction enable near-atomic-resolution single-particle cryo-EM. Nat Methods. 2013;
10(6):584-90. https://doi.org/10.1038/nmeth.2472 PMID: 23644547

Noble AJ, Stagg SM. Automated batch fiducial-less tilt-series alignment in Appion using Protomo. J
Struct Biol. 2015; 192(2):270-8. https://doi.org/10.1016/}.jsb.2015.10.003 PMID: 26455557

Kremer JR, Mastronarde DN, Mcintosh JR. Computer visualization of three-dimensional image data
using IMOD. J Struct Biol. 1996; 116(1):71-6. https://doi.org/10.1006/jsbi.1996.0013 PMID: 8742726

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera—
a visualization system for exploratory research and analysis. J Comput Chem. 2004; 25(13):1605-12.
https://doi.org/10.1002/jcc.20084 PMID: 15264254

Kucukelbir A, Sigworth FJ, Tagare HD. Quantifying the local resolution of cryo-EM density maps. Nat
Methods. 2014; 11(1):63-5. https://doi.org/10.1038/nmeth.2727 PMID: 24213166

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008883  September 21, 2020 26/26


https://doi.org/10.1038/nmicrobiol.2016.50
http://www.ncbi.nlm.nih.gov/pubmed/27572837
https://doi.org/10.1128/JVI.79.4.2383-2392.2005
http://www.ncbi.nlm.nih.gov/pubmed/15681439
https://doi.org/10.1128/JVI.00888-07
http://www.ncbi.nlm.nih.gov/pubmed/17567695
https://doi.org/10.1128/JVI.02617-06
http://www.ncbi.nlm.nih.gov/pubmed/17229690
https://doi.org/10.1038/srep43610
http://www.ncbi.nlm.nih.gov/pubmed/28344321
https://doi.org/10.1016/j.jsb.2005.03.010
https://doi.org/10.1016/j.jsb.2005.03.010
http://www.ncbi.nlm.nih.gov/pubmed/15890530
https://doi.org/10.1016/j.jsb.2005.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16182563
https://doi.org/10.1038/nmeth.2472
http://www.ncbi.nlm.nih.gov/pubmed/23644547
https://doi.org/10.1016/j.jsb.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26455557
https://doi.org/10.1006/jsbi.1996.0013
http://www.ncbi.nlm.nih.gov/pubmed/8742726
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1038/nmeth.2727
http://www.ncbi.nlm.nih.gov/pubmed/24213166
https://doi.org/10.1371/journal.ppat.1008883

